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ABSTRACT

Though the significance of investing in safety speg is appreciated, it is generally viewed
as an expensive overhead cost. In lean economigstiparticularly, this mind-set places
productivity first before safety. However, becawdecompromised safety conditions, there
may be rockfalls. The consequences of rockfales mumerous, some direct and others
indirect. While these losses can be significarmdre appear to be no records of evaluation of
such losses on the mines. The financial evaluatiorisk mitigation systems is therefore
currently based only on the cost of implementingugport system and does not take into
account the losses resulting from accidents curiibf the system.

When a fall of ground occurs in a stope the mettfagmediation depends largely on the size

of the rockfall. Very small rockfalls will be sirpcleaned up and the area made safe, larger
rockfalls will require the installation of additiahsupport, or the panel may need to be re-
established in the case of the largest rockfdlissses are incurred as a result of dilution, re-

supporting, reduced productivity and loss of sweggi Pillars and remnants may also be left

behind, which reduces the available reserves. fifldéngs of this research suggest that the

full distribution of rockfall sizes should be codered.

In this dissertation, an investigation into rockf@gk has been carried out. This is based on
the definition of risk, where risk is the produdttbe probability of occurrence of a rock fall
and the consequences it causes. The researchowdscted on two case study operations,
AngloGold Ashanti (Mponeng Mine) and Implats (ImgpaPlatinum 12 Shaft). On each
operation the probability of occurrence of rocldaNas determined from the mine’s rockfall
database and where joint data was available; ablagk generating software, JBlock, was
used.

Extensive studies were then carried out to detegrtiie consequences and costs of rockfall
damage and as a result, a generic methodology lofiladng these was developed. This
methodology is presented in this dissertation. sThiethodology enables the calculation of
risk in monetary terms, a language well understbgdmanagement. Management can
therefore be involved in the design of risk mitiggtsystems as they can set the acceptable
risk criteria. The ability to calculate risk andt acceptable risk criteria implies that while
productivity is maintained, safety is not comprogois
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NOMENCLATURE

Acceptable risk: The residual risk remaining after controls havenbagplied to associated
hazards that have been identified, quantified ® rifaximum extent practicable, analysed,

communicated to the proper level of managementandpted after proper evaluation.

Consequence: The outcome of an event expressed qualitativelguamtitatively, being a
loss, injury, disadvantage or gain. There may benge of possible outcomes associated with

an event.

Cost: Of activities, both direct and indirect, involvigy negative impact, including money,

time, labour, disruption, goodwill, political angtangible losses.

Frequency: A measure of the rate of occurrence of an eventesggd as the number of

occurrences of an event in a given time.

Hazard: A potential occurrence or condition that could léadnjury, damage to property,

delay or economic loss.
Risk assessment : The overall process of risk identification, riskadysis and evaluation.
Risk identification: The process of determining what can happen, whyhamad

Risk Analysis: A structured process that identifies both the iil@d and the consequences

of hazards arising from a given activity or fagilit

Risk Evaluation: Involves the comparison of the results of a rislalgsis with risk
acceptance criteria or other decisions. If the deks not meet the risk criteria, the risk is

treated, that particular risky option discardediisk control options sought.

Risk acceptance: An informed decision to accept the consequencegtantikelihood of a

particular risk.

Risk- benefit analysis: Evaluation of risks and benefits of some activityagent usually

based on economapnsideration.

Risk Reduction Measure: An action that can be adopted to control a riskelitper

reducing the likelihood of occurrence or by mitiggtthe consequences of an occurrence.

Risk Management: The process by which decisions are made to aceeptik risks, or to

implement actions to reduce unacceptable risksd¢eable risk levels.




1 Introduction

1.1 Background

Worldwide mining is known for its hazardous cordfits. It is therefore not surprising that a large
number of accidents occur in the mining industryut8 Africa is one of the countries with the most
mining activity in the world. It hosts some of therld’s deepest mining operations. However, it is
also on record for having one of the worst safetords. In 2007 and 2008, South Africa had 220 and
171 fatalities, USA had 26 and 23, Canada 8 andn@l Australia had 11 and 4 respectively
(Khuzwayo, 2010). At the Mine Health and Safetynmit in 2003, the Government, organised labour
and South Africa’'s Chamber of Mines agreed thatlttwal mining industry should achieve safety
performance equivalent to international benchmagk&013. The figures cited by Khuzwayo (2010)
indicate that South Africa has a long way to gachieving these targets.

The statistics reported above are supported bytiealence of mine accidents that fall into various
categories. A study of accidents between 1999 20@¥, Figure 1-1, showed that fall of ground
accidents are the most dominant. Other major saimsdude transportation, mining and machinery
related accidents.
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Figure 1-1: South African mine accidents by causing agent (SAMRASS Database,
2008)

Within the rock, related accidents category, thalysmis of the fatal accidents showed that gravity
induced falls are more prominent compared to rockisuFigure 1-2). An analysis of the frequency
of rock related injuries (Figure 1-3) also showkdttgravity related injuries are more prominent.
While rockbursts are hazardous, based on thegstistgtit can be concluded that rockfalls carrg th

highest risk to personnel. A comparison of 2008ident statistics from different mining sectors
showed that gold and platinum operations were thestaffected by rockfall fatalities (Figure 1-4).
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Figure 1-3: Rockfall related injury accidents analy  sis.
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Rockfall accidents do not only result in personimglries or fatalities but may result in other
consequences such as equipment damage, destruatiomine workings, production delays,
abandonment of working areas and temporary minsuods, amongst others. Some consequences
require remediation action to enable the contiomaif the mining operation. Remedial action
involves, among others, cleaning up rockfalls, mépg or replacing equipment, and re-establishing o
rehabilitating panels. Such consequences come sigtiificant economic repercussions. Adequate
support design prevents rockfall accidents theralmymising consequences.

A Safety in Mines Research Committee (SIMRAC) ‘Ehiation of rockfalls’ study conducted by
Joughin et al (2009) revealed that during suppesigh, the current common industry practice is to
consider only the capital and working cost of inmpdmting the design. The financial impacts of
rockfall consequences in the given design are posidered. In addition, proposed changes to
support systems that would mean an increase isupport budget are often met with resistance and
reluctance from management. The reason being gqirgna profit driven business; therefore
management is not willing to make commitments thperceives to have a direct negative financial
impact. This gives rise to the perception in tleut8 African mining industry that safety is a
necessary but expensive overhead cost. The rissuhiat safety is put in direct opposition to
production, hence the former being compromisedHerlatter. Not only is this a mindset problem,
but, also a financial dilemma, as there is no caispa by management of the costs associated with
the accidents to the overall cost of implementhgdupport strategy changes.

To develop an appreciation for the potential cost®ckfall accidents, an evaluation of the risk
associated with each support design in a definetegknical zone needs to be determined. Risleis th
product of the probability of failure and the comsences of failure. To calculated the risk, filst t
probability of failure of an excavation and suppbesign has to be determined. This is done using

software (JBlock) or historic rockfall data. Theahcial consequences of rockfalls associated with




each support design are then determined. Addigdbt of implementing the design in each zone to
this calculated risk in that zone gives an indmawf the total risk that is associated with eagbp®rt

design. Through this process risk is thereforarbentegral part of the support design process.

The primary aim of the research described in tidsedtation is to develop a methodology to identify
and quantify the consequences of rockfalls in martabular mining operations. The methodology is
then applied to two case study operations, ImpaleShaft and Mponeng Mine, to determine the
financial consequences of rockfalls in the stope¥he total costs involved in the rockfall
consequences and support design are determinaghncase study.

The developed methodology provided essential inpuisk modelling software being developed for
the Safety in Mines Research Committee (SIMRAC)eaunthe SIMRAC SIM 060201 “Rockfall
Elimination” research programme. The software &sbalculation and comparison of the total costs
of rockfall consequences of one support designnaganother. This risk-cost approach to mine
support design is demonstrated in Chapter 6 ofdisisertation.

1.2 Definition of the problem

While mining companies claim a “zero tolerance” mgeh to accidents, nothing can be 100% reliable
and safe (Wong, 2005), as proven by accident 8tatigSIMRAC Report 2005/2006). Owing to the
uncertainties that prevail within the rock engimegrenvironment, there always exists a probability
that an underground excavation will be less stddan expected (Bawden, 2008; Christian, 2004;
Einstein, 2003 and Stacey, 2006). Instability ssua rockfalls or mine working collapses whictear
either gravity or seismically driven. There isréfere a need to rethink the “zero tolerance” appho
whilst considering uncertainty.

Rock Engineers carry out the mine support designthe mines (Stacey, 2006). They are generally
risk averse and focus on technical excellence. ddsigns are technical and include no input from
management on the design objectives (Stacey, 208®)wever, Wong (2005) stated that making
things safe costs money. If it costs money to nihkegs safe, then it is appropriate to assess the
trade-off between the support cost and the coshefconsequences of instability. This brings the
concept of risk into design. Considering risk s in support design enables management’s direct
involvement in the design process. Managemenulstip acceptable risk criteria for each design.
Rock Engineers will therefore design the excavat@amd support to satisfy the specified risk criteri

Research has shown that current mining practicBomth Africa takes into consideration only the
capital and working costs of installing support an excavation. The risk-reward relationship
associated with non-performance of support is ofignanalysed in the mines. There is generally no
assessment by managers of the consequences ofsigijpoe on the value of money, future profits,
and costs of production (Baecher and Christian3200




There is a knowledge gap regarding a clear undwelistg of the concept of risk, the relevant risks to
mine support design and the acceptance thresheld®ysthe management (Christian, 2004 and
Summers, 2000). The financial risk implicationaasated with rockfall accidents is not quantified.
Quantification of such risk allows effective manamgmt aimed at protecting the mining company, its
people, assets and profits against the physicalfiaatcial consequences of risk. It also allows
integrated mine planning at the operations lev@lrther, defined acceptable risk criteria will eleab
motivation for increased investment in safety, esighs have to meet the set criteria.

The research described in this dissertation see@sdntify, in monetary terms, the direct and iedir
consequences associated with rockfalls in a giesreghnical environment in an underground mine.
The focus is primarily on:

e Support designs: support standards, performanetitjes and costs,
< Extent and consequences of rockfalls,

« Rockfall investigations and recommendations/remexitions, and

« Quantifying the costs of the consequences assdaidth rockfalls.

Mining is a business and therefore it is imperathat decisions be made based on risk criteriaaiteat
acceptable in both the business and ethical cantekhe cost associated with rockfalls suggests tha
there can be significant value generation by redudsk through safety spending.

1.3 Objectives

The research described in this dissertation seekwet the following objectives:

» To highlight the direct and indirect consequencesoaiated with rockfalls in narrow tabular
mining operations,

« To develop a methodology for quantifying the cadtéhe consequences,
« To apply the methodology on selected mine operstaacase studies,

« Demonstrate an evaluation of the overall risk-asalysis on two different support systems
under consideration for implementation.

1.4 Research methodology

All rockfalls above specified sizes are reportedh® DMR, this is a requirement by the Mine Health
and Safety Act (1996). The Department collatesdhstatistics into a database, the SAMRASS
Database. This database is accessible to variobléc pand private institutions. Hence, it was a
starting point in the literature survey of thiseasch. The same Act also requires mines to maimtai
rockfall database, which should be analysed coatisly and used in support design and risk analysis.
This design and analysis are presented in the ©dd&actice (COP) on all South Africa mining
operations. Different mines have different databfsmats. In this research, an evaluation of the
available databases on gold and platinum miningatjpes was carried out. The two operations with
the more comprehensive databases were targeted@steidies.




A period of six to eight weeks was spent on eadratpn by the researcher during which a detailed
study was undertaken with the key focus areas lieing

* Understand the detail in the mining cycles and mfineering practices.
» Identify support standards, compliance and costisérdemarcated ground control districts.

e Study fall of ground cases, which involved accidémtestigations, interviews with Mine
Captains, Shift Bosses, Miners, Mine EngineersetgaDfficers, Rock Engineers and Strata
Control Officers on their experiences with FOGl# tresulting consequences and the remedial
actions taken in individual cases.

» Consolidate individual cases into categories tcaiobt generic approach to consequences,
remedial action strategies and the time factorlireain the different scenarios.

e Obtain cost information from the costing/accounepattment. Of key importance were
revenue, variable operating costs, equipment repplacement costs, statistics on the
production tonnages, and determination of profitgime.

After this study, a methodology to determine thsets®f the different consequences due to rockfalls
was constructed for each operation. Experienceihears involved in the ‘Rockfall Elimination’
project then tested and reviewed the methodologitdovalidity and applicability. Software was the
developed based on this methodology. The softvdgeslopment is however, not part of this
dissertation, but illustration of the use of th&ware on one of the case studies is presented.

1.5 Content of dissertation

In this dissertation, Chapter 2 reviews risk in thi@ing industry. This involves the concept okris
its role, appreciation of risk and acceptable riskeria in the mining industry, and geotechnical
design. Chapter 3 evaluates the consequencedurefadue to rockfalls. This chapter also reviews
available means of financial quantification of sumbnsequences. A proposed methodology for
quantifying the consequences of rockfalls is theasented in Chapter 4. In Chapter 5, the
methodology is tested using Mponeng Mine and Imgal&haft as case studies. This methodology
has been coded into software by other research€rsapter 6 demonstrates the application of the
software to evaluate the cost of consequenceseatviponeng Mine. Chapter 7 concludes the
dissertation.




2 Areview of risk in the mining industry

2.1 Concept of risk

Engineering structures are designed for varyingditaoms, with varying life spans and for varying
purposes. For example, dams amongst other ciginerring structures are designed for long life
service. As such, they should be very reliablerdfore, conservatism is often practised in their
design. Rock slopes in open pit mines on the dithad, are transient short to medium term strusture
where conservatism is not sought. Undergrouncttsires include both long life (shafts, haulages)
and short life structures (orepasses, slushieregill

In any business operation, it is imperative thatcttires satisfy four criteria: safety, service@yil
economics and aesthetics (Einstein, 1996). Als¢h&actors, however, carry technical and non-
technical uncertainties. Uncertainties affect pleeformance of structures in relation to the cidter
While some designs are very conservative, congsmamay negatively affect the economics. In
addition, design is carried out for variable cowais. Variable conditions give rise to uncertainty
Variability and uncertainty in the overall businedgective give rise to the concept of risk.

What is risk? Vanmarcke et al (1982), Einstein9@)9 Summers (2000), Einstein (2003), Baecher
and Christian (2003) and Tapia et al (2007) agrethe definition of risk. Risk in engineering et
product of the probability of occurrence of an evamd the associated consequences of the event. Not
only is risk expressed in technical terms butsbatan be combined with economic consequences and
hence expressed in economic terms.

Casagrande (page 1, 1965) in his paper, “Role efciculated Risk” describes “calculated risk” as
being:

* “The use of imperfect knowledge, guided by judgemamd experience to estimate the
probable ranges for all pertinent quantities tima¢einto the solution of a problem”,

* “The decision on an appropriate margin of safetydepree of risk, taking into consideration
economic factors and the magnitude of losses tbatdwresult from the failure”

Risk is also a major concern from a safety andthgmdrspective in any industry. Foster et al (3998
describe risk from the safety perspective as b#iadikelihood of occurrence of a hazard.

Given the above definitions and perceptions, riak be expressed in both technical and economic
terms. The engineering definition of risk is howewapplicable in both cases. For example, froen th
safety perspective, where little work has been donequantifying the consequences, the risk is
expressed as severity frequency rates. Similarlgpen pit mining risk analysis risk is expresged
financial terms.

The discussion above would be incomplete withodescription of the types of risk. These types of
risks include systematic, non-systematic, finanaiad operational/technical risk.
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Systematic risks are risks relating to financiad @apital markets. They relate to market uncefgain
and the effect it has on the cost of capital.sIthe risk of collapse of an entire financial sgster
market. Such risk of failure has cascading effémt®&xample the failure of banking systems in 2008
that cascaded into global recession. In contfaitire of individual entities or groups has noeint
linkages or inter-dependencies. Knowledge of simtér-dependencies is important to enable the
engineer to adjust discount rates in terms of #ptal assets pricing model, the after tax costadit
and so on.

Non-systematic risks are directly related to theuis of the business or investment. They must be
dealt with directly at source, namely appropridatesification strategies. It is not appropriatedeal
with these through adjustments to discount ratés;vtould be an indication that the practitioneeslo
not understand the specific risks and hence apalfadge factor.

Financial risk is the chance that a project or ritial venture will not perform according to
expectations, for example, collapse of a venture tduthe inability of capital repayment from cash
flow. This is the probability of actual return ¢ime investment being less than the expected return.
Such risk should be accounted for in the cost pitah

Operational/Technical risks: these are risks duéhéoexecution of the project. Examples include
legal risks, fraud risk, physical or environmerriaks. In mining, such risks include geologicalkyi
geotechnical risk, sampling risk, assaying, gragl@duction profiles, design, capital, operating,
construction and completion, and environmentalstisk

The research in this dissertation, as explaingdarmproblem statement, focuses on geotechnicairrisk
underground mining. Hence, no further considenatid the other types of risk is given in this
dissertation.

2.2 Risk in the mining context

Mining is a high risk and capital intensive busiesnvestors and shareholders therefore desite hig
returns on such investments. A mining projectliégins in the mineral exploration phase, andfis |
proceeds as illustrated in Figure 2-1. In the jpecs evaluation phase, prefeasibility and feasybili
studies determine the value of the resource, mimmeghods, support systems, and environmental
issues. If the project is feasible, the mine igetlgped to the pilot project phase. The monetatyes

of the property increases from exploration to thedpction phase. This is largely a function of the
investment made in obtaining more knowledge ordigosit. The more the information obtained on
the project the better the risks are understoodthekfore managed. Risk is reduced by extensive
and good quality studies. As such, time and mameyspent in prefeasibility and feasibility studies
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Geotechnical information is usually limited at fieasibility stage and more information is acquiasd
the mine is developed. Figure 2-2, adapted frombrligge et al (2006), illustrates the potential
sources of uncertainty that affect the mine plaki. the planning stage, trade-off studies are made
between the stability of the openings, ground suppasts and production efficiency (Horsley and
Medhurst, 2000) Geotechnical input is therefore a critical aspecthe performance and hence
profitability of the mine In this light, Stacey (2007) questioned if enougotgchnical data is

collected to carry out mine designs.
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In open pit mining, the Factor of Safety (FOS) was common basis design u until the 1980'’s.
The Probability of Failure (POF) then became paj. Figure 2-3demonstrates the application of
FOS and POF in risk analy for two data sets, A (blue) and B (Jekhe peak of the normal
distribution curvesndicates the FOS for ttdata set.From the graph, the FOS for B (Fg) is higher
than the FOS for A (FQ3. An SRK internal report (No. 2004a62), suggests that the FOS ¢s a
subjective decision which is not transparent ambrimmunicable, and not always satisfac. The
FOS only tells whether a structure is stable or itatoes not indicate when failure will occur i
will occur). This weakness iresolved through applying the P@Bncept t the data set. The area
under the curve to lefif FOS = 1 indicates the POF of each slope (FiggH3). The POF for set B
(POR) is higher than that for set A (Pa). Therefore, while set B has a higher FOS, it als® &
high POF, thus indicating higher overall risk aofdee. This indi@tes that conservativeness in de:
that is based only on the FOS is inapprop. The POF on the other hand provides transparenc
an easier way of communicating the deci. It indicates the likelihood of failure occurri. The
challenge with tls approach is selecting the permissible POF, hdrecacceptable risk of the des

FOS =10 FOS, < FOS, however POF,<POF,
Limit equihbrium 2 - 3 -
b — —_— -
> FOS5 =135
% . . Low uncrrlatn'l}..r
Ll
-
o
L FOS =150
1 4 High uncertainty
okl
POF corresponds
to relative area beneath
curve lo the left
of FOS5 = 1.0 line
POF
P{Z':::*M
e -
1.00 Fos, FOS, FOS
FOS <1.0 FO5>1.0
Stable slope

Unstable <lope

Figure 2-3: Uncertainty in slope design (after Tapia et. al 2  007)

To answer this question the Risk/Consequence (analysis has been adopted in slope di. R/C
analysis does not replace the FOS or POF criteuagnhances them by allog the designs to be
carried outo specified acceptable risk criteria set by manage. R/C therefore allows managem:
to havean appreciation of the consequences of failurethadbenefits of defining acceptable .
This approach has beeuccessfi in several cases, and Contreras et al (2006), Tetped (2007)
Terbrugge et al (200&nd Bawden (2008), discuss typiexamples.
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Underground support design is based on various adstlior example rock mass classification

methods (Q, N’, MRMR), support resistance, energpgogption and analytical models. These

methods, though widely used and well understoos,vary technical and empirically derived. The

R/C concept is not applied in these designs (Brumand Kaiser, 1995; Davies, 1997; Stacey, 2006;
Joughin, 2008). The consequences of support éaduie not evaluated against the corresponding
design.

Risk analysis has been practised in other areasnderground mining. Bawden(2008) cites
discussions on; seismic risk assessment (Owen 20@2); crown pillar risk assessment (Carter and
Miller, 1995), mine pillar risk assessment (Pineal arhin, 1993), risk assessment of underground
excavations (Pine and Arnold, 1996) and rock rieklgsis in coal mines (Duzgun and Einstein,
2004). However, these authors do not analyse iriskisive of a quantitative evaluation of the
consequences of failure. As such, these authom®tconsider risk in financial terms.

Brummer and Kaiser (1995) and Davies (1997) comsdleost of consequences in their work on
seismic damage and general mining risk analys@ecégely. Brummer and Kaiser (1995)
determined risk from uncontrollable losses, nanfigllg of ground as the product of the probability o
failure and cost of consequences. This cost ioipped from a cost matrix. Davies (1997)
proposed the Potential Problem Analysis methodstoevaluation. In this method, risk is evaluated
in monetary terms. However, in this approach, ssessor subjectively determines the cost of the
consequences. The value of the losses can theredoeasily over or understated. The probabilities
of occurrence are also generated qualitatively,ingathe method subjective.

Brummer and Kaiser (1995) concluded that it is allehge to assign a cost to a rockfall collapse.
Horsley and Medhurst (2000) suggest that such gmoaph requires a well-defined geotechnical
environment or stability analysis problem and thatresulting probabilistic outcome should take int
account the actual relationship to mining cost iotpa These issues will be addressed in the risk
analysis approach proposed in this dissertation.

2.3 Risk/Consequence analysis in design

Current underground excavation designs are baseldeotnaditional “non-risk” design approach with
the following stages:

« collect the geotechnical data required for desigih® underground excavation
« design to a factor of safety (FOS) or probabilityadlure (POF) criterion

« provide the resulting support specifications to thae planners for their design and
economic calculations

e Apply monitoring procedures to determine the adégmyzerformance of the supported
excavation according to the expectations of th& esgjineer.
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Swart et al (2000) suggested that stope designaised out using empirical, analytical and
observational methods. Empirical methods invobekrmass classification methods and engineering
judgement. The classification methods include@hsystem (Barton et al, 1974), Modified stability
Number ‘N’ (Potvin, 1998, Potvin and Hadjigeorgio2Q01); and MRMR by Laubscher (1990).
Analytical methods involve closed form solutionsymerical methods and structural analyses (Swart
et al, 2000). Observational methods, formalisedbgk (1969) rely on monitoring ground movement
to measure instability. This method serves mora elseck for the empirical and analytical methods
as the support and rock mass should behave aggignd

These methods of design are driven by technicatlexce (Terbrugge et al, 2006) and generally
ignore the likelihood that the design may fail, ghignoring the impact of failure (Davies, 1997).
There is no link or input into these designs by aggment. However, part of the responsibility of
management in the strategic mine planning procesbe identification of strategies that maximise
returns to shareholders at an acceptable levédlgfthus implying risk-consequence considerations.

A risk-consequence analysis approach would bellmsvig
« determine the acceptable risk criteria for eactseqnence at the outset
« collect geotechnical data appropriate for the neglievel of design confidence

« calculate the required POF for rock support desigmesponding with the acceptable risk
criterion

» perform the rock support design to the requireibdity and
» Establish best practice management tools for thpated excavation required.

Stacey et al (2006) suggested that such a revarapproach to underground support design delizers
design in conformance with the business requiresneftthe project. This approach allows the
executives to define their own risk criteria, whiébr example, will consider consequences of rock
falls and collapses and hence lead to the mosbpppte support design. As defined by Stacey et al
(2006), the following should fall within the reged criteria: risk to personnel, equipment damage,
economic impact, force majeure, industrial actind aegative public relations. This design approach
also allows the designer to identify measureswhiiimprove the design, and reduce the risk. Such
measures would include improved support, monitoramgl advance warning of danger, hazard
awareness training, and reduced number of workenesdoiced working time.

The traditional approach is deterministic, wherasrisk approach is probabilistic. The lattepai
engineers to determine the technical and finamisklfor alternative mining, support, operationatla
other scenarios. The mining executives then chtiesecenario that best matches the risk profaé th
is acceptable to them in terms of their operati@mal strategic goals. It can then be concluded tha
rock engineering design can be based on specifiegpéable risk criteria. Whittlestone and Johnson
(1993), Read (1994), Tulp (1994), and Terbruggel €2006) have described how this is applied to
open pit slope design. They stress the importahepiantification of risk in order to come up with
the appropriate mitigation strategies in monetargns.
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Applying this approach to stope support designndarground mining, Stacey et al (2006) proposed a
thorough design process as shown in Figure 2-4& prbcess also presents a checklist to ensura that
defensible design has been carried out. Stepsl 2 apecify the objectives of the project including
the acceptable risk. Steps 5 to 7 allow the désjgaf various support systems and evaluating them
using risk as criterion. Step 10 is an interactiaet of the process where feedback and reviewshéor
other steps are conducted and implemented.

Evaluation
Alternatives Optimisation
Exeguting
the design
Design Recommendation
analyses .
\ Implementation /
(Excavation,
construction,
review,
/ ooy \
Concept efl ni Problem
formulation the desi statement
(model)
Uncertainty
minimisation Requirements
(collection of & Constraints
information)

Figure 2-4: The Engineering wheel of design (Stacey et al 2006)

2.4 Risk evaluation process

Risk evaluation processes have been put forwardoftk engineering applications. Terbrugge et al
(2006) proposed the process in Figure 2-5 for gmémmining. Stacey et al (2006) adapted this

approach for underground stope design. The geaprabach first determines the reliability of the

design; this is expressed as the probability dtifai(POF). Reliability equals one minus POF. In

Figure 2-5, the overall POF is determined from B@F's in the fault tree (left side). Risk is the

product of the probability of failure and the comsences of failure. In the process, event trees ar
then constructed to determine the risk associatddeach consequence (centre frame in Figure 2-5).
The resulting risks are measured against the aagejsk levels.
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Figure 2-5: Risk evaluation process (Stacey etal,  2006)

Contreras et al (2006) and Tapia et al (2007) dwsttithe application of the risk evaluation for ale

risk management at Cerrejon Mine. This approadre 2-6, illustrates how they integrated risk
evaluation into the management process. Oncekamiglel has been developed, the acceptable risk
criteria are defined up front. The stope POF ientlevaluated together with the associated
consequence analysis. Risk calculations, as destin earlier sections of this Chapter, are then
applied. The risk evaluation follows the methodglaescribed by Terbrugge et al (2006), where the
calculated risk is compared to the defined risteda. The risk is then either accepted or dedling
accepted, monitoring and reviewing will be ongo@sgmore information becomes available within the
project. If declined, the design process mustdpeated to ensure that there is compliance with the
defined acceptable risk criterion.
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Figure 2-6: Risk management at Cerrejon mine (Contr  eras et al, 2006)

This approach (Contreras et al, 2006) is a compmste approach to design. It is an important jpart
the Engineering Wheel of Design proposed by Stategl (2006). The research described in this
dissertation is based on this approach. Subsegeaetions in this chapter will discuss the appreach
to risk estimation and determination of the PORal&ation of the consequences of rockfalls in stope
will be discussed in Chapter 3.

2.4.1 Risk estimation

There are three main ways of carrying out risknestion namely qualitative, semi quantitative and
guantitative methods. Semi quantitative methodsaacombination of the qualitative and quantitative
methods and hence will not be discussed. The dter methods are discussed in the next
subsections.

2.4.1.1. Qualitative risk estimation

This approach uses a classification system to sigkeslikelihood and consequences of a threat(s).
Depending on the scale of the project and consegseio be examined, categories ranging from high,
medium to low are defined. The probability of acence of hazards or failures is then assigned on a
judgemental basis. Scales will differ dependinghanapplication of the assessment. Table 2-1 show
an example of a qualitative evaluation. In a reshalysis, a team of experts brainstorms the
appropriate qualitative evaluation of a probabibfyoccurrence. They then refer to the correspundi
guantitative scale in this table to obtain the nuca¢ value of the probability of occurrence.
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Table 2-1: Classes for probabilities of occurrence (Kirsten, 1999)

Classes for Probability of Occurence
Qualitative Evaluation Quanitative Evaluation
Certain Every time (1.0)
Very High linten (107
High 1in a hundred (103
Moderate 1ina thousand (10'3)
Low 1inten thousand (10’4)
Very Low 1ina hundred thousand(lO‘S)
Extremely Low 1in a million (10’6)
Practically Zero 1in ten million (10'7)

While qualitative risk assessments are widely @gpltheir application is restrictive. This is besa
they are only as good as the quality of the subj@gudgement that goes into them. There is also
difficulty in assessing dependencies and theittimahips (Stewart, 2001). In this research, harev
dependencies and relationships are critical andestive judgement would skew the results.
Qualitative risk is therefore not applicable anddeethis research discusses qualitative risk ribadur

2.4.1.2. Quantitative risk estimation

This approach uses a stochastic system to assetikdlihood and consequences of a threat(s). The
probability of occurrence and value of the conseqas are derived quantitatively from available
information and numerical simulation. This apptoatiminates the element of subjective judgement
also taking into account possible interdependeatiazards.

The general equation for expressing risk quanigatiis:

Risk = P (failure) x Cost of Consequences

However, the disadvantage of expressing risk asngabove is that it assumes that each failure is
directly associated with a cost and that the riglags has to be expressed as a cost (Einstein).1996
The limitation arising from this perception is tlyatantitative risk is only applicable where a mangt
risk criterion is applied. A risk criterion in mtice is however not restricted to monetary risk
criterion. Einstein (1996) proposes the followgeneral expression:

Risk = P [Performance] x P [Consequence/Performaumxce(X)
Where:P[Performancelis the performance uncertainty,

P[Consequence/Performancis] the conditional probability of a consequenciling from a
given performance

u(X)is the utility of a vector of attributes may include monetary attributes or just numerical
attributes for exampl¥; = cleanup X, = repairs an; replacement.
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Risk qu

antification using this general equation foasd application in various sectors. For example

in landslide risk management (Australian GeomedsaBiociety, 2000) these guidelines propose the
calculation of risk to property in monetary ternmelaisk to individuals in numerical terms as folkaw

The risk to propertR(Prop):

Where:

R (Prop) =P (H) x P(S: H) x V (Prop: S) x E

R(Prop)is the risk (annual loss of property value)
P(H) is the annual probability of the hazardous evimd [andslide)

P(S: H)is the probability of spatial impact by the hazémdmely, of the landslide impacting
the property, taking into account the travel disggnand for vehicles, for example, the
temporal probability

V (Prop: S)is the vulnerability of the property to the sphtiapact (proportion of property
value lost)

E is the element at risk (the value or net presahtevof the property)

For loss of life, the individual risk is determinask

Where:

RMON=PH)xPS:H)xP(T:S)xV (D:T)

R(DI) is the risk (annual probability of loss of lifee@h) of an individual)
P(H) is the annual probability of occurrence of thedrdaus event (the landslide)

P(S: H) is the probability of spatial impact by thazard (for example of the landslide
impacting a building (location) taking into accouhé travel distance) given the event, that is
exposure

P(T:S) is the temporal probability (for example of theilthimg being occupied by the
individual) given the spatial impact

V(D:T) is the vulnerability of the individual (probabylibf loss of life of the individual given
the impact).

Joughin (2008) has adapted this method for detémmimdividual risk for use in underground
mining. He equates individual risk as:

Risky = POF x Exposure x Spatial coincidence x Costooisequence (H).

Exposure is the ratio of the area of the rockfalihe total area considered. Spatial coincideafars

to the |

ikelihood of men being in the same arethagockfall when it falls. Typical consequencés o

rockfalls on personnel include medical costs, waages compensation, Section 54 production losses,
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SIMRAC levies, investigation and legal costs. Tbtal risk is the sum of risks of the different
consequences, expressed as:

Total risk= Y (Risku1....n))

WhereHj; to H,, are the different consequences. Joughin’s metbggas applied in this research.

In summary, the purpose of Quantitative Risk Assesd (QRA) is to calculate the value of the risk
and to enable better risk communication and detisiaking (Lee and Jones 2004). As cited by the
Australian Geomechanics Society (2000), Ho et @0@2, and Lee and Jones (2004) the steps in any
risk consequence approach should answer the foitpguestions:

* What are the possible dangers/problems? [Dangetifitation]

* What are the possible consequences and/or elermens&? [Consequence/Elements at risk
identification]

*  What might be the degree of damage in elementskaf\fulnerability Assessment]
* What is the probability of damage? [Risk Quandfion/Estimation]
« What is the significance of estimated risk? [Riskaluation]

¢ What should be done? [Risk Management]

From this discussion it can be concluded that & two components: the probability of occurrence
and the consequences. In order to evaluate thassociated with rockfalls; both components have t

be evaluated and quantified. Section 2.5 will dbscthe determination of the rockfall annual

frequency of occurrence. The consequences ofatiskfill be discussed in Chapter 3.

2.5 Rockfall frequency analysis

The previous sections have shown that the POFeigtieal input into the overall risk equation. Ehi
section reviews alternative approaches for detengithe POF of rockfalls in underground mines.

Determination of the POF can be done by objectiveubjective approaches. Similar to quantitative
risk estimation, the objective approach uses availatatistical data. The subjective method resuir
the use of judgement. The subjective approachekew leads to a qualitative risk assessment and
hence will not be discussed any further. Jough@®8) states that there are three ways of objdgtive
obtaining the probability of failure: use of anagl models, use of historic rockfall data and ofe
rock mass classification methods. This sectiowrriless these approaches.
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2.5.1 Analytical methods

Swart et al (2000) discussed the use of analytizadels to design stope layouts and support. The
models determine the factor of safety and the fotibaof failure of a design. An FOS of less than
1.0 indicates failure while an FOS greater thaeaguwal to 1.0 indicates stability. The probabibify
failure is the probability of the factor of safdiging less than 1.0.

To determine the factor of safety, the input patanse capacity and demand are first determined
through investigation. As these are variable, whiaita are adequate, probability distributions are
fitted to the data. Where there are limited dataappropriate assumed distribution is fitted. Gmm
distributions are the normal and triangular disttibns. Using simulation techniques like Monte
Carlo or Point Estimate method by Rosenblueth (L9 Slistribution of FOS can then be determined.
Simulations are an interactive process in whichdoam numbers from the input distributions are
picked and the factor of safety calculated. Thigcpss is done a specified number of times. The
resulting FOS then generates the overall FOS bligtan.

Analytical models are based on different rockfadlamanisms. Joughin (2008) describes the common
rockfall mechanisms associated with keyblock andnbdehaviour, and explains how the POF is
determined in eachThe POF of rockfalls is therefore a sum of the philities of failure for each
mechanism. Keyblock and beam behaviour will beudised in the following sections.

2.5.1.1. Beam models

Beam models include the elastic beam theory and/thessoir beam model (Diederichs and Kaiser,
1999 and Brady and Brown, 2006). In both modelsigtermine the annual frequency distribution of
rockfalls of a given size, an assumption is matiee assumption is that the rockfall will cover thi
span of the excavation; hence, the excavationvisletil into units that represent the full span & th
excavation multiplied by the face advance incremenihe annual face advance divided by the face
advance increment thereby gives the number of tmitee considered in one year. This can then be
simulated to determine the annual frequency digiio of rockfalls.

Limitations of the use of the elastic beam theagythat it is only applicable to laminated straiad it

is limited to geotechnical areas where verticalsob vertical or inclined joints do not cross the
laminations (hence does not take into considerdiientensile strength of joints). It is therefore
applicable mostly to South African coal mines whienminated unjointed shales occur in the roof.
The Voussoir beam model is, however, applicablergvbab vertical joints occur.

2.5.1.2. Keyblocks

Blocks are bound by geological structures, joimigtting planes, curved joints, faults, and stress
fractures. The blocks can form on the excavatiofase or beyond the exposed walls. Depending on
the location, size, shape and interaction betwieerstructures, the blocks can fall out. This Iduas

been built into a software package, JBlock by HEstzen (2003). The software analyses keyblock

19



stability based on discontinuity networking anditiequilibrium methods. Joughin (2008) describes
how the key blocks are generated and how the pil@gads occurrence of rockfalls is then calculated

Several authors have used this software for keidtability analysis and support design. Examples
include Joughin and Stacey (2006), Stacey and Ger(@&D7), Dunn et al (2008) and Joughin et al
(2009). JBlock output includes:

« alist of possible block sizes where the stableramdstable blocks are indicated,
« a relationship between the failed blocks and tlelbkize (area or volume),

+ total simulated area,

e percentage area that is a key block,

« total number of key blocks,

 total number of failed blocks,

« average rockfalls per 1006m

« average failure volume per 1000exposed. Since the equivalent area mined outdsvk,
the rockfall frequency distributions can be scaled.

» rockfall frequency distributions whereby the usas hthe flexibility to change the input
formats,

» actual excavation geometry to enable modellindnefaquivalent area mined,
» support codes to allow the integration of thiswafe with the risk model.

JBlock (Esterhuizen, 2003) is therefore a usefol ia this research and its application will be
discussed in Chapter 6.

2.5.2 Historical rockfall data

Several mines collect data on rockfalls and stbeeiiformation in databases. Duzgun and Einstein
(2004) used the databases of 12 mines in the Agmiala region to determine the probabilities of
occurrence of rockfalls. They applied the timeeiméls between falls (TBF) and the numbers of falls
per annum (NOF) approach. These are based onsamalhe time between falls of ground and the
number of falls occurring over a given time. Theakness with these approaches is that they take no
consideration of the size and location of the ratt&f Stacey and Gumede (2007) established that
different sizes of rockfalls have different probaigis of occurrence. This implies that in a raakf

risk study the different sizes have different piulides of occurrence, different impacts and hence
different risks.
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Joughin (2008) used several South African mineldeses to determine statistical distributions based
on the number of rockfalls of given sizes per yeBne distributions formed the basis for deternmgnin
the probability of occurrence or annual frequenéyoccurrence of rockfalls of given sizes. This
method has proved to be applicable where the mageahcomprehensive database that is regularly
updated. However, the research showed that me&tsntio not maintain a regular rockfalls database.
Joughin’s method takes into consideration the sizeockfalls. It has direct application to the
research in this dissertation as will be discusséaker sections of this chapter.

2.5.3 Rock mass classification methods

The stability of excavations in rock masses andréwired support can be determined using rock
mass classification methods.Geotechnical mappingpoghole logging is used to obtain the required
input parameters for these classifications. Tipaitiparameters however exhibit variability. Durin e
al (2008) fitted distributions to the geotechnipatameters to express such variability. However, t
wider application of these classification systems determining probability has been through
simulation. Techniques like Monte Carlo and Pdistimate (Rosenblueth, 1975 and Harr, 1987
respectively) fit a probability distribution to daof these classification systems. This probabitit
then applicable to risk analysis. The weaknegwisfapproach is that it cannot determine the gize
number of rockfalls expected from a given geomélgughin, 2008). Another shortcoming is that it
IS not possible to determine the extent of posgilblmage or the exposure of personnel or equipment
using this method. This approach is thereforeapglicable in quantitative risk estimation.

2.6 Consequence analysis

The probability of occurrence and the consequehags been established as the main components of
gquantitative risk analysis. The previous sectidacussed the approaches to determining the
probability of occurrence of rockfalls. This sectifocuses on approaches for determining the
consequences of rockfalls. Consequences are divide economic and personnel consequences.
Economic consequences involve all losses resultingloss of monetary value. Personnel
consequences relate to individual risk.

2.6.1 Economic consequences

Several approaches have been used to determinectimmmic consequences of rockfall accidents.
Baecher (1981), Chowdhury and Flentje (1998), Jou@gp008), Duzgun and Einstein (2004) and

Marx (1996) have different approaches to quantgyihe cost of the consequences of excavation
damage. Chowdhury and Flentje (1998) put forwaiarmaula to determine total cost;

Total cost = C (budget) x P (failure) + C (consequences)

C(budget)refers to the budgeted cost of mining(failure) is the probability of the structure failing.
C(consequencesgfers to the cost of consequences associatedhitfailure.
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Duzgun and Einstein (2004) suggested a relativeammoach. This approach relates the attributes o
damage to cost by means assigning a unit cost ¢oobrthe attributes then expressing the other
attributes relative to this unit cost Baecher (1981

n

Rj = P(Roof fall)x Zu(Xi) x Cj

i=1

In the equatio®;j is the total risk costyu(Xi) is a utility representing the consequences.is the
number of roof falls where= 1,2, 3...n.Cj is the cost of possible consequences, wher#,2,3..m
are the different consequences.

While this approach provides relative costs forilates that are difficult and or unethical to ¢ost
has its shortcomings. The weighting is subjecbased on the user's engineering judgement and
experience. Another point is that any consequémakis not realised is taken to be zero. Atteisut
considered include the cost of cleanup, equipmamadje, disruption and cleanup in operation, injury
and fatality.

Joughin (2008) suggested a breakdown of the corseqs into direct and indirect impacts. Indirect
impacts are a result of the direct impacts. Tha obeach consequence is determined on an activity
basis. Using this method the effect of locatiod aize of the rockfall is considered in determiniing
associated losses. The strength in this methogda®ghat the consequence cost drivers can be
determined; hence, the impact of individual rodkfaln be assessed.

2.7 Acceptable risk

In any job or operation, there exists a risk. Soisles are intolerable, some are tolerable and samme
acceptable. Intolerable risk is an imminent theead results in the job or operation being stodped
safety and or economic reasons. However, wheefwdazontrols can be implemented to reduce the
risk, such risk is known as tolerable risk. Tob#earisk is reduced to acceptable risk levels.fdbent
industries have different perceptions on acceptasie

2.7.1 Acceptable risk in mining

In 2003, the Biennial Mine Health and Safety Sumhatd for the South African Mining Industry
agreed on targets and milestones to be attaineé2Db8. A milestone goal of reducing fatality and
injury frequencies to reach parity with internaabistandards was set. This is to be achieved by a
20% annual reduction of the injury and fatalityesaficross all commodities. Mines have however set
on a “zero accident” rate target. However, Won@08&) suggested that nothing could be 100%
reliable, that human beings, one day, will invagaimake a mistake. Stacey (2006) agreed with
Wong and therefore describes the zero rate targatiealistic but not realistic. Stacey therefore
emphasizes the need to define what risk is accleptab
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The question then posed is “What is acceptable?tislRowe (1979) discusses a risk as being
acceptable when those affected are generally ngetofor not) apprehensive about it. In defining
acceptable risk, Baecher and Christian (2003) gLidte four conclusions drawn by Starr (1969):

i. The public is willing to accept ‘voluntary’ risksoughly 1000 times greater than
‘involuntary’ risks;

ii. Statistical risk of death from disease can be taksna psychological yardstick for
establishing the level of acceptability of otheks;

iii.  Acceptability of risk is proportional to the thipbwer of benefits;
iv.  Public awareness of the benefits of an activitiuefices the societal acceptance of risk.

Otway and Cohen (1975) criticised these conclusibag according to Baecher and Christian (2003),
accepting that acceptable risk exhibits regularigemportant.

Starr and Whipple (1980) noted that, “implicit lretterm, acceptable risk is acceptable to whom@” T
answer this question, Duzgun and Lacasse (200%)ediéfas the level of risk that requires no furthe

reduction. When risk is accepted by the societyfurther reduction measures are required for it.
However, where careful controls can be implemerttededuce the risk, such risk is known as
tolerable risk.

In mining companies, acceptable risk criteria stadsl have been set for project level/global level
decisions. Individual project risk analysis has yet found universal application (Summers, 2000).
He suggests that this is because of the following:

* Misunderstanding of the types of risk and risk gsial
« Confusion with the terminology ,

« The erroneous belief that risk analysis is of valoly in safety.

Summers (2000) and Coulthard et al (2005) suggéissedimited application of risk analysis could be
a result of the following:

+ Lack of awareness,

« Lack of expertise,

« Perception that risk analysis is unnecessary,
« Analysis paralysis,

* Time and cost pressures,

« Difficulty in quantifying risk,

* Mistrust of results,

« Lack of understanding by senior management.
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The common result of these perceptions is thaettsea general lack of trust in risk analysis drete
is an unwillingness to accept risk analysis as aagament tool. Thus, no acceptable risk critenea a
set in mining projects.

In mining projects, typical guidelines for accepealisk would include acceptable criteria for
fatalities, likely damage to equipment, productiosses or other incidents of significant impact and
failure resulting in a force majeure declaratiogteffen and Rigby (2005) suggest that such criteria
will determine the degree of conservatism to bdiagpo design. Several authors, Summers (2000),
Duzgun (2005), Terbrugge et al (2006), Steffen {208tacey (2006, 2007) and Joughin (2008) agree
that defining acceptable risk criteria is esseriiathe management and success of a project.

2.7.2 Risk acceptance criteria

Techniques to risk acceptance include the F-N curaed As Low as Reasonably Practicable
(ALARP). Other techniques also exist which typigalompare the probability of failure with risks
that are seen as the ‘Acts of God’ or largely iteMe events. However only the common approaches
will be discussed in this research, as they aremadely used and comprehensive.

2.7.2.1. F-N curves

The F-N curves are a common way of expressing wbgisk in various industries. The method is a
graphical representation of the relationship betwis® annual probability of an event causing N or
more fatalities, and the number of fatalities, FggR-7. The graph shows zones of negligible, ALARP
and Intolerable risk for different industries. Tleemmonly applied benchmark is the annual
frequency of a fatality by natural causes of aagen aged between 10 and 14. This annual frequency
is known to be 1®and it represents the divide between voluntaryiamoluntary risk (Steffen, 2007).
This age group is rated as the safe age groupehéme annual frequency of one or more fatalities o

a mining operation should be 46or the design to be as safe as practically ptEssib
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Figure 2-7: F-N Graph for bench marking safety impa  ct (Contreras et al, 2006)

According to Ball and Floyd (1998) the shortcomiaf this approach is that different annual
frequency tolerance ranges are used depending mpasy or national criteria, thus making the
approach applicable based only on a set compatgyion. This implies that comparison is applicable

only to companies and countries with similar créer

2.7.2.2. The ALARP principle

The Edward versus National Coal Board case (HSE9 $9Annex 3, paragraph 2) which established
this principle as law in Britain in 1949 best exptathe ALARP principle. It says, “it is statedattthe
case established that a computation must be madgiah the quantum of risk is placed on one scale
and the sacrifice, whether in money, time or treulbhvolved in the measures necessary to avert the
risk, is placed on the other; and that, if it bewsh that there is a gross disproportion betweemthe
the risk being insignificant in relation to the shce, the person upon whom the duty is laid
discharges the burden of proving that compliance m@ reasonably practicable”. A diagrammatic

representation of this principle is illustratedFigure 2-8.
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Figure 2-8: Major hazard facilities regulations —g  uidance notes

In this research dissertation, the two approacbescteptable risk have been integrated into a risk
cost-benefit analysis approach. In the analylisbenefits of risk mitigation are weighed agathst
total costs of losses (including the risks imposed)

2.8 Summary

In this chapter, various aspects of risk were dised. The concept and definitions of risk were
explored. Then the significance of risk in the mgconcept was expounded. The importance and
applicability of risk/consequence criteria in desig/as then discussed. Evaluation of rockfall

probability of failure, frequency, economic and gm@mel risk methods were also described. Various
viewpoints on what acceptable risk is were explor&hapter 3 will discuss the evaluation of the

consequences of rockfalls. This is a critical injouthe risk equation.
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3  Evaluation of consequences of failure

3.1 Introduction

It is evident that the frequency of rockfall retht@ccidents occurring in the mining industry
are very high. The consequences of these roclkdedlsiumerous, some direct and others
indirect, and resulting losses can be significasdd, 1982; Marx, 1996; Hebblewhite,
2003; Stacey et al; 2006, Joughin, 2008). Howeesearch by the author proved that there
are no records of regular evaluation of such lossethe tabular mines of South Africa. It
showed that when there are rockfall accidents onre, injuries or damage to equipment,
accident reports are often compiled. Aspects aglproduction loss are however not
reported. The financial benefit of risk mitigatiepstems is therefore currently based only
on the cost of implementation. The financial lessesulting from the accidents are not
taken into consideration.

This chapter will review the consequences assatiaith rockfalls and collapses in narrow
tabular mine stopes. First, the types and mechengf rockfalls are described. Then the
approaches to evaluating consequences of roclfialisding personnel injuries, excavation
damage and equipment damage are discussed.

3.2 FOG types and mechanisms

It is important to discuss the types of rockfalzhals and failure mechanisms. Fall of
ground (FOG) or rockfalls can be either gravitydar rockbursts. Rockbursts are caused
by seismic activity. Seismic activity is the redeaof energy that is stored in a rock that is
exposed to very high stresses. Such high streseeypical of deep and ultra deep mines
(Jager and Ryder, 1999). Gravity induced falls asgociated with the rock mass failing
along planes of weakness and discontinuities, xample joints, parting planes. Daenhke
et al (2001) emphasize the importance of the infleeof discontinuities, density of
fracturing, frictional strength of bedding surfac@snts and mining induced fractures on
excavation stability.

In an ongoing SIMRAC project, SIM060201 Track A,ngarehensive research is being
carried out on the fall of ground mechanisms amtymsors. The work highlights the type
of rockfalls occurring in the different commoditiesechanisms of failure, causes of failure
and the precursors. A list of these FOG typesmadhanisms is shown in Table 3-1. The
summary of the preliminary findings are attachedjpendix 3.
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Table 3-1: FOG types and mechanisms (SIMRAC Track A , in progress)

FOG Types FOG Mechanisms
Joint/ fracture release surfaces Loss of cohesion
Joint/joint release surfaces Reduced friction coefficient
As above plus bedding parallel partings Change of confining force
Backbreak Shear forces
Panel/back collapse Tensile failure
Wedge failure Loosening
Curved joint failure Buckling
Fall from & into weak layer in Hanging wall( Basal Toppling
Reef shale) Fracturing
Flow of fractured rock mass (WAF) Beam failure
Master bedding plane fault Movement of thrust structures (dome)
Beam failure

Presence of stress fracturing, fall-out of slabs,
sidewall, hangingwall pillars

Faults/dyke contacts
Toppling from brows or previous FOG
Collapse of brow
Uncontrolled Goafing
Sloughing, steep ore bodies
Failure of middling
Sill related falls
Crown/sill pillar instability
Failure of stress damaged rock, Carbon Leader
Collapse of gothic arch and guttering
Cross bedding
Man assisted FOG
Blasted support
Rigging
Scrapper damaged support
Decline in support performance with time and closure
Overhanging face and sidewalls high stoping width
Seismically induced rockfalls
Rockbursts

An FOG is an undesired occurrence in any excavasit is a direct deviation from the
intended performance of the excavation. The fdlhowsections discuss the consequences
of such occurrences and a review of the deternonaif the associated costs. The focus
will be on personnel injuries, damage to equiprmaarmd damage to/loss of excavations in
stopes.

3.3 Direct and indirect costs of rockfalls

Consequences fall into two categories: direct addeéct. Indirect are a result of the direct
consequences. Joughin (2008) in Table 3-2 illtestrthese consequences. This list was
drawn up from intensive research and workshopshiimg experienced mining personnel
from across the South African mining industry. 3d&eéirect and indirect consequences will
be discussed in subsequent sections of this chapter
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Table 3-2: Direct and indirect costs (Joughin, 2008 )

Direct Consequences Indirect consequences

Excessive individual risk exposure for personnel (Evaluate risk on F-N
graph)
Temporary mine closure imposed by the Department of Minerals and

Energy (Section 54) —(revenue from lost production less variable costs)
up to 5 days of partial or full mine closure

Medical and rescue operation costs
Wages and compensation
Injuries and fatalities Investigation and inquiries — cost of professional time
Re-training — cost of re-training new employees
SIMRAC levies
Legal costs — (determined from precedent practice)
Insurance premiums — (Increase due to accident record)
Industrial action — difficult to quantify

Stakeholder resistance (reputation, share price and cost of capital)-
difficult to quantify

Loss of production. - only production affected by equipment loss

Damage to equipment and  Cost of re-deployment of machinery and personnel to maintain
machinery production

(mobile and fixed) Replacement costs - large rockfalls

Cost of repairs — depends on extent of damage (size of rockfall)

Loss of reserves - Net present value of lost reserves

Loss of production (revenue from lost production less variable costs) if
there is no alternate source of production

Replacement of access excavations—large rockfalls

Rehabilitation - proportional to size of rockfall and importance of
Damage to excavations excavation

(access excavations and

Dilution (in stopes
stopes) ( pes)

Re-deployment of machinery and personnel to maintain production
Clean up operations. — (depends on size of rockfall)
Insurance premiums — (Increase due to claims)

Stakeholder resistance (reputation, share price and cost of capital)-
difficult to quantify

3.4 Personnel injury and fatalities

Mine accidents have an impact on several staketwldeluding the individual and his
family, the mining company, government, public dénel economy (Udd, 1982; Davies and
Teasdale, 1994 and Marx, 1996). The degree ofdaies with the stakeholder.
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In this section, the impact of personnel injurytbe mining company will be described.
The fact that no formal accountability or documéntaof accidents costs is carried out on
the mines could imply that managers are not fullai@ of the additional costs brought by
accidents. Adams (2004) estimated total cost jofigs and fatalities in the gold mining
sector to be approximately R330 million in 2003hey estimated the cost for a single
fatality to be R 1 million. However, it is agredalbinethical to place a value on the pain
and suffering borne by persons suffering accidants by their family, let alone value the
changes to lifestyle which may result from the dent (Udd, 1982). The severity of the
impact of the accident is also usually not proporie to the agent causing the accident.
For example, a broken limb caused by a mobile nmeeciziaccident would have the same
impact as a broken limb from a rockfall accident.

This section will review the determination of somiethe consequences incurred by the
mine because of injuries or fatality on the mine.

3.4.1 Temporary mine closure

The Mine Health and Safety (MHS) Act (1996), Seattiel, stipulates that an official has
the power to stop any operations he/she considesafel for the workers. The average
shutting down period after a fatal accident is $sdg6RK Workshop, 2007). In this period
the DMR can shut down the whole mine or a particségtion thereof.

An example of the impact of a section 54 declaraitoa fatal accident at Moab Khotsong
underground mine in 2009. Here Julia Schoeman |g&gd Ashanti Spokeswoman) told

Reuters that, "It will affect production, approxitely 45 kg of gold (1 447 ounces) per day
will be lost" (March 17, 200%http://www.fin24.com. The DMR has shut several mines
under section 54 over the years. Loss of prodadidhe most significant impact of such
closure.

3.4.2 Medical costs

There is a relationship between the nature andedegf injury and the medical treatment
required for an injured person. Severe injuriey meguire hospitalisation and surgery
whereas minor injuries are treated as outpatiesgscaMarx (1996) determined the cost of
hospitalisation and outpatient visits at the West®eep Levels Hospital. In his
methodology, he looked at the hospital invoice atleaccident investigated and used the
following formula to determine the total medicabts

Medical Costs = Hospital Invoice + Outpatients Cestrans port Cost

In the formula the hospital invoice is the totastof all attention and medication given to
the individual while in hospital (if they were hagtised). The outpatient cost represents
the cost of consultation and medication for mirguries or reviews after hospitalisation.
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The transport cost is the cost of transportatiomfthe scene on the accident/ shaft bank to
the medical station or hospital.

The Rand Mutual Assurance (RMA) in accordance withWorkmen’s Compensation Act
30 of 1941 provides compensation benefits to ChanobeMines members. This Act
ensures a guarantee that employees are compefsatatupational injuries and diseases,
medical expenses, disablement and fatalities pdtates on a non-profit basis, whereby the
employers pay the full premium to it to cover themployees. When accidents occur, the
employer pays for the employee’s medical expensdsa can then claim funds used from
RMA. Depending on the nature and degree of injuhg employee can then claim
compensation from RMA. Member employers are refghdn an annual basis for any
unused funds.

3.4.3 Wages and compensation

When an employee is injured, during the periodshahisent from work he is paid wages.
The amount and method of payment however diffetk thie severity of the injury as stated
in Schedule 4 of the Compensation for Occupatidmakies and Diseases Act (COIDA),
1993 (No. 130 0f 1993, amended by Act 61 of 1997).

Compensation includes all the benefits set out @A to which an employee/claimant
may become entitled. The payment of compensatepenids on the facts of each case.
Examples of the types of compensation includer itia:

* Permanent disablement

Temporary total disablement

e Temporary partial disablement
* Medical treatment

* A disability pension

» A fatal pension or lump sum payment to dependants€ about these concepts is
presented later)

Compensation is always in monetary terms. Itigeal at restoring, as far as possible, the
financial loss the employee or his dependant/sshéfered following his injury, illness or
death in a work-related accident. Compensatiors do¢ include a claim for other types of
loss or damage, such as property loss or damagg pfofuture earnings, loss of amenities
and of life.
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3.4.3.1. Calculating temporary total disablement

This is defined as the compensation to an empleyeeis incapable of working because of
a workplace injury. Compensation, excluding thaliva expenses, is directly proportional
to the employee’s earnings at the time of the a&etid All such wages as paid by the
employer to the employee during the period of jig reimbursed to the employer by
RMA. Appendix 2 describes the various degreesoafensation for disabilities.

3.4.3.2. Calculating scheduled and unscheduled injuries

The Compensation for Occupational Injuries and &se Act (COIDA), First Schedule
(Annex 2) describes compensation for scheduledigguand the corresponding permanent
disability percentages. A panel of doctors, whdl détermine the degree of permanent
disability, assesses unscheduled injuries.

3.4.3.3. Calculating fatality compensation

A man killed in industrial accidents in South Afidas a working life expectancy of
approximately 20 years. Hence COIDA considers 8 @@rking days to be the total
number of days lost for any injury or permanerdlftaisability.

The overall wages and compensation cost accordimdatrx (1996) is worked through the
following steps:

Net Cost = Direct Labour + Labour Overhead - Payment to mines +
Effect on insurance

Where: Direct Labour Cost=Daily Wage Rate x Days of normal work
And,

Labour overhead cost=Labour overhead cost per shift x days of normal work

However, for the RMA affiliated mines, the RMA payge wages and compensation costs
on behalf of the mine. The mines in turn pay asuiance premium to the RMA. This
premium is determined from the payments and cldistory of the company. Unaffiliated
mining companies have to pay the employees directly

3.4.4 Investigation and enquiries

In the event of an accident resulting in deathesiosis harm to any persons on a mine, the
Mine Manager shall report such an occurrence t@M&. The DMR, in accordance with
the Minerals Act Section 28, shall then investigatg such accident. It is the duty of the
Mine Manager to make the report and facilitaterdsources necessary for the carrying out
of the investigation.
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The government bears the salaries costs for the Didisport and other administrative
costs. Whereas the mine bears the costs for Hoeimees it provides. It also caters for the
salaries and wages of the persons involved inrthestigation inclusive of both the internal
and external persons. The cost of the time spetttidomine personnel on the investigation
can be significant. This will vary according tetkeverity of the accident in terms of the
number of people involved and the duration of theugry.

To obtain an indication of the cost, Marx (1996hsidered the total cost to the company
per worker for the time spent on the investigatidie determined the cost of investigation
as:

Cost of Investigation3 (Time spent x Personnel hourly rate)

Cost of resources ¥ Costs to facilitate execution of DMR duties

This method however focuses on the investigatiooliing mine personnel only but does
not consider the cost of hiring external expertsearry out an independent review. Such
review costs can be significant (SRK Workshop, 2007

3.4.5 Re-training

Marx (1996) discussed the quantification of refraincosts. His approach takes into
consideration the cost of retraining employees tate part of the accidents or the new
employees replacing the injured. Most mines howewe a skills training centre, and this
centre is financed by the mine’s budget. Traingm@n on-going exercise on the mines,
hence taking the cost of refresher training of ciewolved in a rockfall accident as an
additional cost would be double accounting hen@ egstimating the cost.

3.4.6 SIMRAC levies

The Safety in Mines Research Advisory Committe®fSAC) was established in terms of

Regulation 35.1 of the Mine Health and Safety Atd, 50 of 1991, Section 26 (9) (a) to

advise the Director-General of the Department afidvials and Energy. The committee was
also given the responsibility of the Safety Redeakccount which was created under the
same Act. This innovation was to fund and admémishe industry related research and
development.

After reportable and fatal accidents are reporteithé DMR, a statutory levy is imposed on
all mines for the reportable accidents. Theseekvinakeup the funds in the Safety
Research Account. This fund is used in researofeqis whose aim is to minimize and
prevent such accidents from re-occurring, throgearch and development.
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Each reportable accident is converted to allocatags lost as per the DMR Accident
Classification Code Book. The days lost is a fiomcbf the nature of the injury and the
part of the body injuredThe total number of days lost for a three-yearqekending June
30" of each year is then calculated.

SIMRAC has an annual budget that is based on SafafyHealth Research needs. This
budget is divided by the total number of days lmstdetermine the amount payable per
allocated day lost. Hence, the resultant per @aytimes the number of days lost on that
particular mine is the resulting cost of the SIMRAEvy. This amount is paid for three
consecutive years on all reportable accidentsatalify is equivalent to 6 000 days lost.

Total Levy=Allocated days x Rate/day

3.4.7 Intangible costs

Udd (1982) and Joughin (2008) agree that it is issfale to estimate the indirect costs such
as altered production plans, industrial action, stateholder resistance even though these
could have a significant impact. Marx (1996) does discuss these issues. After a major
accident, morale is low amongst workers, and theakéfs Union and Government are
taking a strong stance against the mining compamjis has a negative impact on the
image of an employer, but such effects are diffitmiquantify.

3.5 Operational consequences

Operational consequences involve equipment andvatoa damage. Chicken (1996)
described them as follows: direct costs are aswatigith physical assets such as plant and
equipment (such as load and haul, ventilation systgility vehicle and drill rigs). Indirect
costs are less tangible and include production diiwe, lost man shifts, haulage stoppage
time, stockpile shortage and inaccessibility of enwworkings. The direct and indirect
consequences are illustrated in Table 3-2.

Often a restricted view of the cost of risk is takeand this leads to a grave
misunderstanding of the economic significance ek.ri Chicken (1996) described the
factors leading to a restricted view on risk aduding:

« Alack of awareness of all the components of theral/ cost.

« Unquestioning beliefs in the conventions of costiisl in a particular industry
(Civil, nuclear power, mining).

* The influence of regulatory requirements.

* Those costing the risk may have limited resporigifibr cost.
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3.5.1 Damage to equipment and machinery

Damage to equipment and machinery can have significnpact. The direct and indirect
consequences associated with such damage areaildstn Table 3-2. Loss of production
is incurred when there is equipment downtime dudéodamage. Damaged equipment can
be either replaced or repaired.

3.5.1.1. Plant and equipment

Equipment is classified as fixed, non-moving andbiteoequipment. Plant will include
piping systems, ventilation, electrical networkiagstems. Variations of the equipment
used on the mine depend on the mining method, degfemechanization, level of
flexibility built into the mining plans and schedasl

The degree of damage will depend on the locatiae, and extent of cause of the damage.
Remedial action includes either repairing or rephaent of the damaged equipment. Marx
(1996) showed that seismic activity generally causere damage. He adopted an average
of R 2704 per seismic damage for combined plant esaipment costs and R 250 per
gravity incident. It should be noted that thisdstwvas conducted between 1994 and 1996
on deep level conventional mining.

Seismic data were obtained from the mine's seisgisioand the above average
determined. No data on gravity FOG damage weré &apthe mine hence the figure
suggested was an estimated average from the miserpel.

3.5.2 Damage to excavations

When a fall of ground occurs in the stope, therdissuption of the mining activities. The
direct and indirect consequences associated with damage are illustrated in Table 3-2.
The damage can affect part of the total excavatidthile all such losses are incurred on the
mines, research showed that no records of suced@se kept.

3.5.2.1. Rehabilitation costs

Marx (1996) described ways of determining rehaddilin and opening up costs. He
considers the cost of labour involved in the preessand the loss of production incurred
there from, the sum of which would give the totatcof rehabilitation. The drawback with
his method is that he does not consider the qyeamid cost of the resources (materials and
machinery) involved in the rehabilitation procesblo consideration of the relationship
between the size of the fall of ground and the nedteequired for the necessary remedial
action is given. This therefore underestimategdtead cost.
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In determining the labour costs, he ignores thatieiship between the size of the FOG and
the labour, time and resources required. He doéselaborate on the typical remedial

actions for stope or development FOG. It will berenaccurate to consider remedial action
as being cleanup for small FOG'’s, re-supportingifdermediate and large falls, and re-
establishing of tunnels or re-raising for stopes.

3.5.2.2. Loss of production

Scott (1982), Marx (1996) and Duzgun and Einst@i®04) show that the cost of loss of

production is significant. Any blasts lost on fhemnels directly affect targeted productivity.

Marx (1996) assessed the cost of a FOG to the rooliecting data over a two-year period,

1993 to 1994. A total of 185 rockfall accidentsttbseismic and gravity induced were

analysed. These are inclusive of reportable iefuand fatalities. For each accident, he
defined cost drivers, and through interaction witik mine personnel, derived the costs
associated with each driver. All the data were ttatistically analysed by determining the
total, average, median costs, the standard dewiatid the skewness of each activity (Table
3-3).

Table 3-3: Cost of accidents (Marx 1996)

Consequence Total cost Average cost per accident
Investigation 231 896.00 1253.49
Admin 236 750.00 1279.73
Plant and Equipment 257 294.00 1390.78
Rescue 440 113.00 2 378.99
Levies 942 121.53 5092.55
Medical 1013 365.00 5 477.65
Wages and compensation 1608 429.40 8 694.21
Training 7 843 582.43 42 397.74
Production loss 33 381 404.25 180 440.02
Total Cost 45 954 955.61 231 896.00

However, Marx does not consider the costs and itegeEche following:

« Mine closure imposed by the Department of Mines Bndrgy (DMR) according

to Section 54 of the Mine Health and Safety Reguiat

« Re-establishing time of the mine excavations,

e The cost of risk mitigation and other safety iritias.
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3.6 Summary

From the methods discussed in this chapter, ¥iteat that the process of calculating costs
is intensive and cumbersome. It requires a Iabfafrmation from various departments at
an operation. There is a lack of a coherent metlogg to determine the costs of the
consequences on the operations. As such, engideer®t consider such losses when
carrying out designs. There is therefore no metbiodetermining a set acceptable risk
criterion on financial terms. Management therefoes no direct input in the design
process. This neglects the treatment of risk jopett design as an integral part of the
business planning process.

Based on this logic, it is fundamental to have shao@ology for determining the cost of the
losses that is readily used by the mine. The dessgcan apply it to determine the risk of a
design. Setting this against the acceptable ridleria defined by management, this
approach will ensure thorough risk based design.
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4 Formulation of m odels

4.1 Introduction

In Chapter 3, various methods by which rockfall seguences are evaluated were
reviewed. From this study, it was concluded thia¢ré exists no comprehensive
methodology or software to determine the monetafyerof these losses. This research has
shown that when a fall of ground occurs in a sttpe method of remediation depends
largely on the size and location of the rockfallery small rockfalls are generally cleaned
up and the area made safe. Larger rockfalls reqh@ installation of additional support, or
the panel may need to be re-established. It iar@pp that such remediation costs money,
therefore the size and location of rockfall can used in determining the cost of the
consequences.

A methodology to quantify the costs of these consages in narrow tabular underground
stoping is proposed in this chapter. However, pinigposed methodology is limited to

quantifying only stope damages and personnel gguri EqQuipment damage will not be

included in this discussion as little informatioouéd be obtained on the subject when the
field research was conducted.

In this Chapter, a description of the general dekt approach to stope support design is
given first. The overall approach to quantifyingetannual cost of consequences of
rockfalls is then discussed. Then the methodolimgythe determination of the cost of
expected consequences due to rockfalls is proposed.

4.2 Model concept

The level of risk in a stoping operation can beated to the costs of risk control and
expected cost of consequences from rockfalls. rEighows the relationship between the
risk and associated cost. The cost of risk conisolthe cost of support design,

implementation, monitoring and evaluation in thepst The Expected Annual Cost of
Consequences (EACC) is the product of annual freguef rockfalls in that stope and the

costs of the associated consequences. The sura 0bst of annual risk control and EACC
gives the total cost of the risk for that particidtope design.
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Figure 4-1: Model concept (Viner, 2002)

Figure 4-1 suggests that:

« when more investment is made in risk control, thg@eeted cost of losses is
significantly lower (Case A).

« when minimal investment is made in risk control§€8), the expected losses can be
severe.

« based on this risk cost approach, the design \wigthidwest total cost (compared to
the other options) can then be considered the optirdesign (Case C). However
due to practical considerations the optimum desigas not necessarily have the
lowest point on the Total Cost curve. It can bleweer cost compared to the other
options.

This design analysis can be carried out for diffeseipport systems on a single panel or for
a whole ground control district. Current practisghat practioners carry out stope design
based only on the cost of risk control. Howeviee, total risk - cost approach gives a more
comprehensive basis for comparing the risk asstiatth each support system.
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This approach to design will help answer the qoasti
¢ how much support is too much support?
* What are the impacts of installing minimal or salnstard support?

« What is the cost of failure of a given support sys?

The risk cost approach is not a new concept. Duznd Einstein (2004) illustrated its
application in coal mines. They explained the emidy using three scenarios, the status
quo, over designed and the optimal support desigm.each option a probability of
occurrence of rockfalls, with an annual frequenéyccurrence (t), is determined. The
monetary value of each consequence of the rocipis then determined. Therefore, the
expected cost (EC) of the consequences for eaatndptexpressed as:

m
EC = Z(kn xt)
n=1

Wherek,, k....k. represents the different consequences.

Relating this concept to Figure 4-1, the status iguoepresented by Case B, a scenario
whereby there is minimal support in the stope aigth mockfall risk. The overdesigned
option is represented by Case A, an over designpdost system with very low rockfall
risk. Case C represents the optimal design, aimaptrisk cost based support design
strategy, which balances the cost of risk contith wthe cost of the expected losses.

However, the work by Duzgun and Einstein (2004) twas shortcomings. Firstly, it does
not take into account the size and location of faltk in determining the probability of

occurrence and impact of different rockfalls. Setlg, the criteria applied to determine the
cost of consequences is based on the user’s juddgeridis leaves room for subjectivity,

thus over or understating the actual cost.

These shortcomings will be addressed by the apprpasposed in this research. The
research focuses on the determination of the dinedtindirect costs, which ksin Duzgun
and Einstein (2004). This subject will be addrdssamore detail in the following sections.
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4.3 Expected annual cost of consequences: Overview

Individual rockfalls result in multiple consequenceAs discussed earlier, these will vary
depending on the size of the FOG, location, moimitprsystems in place, evacuation
procedures, exposure of men and equipment. Sudabily in the factors affecting the
resulting consequences is best captured in the &fram event tree. Figure 4-2 shows a
simple event tree illustrating the direct consegesnresulting from stope rockfalls. This
illustration is drawn from

Table 3-2.
Rockfall
Personnel Damage to Plantand Stope
Injury/Fatal Machinery Damage

Figure 4-2: Direct consequences

By expanding the direct consequences in Figurghkzossible indirect consequences are
deduced. The extensions to each branch will beudéed separately and in more detail in
the sections that follow.

The general approach to determine the expectedtoshsequences on a mining operation
is as follows:

e Through a study of the mining operation and braimsing with experienced
personnel, detailed event trees for each directsequence in Figure 4-2 are
constructed. The final tree will indicate the pbkesindirect consequences.

« Determine the distributions of the annual freques®f rock falls of different sizes
using historical rockfall data or numerically gested data (Esterhuizen, 2003).

« Quantify each indirect consequence; these will vé@epending on the size of the
FOG, location, monitoring systems in place, evaoungbrocedures, exposure of men
and equipment.

e The product of the annual frequencies of occurremzkthe cost of the consequence
associated with each occurrence is the annual tegbemost of that particular
consequence.

* Summation of annual expected costs results in doked expected annual cost of
losses.
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The following sections discuss rockfall distributi@etermination, evaluation of stope
damage, equipment damage and personnel injuriedatalities. The final section will
discuss the approaches to risk cost mitigation.

4.4 Rockfall distributions

Rockfalls can occur in varying shapes, sizes, andhgying locations in a stope. It is a
statutory requirement for any mine to maintain ekfall database. This database enables
the determination of the 95% fallout height, parisk rating, and measure of support
performance. Research has shown that some mirataimaan extensive database whereas
on others, the databases are incomplete or in some&xistent. An extensive database is
required for the derivation of rockfall distributis.

To quantify the consequences of rockfalls, the psed methodology requires the following
input from the rockfall databases:

« rockfall length, width, and height,
* location of the fall,
« complete and consistent recording of rockfalls,

From these records, annual frequencies of roclfalldbe determined.

4.4.1. Annual frequency of rockfalls

Rockfall lengths are grouped into bins and the desgy of falls in each bin determined
based on the rockfall database or the applicatiorumerical analysis, (Esterhuizen, 2003).
Where no rockfall records are applicable, stochgsthbabilistic methods can be applied to
joint properties to determine keyblocks and theespgonding probability of failure of such
blocks. Tyler et al (1991), Beauchamp et al (198}erhuizen (2003), Gumede (2006),
Stacey (2007) and Dunn et al (2008) are authotshidnze used this approach. The JBlock
software also outputs block dimensions and theuiaqy of failure of blocks of a given
size. This information is essential in the reskeas shall be discussed later in this chapter.

Both methods, the historical database and stochatthods provide a rockfall frequency
vs. rockfall size relationship which can be detewdi over a given period of mining.
Figure 4-3 is an example of a relationship betw&erfrequency of occurrence of rockfalls
and the length of the rockfalls parallel to the iminface. From the graph, it is observed
that the smaller size rockfalls have larger freqieshof occurrence. This observation was
also noted by Gumede (2006) and is consistentatiiervations in industry.
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Figure 4-3: Rockfall frequency

4.5 Stope damage losses

The distribution of rockfalls described in the poms section occurs at any location within
the panel. As a result, stope damage can occlrwaitying consequences. This section
will discuss the stope damage consequences andeaigevent tree will be developed for
all the possible remedial actions and consequentastly, the procedure to evaluate the
resulting consequences in monetary terms is prapose

4.5.1 Stope damage event tree

When a rockfall occurs in a stope a decision mestriade whether to stop or continue
mining, and under what conditions mining can cargin Typical remedial
recommendations may include altering or increasiiegsupport, reducing the mining span
or leaving a pillar adjacent to the collapse. Ehelsoices are generally based on logistical
and economic demands, and all have different aubtiak implications.

After consultations with mining and rock enginegrpersonnel on several mines, a generic
event tree, Figure 4-4, was constructed. The ithesirates the series of choices that are
made relative to size and location of a collapse.
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Rockfall
Frequency
Distribution

y

Gully

Can it be
cleaned up and
Re-supported?

Use other access to face

Cleanup & Re-support
Production loss (Re-supporting)
Cleanup & dilution
Re-supporting cost

Location of FOG [

Spare stope?

(flexibility)

Abandon to Contingent panel (max prep)
Production loss (Re-deployment)
Reserve Loss

Sweepings Revenue Loss

Figure 4-4: Stope damage event tree

between 1/3 and 2/3

Re-establishing
Limitreached?
(Re-est. limit factor)

FOG
less than 1/3 of
panel

length?

FOG

of Panel Length?2

Back Area

Barricade off

Possible Sweepings Loss

Cleanup and Re-support
Production loss (Re-supporting)
Cleanup & dilution
Re-supporting cost

Move to
pare stope?
(flexibility)

Re-establish
Production loss (Re-establishing)
Reserve Loss

Sweepings Revenue Loss

Redeployment Contingent panel
Production loss (Redeployment)
Reserve Loss

Sweepings Revenue Loss

Abandon to Spare panel (min. prep)
Production loss (Re-deployment)
Reserve Loss

Sweepings Revenue Loss

As shown in Figure 4-4, in a stope, a rockfall witicur in the gully, face area or back area.
Falls in the gully, where possible, are cleanedang the area re-supported, otherwise
another access to the panel face is sought. iRalhe back area are barricaded off. These
two areas are however, not of interest in thisaedeas studies showed that the occurrence

frequency is minimal.

This research focuses on rockfalls in the stope &ea. The falls occurring in this area are
classified into categories based on the dimensiohsthe fall and the associated
consequences. The section below describes thieaplel classes.

Classifying the extent of stope damage based offattes length of the rockfall relative to
the panel face length is common practice on min&gart from the condition of the rock
mass in the stope, the length of the fall is useddtermine the corresponding remedial
action adopted. Legislation also requires thds faf specified lengths be reported to the

Inspector of Mines.




4.5.2 Remediation action classifications

The remedial action classifications are based alustry practices of handling falls of
ground. Four generic classes were identified hadd are discussed further below.

4.5.2.1. Class 1: Very small rockfalls

Class lcaters for very small rockfalls whose maximdimensionsRf or Rf, (Figure 4-5),
are less than 1m in length. The main assumptidhds these rockfalls are waste rock,
hence mixing of waste rock with ore results in tilo. Cleaning them up and hoisting
them to surface with the ore results in an extrst o processing waste being incurred.
This cost is the dilution cost.

Where:

PF; - Panel face length
R, - Rockfall Width
R}, - Rockfall Length

Figure 4-5: Class 1, small rockfalls

4.5.2.2. Class 2: Rockfalls with lengths less than one third panel face length

Class 2 represents those rockfalls whose dimen(§ifih parallel to the panel face is less

than one-third the panel face length (Pfl), Figds@& This fall is cleaned up resulting in the

waste rock being hauled with ore, hence causindidi. The face area will also have to be
re-supported; this results in a re-supporting colihe cleaning up and re-supporting will

result in production downtime, which results ingwotion profit loss. These consequences
are illustrated in Figure 4-4.
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Area to be Re-supported (RS )is
a percentage factor of Rockfall Area

Strategy 1

Figure 4-6: Class 2, cleanup and re-support

4.5.2.3. Class 3: Wide end re-establishing

In this category, the rockfall leng{Rf) is between a third and two thirds of the PanekFac
Length @f), as shown in Figure 4-7. The panel will be reldghed and the re-
establishing end widtfRw,) on breast is calculated as:

Rwy=Pli-(Rfi+1m)

An allowance (1m) is given to allow for safety vehile-establishing. The re-establishing
raise width on digRw) is the rock engineer's recommendatioRw, and Rw are mine
standards for deep South African gold mines.

As shown in Figure 4-4, resulting consequencegerduction loss due to re-establishing,
possible redeployment of personnel, and loss afme® from sweepings lost. Availability
of a spare stope, which is a contingent panel, gLt in lesser magnitude of losses than
when there is no spare stope.

There are circumstances however when the fall sceuthe top of the panel. When this
occurs, re-establishing can be done from an adjguamel hencdkw, is Om andRwy is
equal toPf,.
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Area of Sweepings Lost (SL)is a
percentage factor of Rockfall Area

W here:

PF; - Panel face length

Rf, - Rockfall Width

R}, - Rockfall Length

RP, - Re-establishing Pillar Width
RP,- Re-establishing Pillar Length
Rep—Re-establishing Width

Figure 4-7 : Class 3, re-establishing

4.5.2.4. Class 4: Re-establishing and abandoning

In this category the rockfall lengtRf, is more than two thirds of the Panel Face Length
(Pf), Figure 4-8. The panel is either re-establishedbandoned based on the following
criteria:

 If the fall occurs when the panel has advancednare than the re-establishing limit,
see 4a in Figure 4-9, then the panel will be reldshed.

» If the fall occurs when the panel has advanced rti@e the re-establishing limit, see
4b in Figure 4-9, the panel is abandoned.

Area of Sweepings Lostis
a percentage factog of Rockfall Area

Where:

PF, - Panel face length

RY, - Rockfall Width

R}, - Rockfall Length

RP, - Re-establishing Pillar Width
RP, - Re-establishing Pillar Length
RW ,—Re-establishing Width on breast
RW ~Re-establishing Width on dip
RL ~Re-establishing Length on dip
RI—Re-establishing Length on breast

Figure 4-8: Class 4, large rockfalls
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Figure 4-9: Re-establishing or abandoning criteria
For re-establishing purposes, Figure 4-8, the t@béishing end width on brea@®@w,) is
Rwy, = Pf; - (Rf; + 1m)

The Rock Engineering department determines thetabkshing raise width on difR{w).
The recommendation is based on rock engineerimgiptes and experience.

As illustrated in Figure 4-9, the effective abaneldrdace advance is half of the remaining
face advance. If, for example, the abandoning mami limit is 20m, the average possible
face advance is therefore 10m. This logic is @&pbln the determination of the area of
reserve loss.

4.5.2.5. Summary of classes
Table 4-1 gives a summary of the resulting consecgfor the different rockfall sizes.

Table 4-1: Summary of strategies

Class1l | Class?2 | Class3 | Class4a | Class 4b

Cleanup and dilution Loss Yes Yes No No No
Re-supporting Cost Yes Yes No No No
Sweepings Revenue Loss No No Yes Yes Yes
Production Loss

Cleanup and Re-supporting Yes Yes No No No
Re-establishing No No Yes Yes No
Re-deployment No No No Yes Yes

Reserve Loss No No Yes Yes Yes
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4.5.3 Evaluation of cost of stope damage

The relationship between stope rockfall remediatiad the rockfall size was discussed in
the previous section. This relationship was theeduto formulate remediation strategies.
Table 4-1 summarised the strategies to handle stapmge, and possible consequences are
indicated for each strategy. This section will didge the evaluation of the costs of the
consequences.

The overall expected cost of stope damage is atiumof several cost factors. These
include cleaning up, re-supporting, sweepings Ilmss of reserves and the production loss
due to redeployment, re-establishing or abandoaingrking place. The general equation
that expresses this function is given as:

Total Expected Cost=Rockfall Annual Frequency of Occurrence x Cost of Consequence

The annual frequency of occurrence of rockfalls besn discussed in Section 4.4. The
cost of the consequences of stope damage candrended from the formula:

Cost of Consequence = [Cleanup and Dilution Cost + Re-supporting + Sweepings Revenue
Loss+ Production Loss+ Reserve Loss (Given on NPV basis)]

The cost of consequences will be discussed sepafatelasses 1 and 2, 3 and 4.

4.5.3.1. Strategies 1 and 2

These classes of rockfalls consist of small roaks$ @s shown, they result in dilution, re-
supporting and production downtime.

4.5.3.1.1. Cleanup and dilution cost

This loss applies to classesl and 2. Small rdskéake cleaned up with the ore,
hoisted and taken through to the processing pldmite rockfall is assumed to be
waste rock, hence it results in dilution. The $@ortation and processing of waste
material is the dilution cost. It results in leateral value being output from the
processing plant. The actual cleaning up cosargely attributed to the cost of
labour. However, no additional labour is requitedtlean up falls in this category
as the panel crew can handle them. The labourig€dlserefore viewed as a fixed
cost and hence is not considered in this methogiolog

It can be argued that if there were no rockfalieré would be less labour required
for the same production output. However, it is dmant to note that the labour
requirement on a mine is neither directly dependentdetermined by the number
of rockfalls. Labour cost is a fixed cost that dependent on the labour
requirements for the overall mining cycle.
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Total dilution cost is determined as:

Total Dilution Cost (R)=Dilution cost (R/t) x FOG Size (t)

Where dilution cost is determined as:

Dilution Cost (R/t)=(Vertical Cost+ Horizontal Cost+ Processing Cost)/ Tonnes mined
and processed,

Classes 3 and 4cater for large rockfalls whereleancip is done hence there is no
dilution cost incurred. The inputs are obtainezhfithe mines accounts department
or alternatively, annual reports can be used.

4.5.3.1.2. Re-supporting cost

This cost does not apply to class 1 because tliatbs very small (less than 1m).
It is assumed that when a class 2 rockfall ocdhesarea has to be re-supported in
order to make the panel safe. This can be donmgiglling the same support
pattern, increasing the support density or usirdjfferent support system. The
costs of storage, transportation and installing towever not included in the re-
supporting cost unless a hew support system wigighired new infrastructure and
personnel was being applied. As discussed inl#@ap and dilution cost section,
the labour in transporting and installing suppsralso considered a fixed cost. As
such, the unit cost for re-supporting is considéogde only the purchase cost of the
unit.

The total Re-supporting Cost equation is given as:

Total Re-supporting Cost = Area to be resupported x Support Density x Cost per
installed unit

Where;

Area to be re-supported = Area of FOG x Re-supporting Area Factor

The area to be re-supported is assumed, aftemgalid experienced mining
personnel, to be the area of the rockfall plus @ofato allow for safe areal
coverage. Discussions with personnel from diffenmines suggested a typical
example to be 50%.The support density and types-siipporting either can remain
the same or are changed at the Rock Engineer’setlat. The cost per unit or per
square metre is determined in the risk mitigatiost section.
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4.5.3.1.3. Cleaning-up and re-supporting production loss

The time spent cleaning and re-supporting will vdgpending on the size of the
fall of ground and the type and availability of tetommended support units. Such
time loss results in the production loss. Themf@leaning-up and Re-supporting
Production Loss is determined as:

Production Loss = Total days required to clean and Re-support x

Profit Loss(R/m?) x Panel tonnage/day

In the equation above, Profit Lo&&/nf) refers to the difference between expected
profit and actual profit for the lost productionThat is the difference between
revenue and transport, processing and cost of cwadsles (explosives, support etc,
which would not be expended if no production tablese).

Profit Loss=Revenue-(Cost of Consumables + Transport + Processing Cost)

Clean up time is the time required to cleanup a FED@ given length along the
face. Typical times are presented in Table 4-2jclwhwvere obtained from
interviewing experienced mining personnel. On ager it takes 0.1 days to clean
1m (length on face) of rockfall.

Table 4-2: FOG length vs. cleanup size relationship

FOG Length on face 2m 5m 10m (15m |20m {30m
Cleanup and Re-support (days) 0 0.5 1 3-5

4.5.3.2. Strategies 3 and 4

The categories cater for the larger rockfalls ascused in Section for 4.5.2. The
consequences associated with these categories vegepiags loss, reserve losses,
production losses from re-establishing and redepéoyt.

4.5.3.2.1. Sweepings loss

Rockfalls classified under classes 3 and 4 areelahgnce the affected area is
usually inaccessible or unsafe to sweep. As altréabe sweepings are not
claimable. Sweepings are broken ore carrying Inngteral grade, therefore are a
source of revenue. Profit could have been made tlmmsweepings; this loss is
therefore termed the sweepings loss and is detethda follows:

Total Sweepings Loss = Sweepings loss per m? x Expected Sweepings Area
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Where,
Sweepings Loss is determined from:

Sweepings Loss= Unadjusted Sweepings Loss x Height Factor x Density Factor

Where,
Sweepings Loss/m? = (Revenue - Processing Cost)/ Area mined
Height Factor = sweepings height/stoping height

Density Factor = Sweepings Loose Density/In situ Rock Density

Expected Sweepings Area is determined by the fatigw

Expected Sweepings Area = FOG Area (m?)+ (FOG Area (m?)x Sweepings Area Factor)

Sweepings area factor is a percentage area relativthe FOG size where
sweepings are unrecoverable. Discussions with rpewsonnel resulted in an
approximate value of 20% being selected for thisoia

4.5.3.2.2. Flexibility

Flexibility is the measure of availability of spag®pes for each panel crew and is
expressed as a percentage. It is based on theenwihgpare panels that each crew
has per given section. Rock Engineers on mostsisnggested a value of 80%.

4.5.3.2.3. Production loss

This is the loss due to less or no productivity roaeperiod. For class 3 and 4
rockfalls, this can be because of the following:

* Production loss due to re-establishing,

* Production loss while crews are redeployed,

The production loss discussed in this section ly timat loss resulting from the
remediation processes listed above. It is appesgtithat when a rockfall occurs,
the panel will in some instances be required taitimined pending investigations.
Such periods are included in the overall producloms. Temporary mine closure
by the DMR under Section 54 of the Mine Health &adety Act of 1996, will be

discussed under personnel injuries section.
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The total production loss is determined as showherequation below:

Total Production Loss= (Redeployment Production Loss x Flexibility)
-+
(Re-establishing Production Loss x (100% - Flexibility))

4.5.3.2.4. Redeployment production loss

This class refers to the case in which a panel drasvto be re-deployed after a
collapse or when it has to wait for in-loco inspas. Such time is production
downtime. This down time is assessed in termsefgroductivity () per man
per day. The total cost pef s the actual cost that the mine incurs as pradtct
loss (per man) per given downtime.

Research has shown that crew sizes are variablereTis no readily available
information on crew complements that have repditediuty on any given day. As
a result, an alternative method of determining tbhes of productivity was
investigated.

The alternative approach takes into consideratiennumber of crew(s) affected,
total number of days in redeployment and the ttdaihage required from the
crew(s) in those given number of days.

Redeployment production loss is expressed as:

Redeployment Production Loss = Total days to redeployment x Production Loss X
Panel t/day
Where:

Total days to redeploy = No. of crews affected by FOG x days to relocate
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4.5.3.2.5. Re-establishing production loss

Jager and Ryder (1999) give a design rationale exaanple of current industry
practice of re-establishing of panels. This isalbg either open raising within the
confines of the existing excavation or by re-ragsiveyond the collapsed panel.
Typically, the deep level mines use well supporede ends, whereas shallow to
intermediate mining for example in the Bushveld @@xr use narrow end re-
raises. Hence the size of the re-establishmenamasfect on the actual production
loss realised.

Some operations have a re-development team; thig stands in for re-
establishments hence allowing the panel crew to eméw (redeployment)
spare/contingency panels when a collapse has ectuin operations without such
teams, re-establishment is done by the panel dremgelves.

Important factors in determining this loss are:
* Time taken to re-establish,
* Productivity per day during the re-establishing,

* The target productivity per day of the panel, tigletermined at the mine
planning stage/meetings. Normal conditions praslitgtis predefined and is
the panel call,

* The expected revenue and
* Flexibility of the operation

The time taken can be determined in two ways; thiréom experienced personnel
or from calculations based on mining geometry. hBoiethods will be described
below.

4.5.3.2.5.1. Direct input from experienced personne |.

Mine personnel were interviewed to obtain the tgptime taken to carry out re-

establishment or redeployment activities. TabBsHews the extent of the damage
(classified as 1 to 5), typical remedial action dhd estimated time required to
carry out the action plan at Mponeng mine.
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Table 4-3: Estimated re-establishing times and dama  ge severity
Extent of damage Rem¢d|al M ater]al Est. time Comment
action allocation required
Minor face
burst/shakedown/Ng Clean, re- As per Less than 1
damage to support support standards day )
(<5m), 1
Minor face
burst/shakedown/Ng Clean, re- As per Approx 1
damage to support support standards day )
(5-10m), 2
Significant face
burst/ FOG/seismic Depending on
closure/damage to | Clean and re{ Increase ground conditions
3 days OR
support/severe support OR support 2.3 months panel can be
damage to excavation re-establish density abandoned. Crew
(30% - 50% of redeployed.
panel), 3
Significant face
burst/ FOG/seismic Depending on
closure/damage to | Clean and re{ Increase 7-10 days | ground conditions
support/severe support OR support OR 2-3 panel can be
damage to excavation re-establish density months abandoned. Crew
(50% - 66% of redeployed.
panel), 4
Panel 2-3 months | Depending on
closed/collapsed/back Re-establish Increase | OR 5days to| ground conditions
break affecting wholg OR abandon support set-up and | panel can be
panel, 5 panel density start new | abandoned. Crew
panel redeployed.
4.5.3.2.5.2. From calculations based on mining geom  etries and

logistics

In this approach, the re-establishing times areerdehed through a four-step
calculation as follows:

Step 1: Determine the total tonnage mined while north rgdifor example re-
establishing. This is the sum of the breastingumdipping tonnages:

Tonnage (up dipping or breasting) =} (width x length x height x density)

Step 2: Determine of the total number of days requiretreast and up-dip. This
is determined as:

Total Required Days = total tonnage / (tonnes/blast x daily blasting efficiency))
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Where;
Blasting efficiency = No. of blasts per month days

Tonnes/blast = Stope height x Stope length x Advance/blast x Density

Step 3: From the determined total tonnage and total dagguired, the re-

establishing period productivity, expressed as ¢snper day is then determined as
follows:

Re-establishing production (t/day) = (Total tonnage/ Total Required Days)

Step 4 The production loss is then determined. For paration without a
redevelopment team, this shortfall is expressethéyollowing equation:

Re-establishing production Loss = Required Days x (Expected panel production

- Re-establishing production) x Production Profit x (100%-flexibility)

Where redevelopment teams are employed, the produltss is determined as
follows;

Re-establishing production Loss = Redeployment Days x (Expected panel production-

Re-establishing production)x Production Profit x flexibility

45.3.2.6. Reserve loss

As shown in Figure 4-4reserve losses occur becafsee-establishing or
abandoning of the panel. The loss of reservedtsasuhe shortening of the life of
the mine. This has an overall impact on the neisgmt value (NPV) of the
operation. This effect is negative and hence igtapresent cost, which has the
effect of reducing the life of the mine. Strategi® and 4 both result in loss of
reserve as shown in Section 4.5.

Revenue Loss (Reserve) = Pillar size * Profit Loss/m? * Rock Density * Stope Height
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4.5.4 Input parameters

The required inputs to the methodology proposeBdcation 4.5.3 were all summarised into
the following:

I.  General
* Rock density
» Average mineral grade
» Swell factor

Production Call

* Mine call/crew

» Average mine call/month

+ m? achieved per month

* Tonnage achieved per month
» Stoping height

* Panel length

e Daily advance

iii. Re-supporting material costs (cost/unit) both primand secondary
support

iv.  Financial information
* Revenue
» Overall operating costs
» Variable and fixed operating costs
* Gross profit margin
* General mining parameters
v. Geometry
» Face length(m) is the full panel length

» Advance per blast (m) is the average distance #melpadvances
after each blast

» Stoping height (m) is the distance between the ingnand footwall
at the face

» Mining span (m), the maximum distance of face adean the life of
the panel, typically measured from the raise lmthe stopping limit

» Abandoning limit (m) refers to the distance frora gtopping limit at
which the panel can be abandoned over re-estatajishi
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» Re-supporting area factor this is the percentage around a rockfall
that is re-supported after the fall has been cléane

vi.  Rock mass
« Rock density (/)
» Average mineral grade
» Swell factor
» Fallout height (m)
Vii. Productivity
« m? achieved per month
» Tonnage achieved per month
* Working days per month

* Blasts per month

4.6 Personnel injuries and fatalities losses

The South African mining industry measures safeffggmance in relation to the trend in
and severity of personal injury rates. The cosssilting from personal injuries as discussed
in earlier chapters are not considered. Table sh@wed that some of the costs are
quantifiable whereas others are difficult to quigntiData on such issues is usually sensitive
to divulge. Only the frequency rates on fatalitieportable lost time injuries and shifts lost
are available for the public domain or externabegsh. Data on actual cases and the costs
involved therein are usually difficult to obtailowever, the DMR maintains a database on
all cases reported, SAMRASS database, by the naimeer the Mine Health and Safety Act
of 1996. Some of the data used in this reseancte ¢eom that database.

4.6.1 Injuries event tree

When a rockfall occurs while people are workingha stope face area, there is likelihood
that a person is injured. The likelihood is deparidon the effectiveness of monitoring,
evacuation, personnel exposure and spatial coincade Stacey and Gumede (2007)
suggested that 0.02mock sizes are the lower bounds for sizes that aaarse serious
injuries or fatality. The list of potential consempces resulting from an injury or multiple
injuries was shown in Table 3-2. Figure 4-10 isement tree illustrating the factors
involved in the determination costs of consequenessilting from personnel damage.
Injuries have different classes and hence diffefieaincial impacts. The potential injuries
are classified in four categories namely:
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« Dressing cases are injuries in which the injuretl mot lose a day or more from
work. Such cases are usually first aid cases.

« Reportable injuries: these are lost time injuridere the injured will lose between
one and fourteen days off work.

e Serious injuries: these are severe injuries whih @sult in partial or permanent
disability. The injured misses fourteen or morgsdom work.

< Fatal injuries result in the death of a person.

Costs: No impact
Mine closure (Section 54) on personnel,
Medical costs, A NEAR MISS
Wages and compensation, |,
SIMRAC Levy,

Training,
Investigations and Inquiry
(External accident review)

Non-casualty?
Reportable?
Disabling?

Fatalities?

Are there
Injuries?

| Yes

No

Spatial Coincidence

1

No No
Personnel Exposure?

Yes

Yes

Monitoring effective?

Evacuation effective?

Frequency
of FOG of a given size

Figure 4-10: Personnel injury and fatality eventtr  ee

The components making up the event tree are disdlisghe subsections that follow.
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4.6.2 Monitoring and evacuation

Monitoring and evacuation is a concept that is fsad widely in open pit mining,
(Terbrugge et al, 2006; Contreras et al 2006). s Tduuld be a very effective way of
reducing personnel injury or equipment damage.h\Wié presence of monitoring systems,
an effective evacuation procedure can be implende(deughin, 2008). Hence, in this
methodology, where no reliable monitoring and ewatiom procedures are in place, the
multiplier is 1. Where they are present and meddarfestimated, the multiplier is given as
a fraction (percentage). Monitoring and evacuatosm however difficult to apply in the
underground environments.

4.6.3 Exposure/Temporal coincidence

Personnel and equipment working in the potentikizardous area have a degree of
exposure. This is dependent on the time that #neyexposed to the rockfall hazard. The
purpose of exposure analysis is to estimate thiegibty of coincidence in timing of mine
personnel with the rockfall. The methodology aédpt that presented by Roberds (2005)
for landslides and modified by Joughin (2008).

Personnel exposure is determined as:

Exposure = (hours per day/24 hours) x ((days per month x 12 months - leave days)/365
days)

4.6.4 Spatial coincidence

The purpose of this analysis is to estimate théaiiity of coincidence in space of people
with the rockfall. That is, the rockfall must occim the same area that the people are
present at the time of occurrence. Where one aemeople are working in the area, the
probabilities (of one or more, two or more etc) areltiplied. Joughin (2008) explained
this concept well and his approach is thereforgtatb

The probability of one or more rockfalls occurrimga given area in one yeff) and the
probability of one or more people occupying a giaeea at one timg,) can be determined
using a binomial distribution:

f@ =Y (C)pra-pr
X
Where x = number occurrences, p = probability @usence, n = number of trials

Spatial coincidence (Cp) for personnel is thenudated:

cp = (1~ fr(®) x (7o) X (o (x)
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For people f(x,), x,= number of persons in a given area. For rockfgs), x. =number of
rockfall occurrences in a given area. The proligidf one or more rockfalls in one year
occurring is 1-f (0), corrected by (Ax/As).

4.6.5 Evaluation of cost of injuries

In Chapter 3 approaches to evaluating differentsequences resulting from personnel
injury and fatalities were discussed. This sectistusses the methodology of evaluating
the injury consequences.

4.6.5.1. Temporary mine/section closure (Section 54 ).

As discussed in Chapter 3, the DMR can instructusie of the whole or a section of the
mine after a fatal accident. This closure canltesuoss of revenue because of the loss of
production during the closure period. However jmythe period of closure variable costs
such as mining consumables, transport, and pracgssists are not spent. Therefore, the
total loss resulting from production stoppage & tivenue loss less the costs not incurred.
To determine this loss the following formula is bpgb:

Production Loss=Daily Production Rate x Production Profit loss (R/t ) x No. of Days closed

The daily production rate is determined from th@encall for the shutdown section. The

production profit lost has been explained in prasgiosections and the Inspectorate
determines the number of days of closure. Intarsiwith mine personnel gave an average
Section 54 period for a fatality to be 5 days. Trterviews also revealed that Section 54 is
imposed for reasons other than injuries, for examphzardous working conditions or

substandard practices. Such cases are not coediglethe proposed methodology.

4.6.5.2. Investigation

The workers’ time and the resources spent on thestigation are a cost to the mine. The
time the workers spend in the investigation is odpctive time. Marx (1996) determined
the cost of unproductive time from the hourly wageée of personnel involved in the
investigation and the time spent by the personmelthe investigation. However in
accounting, an employee is cost to company is densd a fixed cost. Therefore, the
wages paid to the employee for the total time sperihe investigation is a fixed cost.
Adding this cost to the cost of labour in the compsa books will be double accounting. It
is therefore not considered in this methodology.

61



It is acknowledged that the accident results intaddhl management time being lost. This
loss is however difficult to quantify as managemnismtot paid on an hourly rate. It can
also be argued that dealing with such situatiopsirs of management’s responsibility and

as such, it cannot be viewed as an additional cost.

After an accident occurs, the mine may approaclereat consultants or reviewers to
conduct an independent investigation, review oilitabd mine’s rock engineering systems.
The cost of the work done by such consultants is@ditional cost resulting from this
accident. This is therefore considered under th& of investigations in the proposed
methodology.

The government caters for the Inspectorate’s exggeniut it is the duty of the mine
manager to facilitate the resources for the ingasitn. The cost of such facilities is
difficult to quantify hence is not considered ifstimethodology.

4.6.5.3. SIMRAC levies

As discussed in Chapter 3, levies are divided iht® Safety and Health Risk Levy.
However, because FOG accidents result in an ineneathe safety component of the levy,
the model will determine only the cost resultingnfr the Safety Risk Levy. This is
determined as follows:

Safety Risk Cost=Days lost per injury classification x Daily Safety Risk Levy

The days lost per injury classification are deteedi from the SAMRASS Codebook. For
dressing cases, nho days are lost and for fatalifiescodebook stipulates 6000days. The
daily safety risk levy is determined by SIMRAC.

4.6.5.4. Medical costs

Information on injury costs is available on invacgom mine hospitals. The invoice

includes hospital treatment (all services) and whegoplicable the outpatient costs. The
model uses total costs from invoices that are #pgportioned in relation to the frequency of
the injury as per its classification.

4.6.5.5. Re-training

The approach suggested by Marx (1996) has beeationfl adjusted to 2010 using CPI
figures fromwww.statssa.co.za. These figures were multiplied by the ratio af tumber

of fatalities (and disabling) to the sum of faiakt and all injuries. The rationale for
applying his method was that Marx (1996) considbesdifferent levels of skills training
required for all injuries. The normalising accoglito the fatal accident ratio was based on
the reason that a fatal (and disabling) accidentidvaequire total re-training.
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4.6.5.6. Legal costs

Suing of the employer and the consequential legaks can have significant costs and
image implications for the mining company. Suclpligations are difficult to quantify, and
hence will not be quantified in this work.

4.7 Damage to equipment and machinery

In any mining operation, plant and equipment aedus The mining method and ore body
geometry amongst other factors determine whethawerdional, trackless, or a hybrid
method will be used. However, in any of these ades, rockfalls that potentially damage
plant and equipment do occur and the consequeheesof can be minor or severe. As
shown in Table 3-2, the consequences include ptimgutoss, redeployment, replacement
or repairing costs. Figure illustrates the facttirat determine the consequences of the
rockfall on equipment.

Equipment is always exposed to potential FOG's.thére are effective monitoring and
evacuation systems in place then the FOG may rfettathe equipment. Where the
monitoring system is not as effective and the emeipt is exposed with some degree of
spatial coincidence (Figure 4-11) then the FOG hitlithe equipment. Spatial coincidence
is the probability that the rockfall occurs at thect time and place where the unit is.

A damaged unit is either repaired or replacedcases where a mobile production unit is
damaged and a spare unit is available, the spdtewilh replace the damaged one in
production. Meanwhile, a decision has to be redclbether to replace or repair the
damaged unit. The consequences of equipment daanag&oduction loss, redeployment
of machinery costs, replacement or repair costbl€Ta:2).

4.7.1 Proposed methodology to quantify costs of dam age

The hypothetical equipment damage model for mobgaipment is illustrated in Figure
4-12. The model is for an LHD. The first sectiminthe model, named ‘FOG’ requires as
input the description of the FOG, its dimensionasmand annual frequency of occurrence.
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No impact

Production loss Replacement Cost NEAR MISS

Re-deployment Cost Repair Cost

Spare equipment? Replace?

‘ Yes

No

Spatial Coincidence

T
Yes

No . No
Equipment Exposure?

Monitoring effective?

Yes

Evacuation effective?

Probability
of FOG

Figure 4-11: Equipment damage model event tree

Equipment - LHD
Height of fallout (m) 0.5
Rock density (t/m°) 2.7
Repair/replace criteria 80%
Profit margin (ZAR/t mined) 1000
Replacement Cost (ZAR) 450000
Operating Cost (ZAR/t) 20
Max Machine productivity (t/day) 600
Availability 90%
Utilisation 80%
Total Expected Cost Table
FOG Repair/Replace Costs Flexibility Production loss Redeployment Cost
Typical Cost per Spare Equipment | Loss per Cost per Total
Equivalent Annual Repair cost |incident |Expected equipment |Downtime |incident Expected [incident |Expected Expected
Dimension(m) Mass(t) Probalility  [(ZAR) (ZAR) Cost (ZAR) available?  ((days) (ZAR) loss (ZAR) |(zAR) Cost(ZAR) Loss (ZAR)
1 135 2.62E-04 20,000 | 20,000 5 90% 0.5 21,168 6 10,000 2 13
2 5.40 8.62E-04( 50,000 50,000 43 90% 2 84,672 73 10,000 8 124
5 33.75 4.85E-03| 100,000 | 100,000 485 50% 5 1,058,400 5,128 10,000 24 5,637
7 66.15 1.07E-04| 200,000 | 200,000 21 20% 10 3,386,880 362 10,000 0 384
10 135.00 1.91E-05| 500,000 | 450,000 9 10% 30 11,430,720 218 10,000 0 227
20 540.00 3.57E-06{ 500,000 | 450,000 2 10% 30 11,430,720 41 10,000 0 42

Figure 4-12: Equipment damage model

64



Repairing and/or replacement costs are then detedni Repairing and/or replacement
criteria are based on the management policy arekperience, for example where the
repairing cost is over 60% of the replacement citb&n replace the equipment (Impala
Mines, 12# Management Report). Cost per incidenthérefore the cost of the chosen
remedial action. The expected cost is the prodiitte annual frequency of occurrence of
a rockfall of the given size and the cost per ianid

Production loss is a result of a shortfall in pratitn due to the downtime of the unit. This
loss is determined on the availability of a spané (flexibility). Where an LHD, truck,
scraper or winch is damaged, the resulting tots lo production is considered as follows:

Loss per incident = ((100%-Flexibility) x downtimeroductivity x availability x utilisation x prdfi
margin) - ((100%-Flexibility) x downtime x produdty x availability x utilisation x operating

cost)*Expected panel daily production

Where there is flexibility, a redeployment cosirisurred. Redeployment cost is the total
cost of moving the replacement unit from whereiit ae, such as on surface, or another
section/workshop, to the production line. Thistdos mobile equipment can vary from a
negligible to a large amount. The redeploymens lsstherefore also a function of the
flexibility of the system.

Expected redeployment cost = Annual probabilitpafurrence x Flexibility x Cost per Incident.

The availability of spare equipment is given asecentage. For example, if there are no
spare units underground, the availability is 0%h#dre is a spare unit for every say 3units,
then the availability is 70%. Alternatively, theesage availability of units can be applied.

The total expected cost of equipment damage iseegpd as:

Expected Cost ¥ (Cost/ Incident x Annual frequency)

Data required for all the above calculations ineldidockfall dimensions, equipment repair
and replacement history and costs, equipment dowertiistory, capital and operating costs,
machine productivity, availability, utilisation arfiexibility. However, due to the lack of
availability of sufficient data on the inputs, tipoposed methodology was developed no

further than this hypothetical stage in this resear
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4.8 Expected cost of risk mitigation

Risk mitigation strategies include the cost of sarppnaterial, installing and monitoring

strategies employed on the mine to maintain stglild safety standards. It is anticipated
that these costs will vary depending on the grocmitrol district and support standards.
Hence, the cost of risk mitigation strategies talbeermined will be for the location of the

FOG.

In the event of a FOG and the mitigation strategyuiring a change in the drilling and
blasting system or the loading and hauling systdm, related costs then have to be
determined. Figure 4-13 below highlights the Highel cost centres. Where only support
changes are employed, not all the other activityires are included in the cost analysis.

The quantification of the cost of materials for gap is conducted on all mines, Figure
4-14 shows the aspects generally considered ircdlalations. Transportation logistics
and installation costs are in most operations mioled to the overall support unit cost.
These however, are essential in determining theahaost of implementing a support
strategy as the cost of managing logistics carigmifisant.

Figure 4-13: Mining cost components

In the proposed methodology, the overall cost gpsut (risk mitigation) is broken down
into capital and operating costs. This enablesrtbleision of the cost of implementing a
new support regime, which requires capital. Therafng cost is the monthly or annual
cost of materials and consumables required indpparting process. The Net Present Cost
(NPC) is used to determine net cost over the fifin@ operation or the panel.
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Figure 4-14: Support costs

4.9 Summary

In this chapter, a methodology to quantify the eopgnces of rockfalls has been proposed.
First, the risk-cost approach to design was desdribThen a rigorous methodology to
determine the financial implications of rockfallmsequences was described. This is split
into three parts, stope damage losses, personnatyimand equipment damage
consequences. While the stope damage and persojuréts methodologies have been
fully described, only the proposed logic for anipquent damage model is presented. This
is due to insufficient information on equipment daya history and typical costs. In
Chapter 5, the stope damage methodology will bdieappn real case studies to test for its
correctness and applicability in the mining indystr narrow tabular operations.
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5 Model application

The proposed methodology has been described in t&hab In this chapter, the
methodology is tested for practicality by applyingo mining case studies. Two case
studies, Mponeng Mine conventional mining and Iraph2 Shaft are used. Operational,
safety and financial data was obtained from thessind input into the model.

5.1 Case study 1: Mponeng conventional
5.1.1 Background

Mponeng is a deep level gold mine, which expldiis Yentersdorp Contact Reef (VCR),
with capital projects underway to access the Catbeader (CL) reef. The VCR is split
into two sections, the VCR Lower and Upper, botmedi using sequential grid mining.
Breast mining is conducted on 30m long panels @&xllon each side of a raise and stopes
are separated by 30m wide dip pillars, 180m apéitike gullies are used as access ways to
the face, for cleaning, and material transport. eseh gullies are either developed
concurrently with or slightly ahead of the panaldar protected with a siding or footwall
lifted behind the panel face, depending on theerliie geometry (underhand or overhand).
Crosscuts are situated 210m apart and haulagdseameen 100 and 150m above/below
reef plane.

The objective of the case study is to determineBkgected Annual Cost associated with
rockfalls. The rockfall data that was used is bynmeans a complete data set. As a result,
the costs are likely to be underestimated.

5.1.2 Description of input parameters

The input parameters are categorised as; genenatgrparameters, support standards and
costs, financial information, accident statistingl aockfall data.

5.1.2.1. General mining parameters:
A diagrammatic illustration is given in Figure 5-1.
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Figure 5-1: Mining parameters

The mining input parameters are categorised into:
* Geometric parameters; these define the stope gegmet
¢ Rock mass parameters; which define the densitiégeates,

< Productivity parameters; these define the tonnelsaaea mined and the blasting to
working days per month ratio

Table 5-1 presents a summary of the parametersesellwere obtained from the mine
standards and from discussions with the miningguers|.

Table 5-1: General mining parameters

Geometry

Face Length (m) 30
Advance per blast (m) 1.0
Stoping height (m) 1.8
Mining Span (m) 90m
Abandoning limit (m) 20
Re-supporting factor (%) 50
Rock Mass

Rock density (t/m°) 2.76
Average mineral grade(g/t) 9
Bulk density (t/m?) 1.83
Productivity

m?mined per month 29913
Tonnage mined per month 153620
Working days per month 22
Blasts per month 18
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5.1.2.2. Support standard and cost

Mponeng has two Ground Control Districts (GCD), ¥WeR Lower and the VCR Upper.
The typical stope support standard for the twaidistis as given in Figure 5-2. Variations
in the support types and combinations of elongasesl in the two GCD’s occur due to the

yield and energy absorption requirements.

The unit costs of the individual support units éa®ecember 2008) are given in Table 5-2.

These costs will be used in determining the cosefupporting in the model.

Table 5-2: Support costs

ID Code Name Cost Basis

1 El Wedge Props _1.0mx180mm (combo) 69.81 R/unit
2 E2 Wedge Props _1.2mx180mm (combo) 72.46 R/unit
3 E3 Wedge Props _1.4mx180mm (combo) 77.94 R/unit
4 E4 Wedge Props _1.6mx180mm (combo) 81.44 R/unit
5 E5 Wedge Props _1.8mx180mm (combo) 87.98 R/unit
6 E6 Madoda 180ST PSU 37.9 R/unit
7 E7 Stromaster 450_2.1m with headboard 250.48 R/unit
8 ES Stromaster 450_2.4m with headboard 263.61 R/unit
9 E9 ST Combo Headboard_400mmx400mm 35.35 R/unit
10 E10 Rocprop_20t_1.0mx1.2m 473.97 R/unit
11 E11 Rocprop_20t_1.4mx1.8m 572.24 R/unit
12 E12 Rocprop_20t_2.0mx2.5m 678.58 R/unit
13 E13 Rocprop_20t_2.2mx3.2m 760.67 R/unit
14 E14 Rocprop_20t_2.3mx3.5m 817.3 R/unit
15 E15 Boulby Headboard_380mmx500mm 68.68 R/unit
16 E1l6 Split sets_42mmx1.5m 32.33 R/unit
17 E17 Split sets_42mmx2.1m 42.89 R/unit
18 E18 Dolly Pusher_25mm 281.69 R/unit
19 E19 Dolly Pusher_22mm 281.69 R/unit
20 E2  |Backfill 36.54 R/m’
21 E3 Backfill 42.07 R/t
22 P21  [Timber Combosite Pack_110x9x9 1513.18 [132 PER BUNDLE
23 P22 Timber Combosite Pack_150x9x9 1180.80 |72 PER BUNDLE
24 P23 Hydrocell_1225x450mm 89.47 Each/100 per bundle
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Figure 5-2: Stope support standard (Mponeng COP, 20  08)
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5.1.2.3. Financial information

Financial data were obtained from the mine’s firadepartment and discussions with
various accounts, rock engineering and mining persb The key data obtained were
revenue earned, mining consumables costs and tleeg®ing costs over the 2008 period.
These data were used to determine dilution costlymtion loss and the sweepings loss.

5.1.2.3.1. Dilution

Due to their size, small rockfalls are cleaned uth whe ore resulting in dilution. The
dilution cost is the cost of handling (horizontaldavertical transport) and processing of
waste rock (the rockfall) per tonne. The cost eiftical and horizontal transport could
not be extracted directly from the financial datevided. A dilution cost of R 56/t
(Table 5-3) was therefore determined from dividthg processing cost by the tonnes
milled per month as described in section 4.5.3. Hpigroach is however a conservative
one as it considers only the processing cost.

Table 5-3: Dilution cost

Description Value/Quantity
Tonnage milled per month (t) 153,620
Processing Cost (average monthly) (R) 8,635,341
Dilution cost (R/t) 56

5.1.2.3.2. Production loss

Table 5-4 gives the input values for the deternnimaof the production loss (data from
the accounts department). The production loss99Z&t. This was arrived at using the
methodology explained in section 4.5.3, such asmee less the cost of consumables and
processing cost all divided by the tonnes per month

Table 5-4: Determination of production loss

Description Value
Tonnage milled per month (t) 153,620
Revenue (R) 180,305,000
Cost of Consumables (R) 19,288,000
Processing Cost (R) 8,635,341
Production Loss(t) 992
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5.1.2.3.2. Sweepings loss

Table 5-5gives the finance data used in determithegsweepings loss. As described in
section 4.5.3, the sweepings loss is the quotietiteo difference between the expected
revenue and processing cost and the area minesigragh. This quotient is adjusted for
density and height corrections. A sweepings l@sgevof R 545 per square metre mined
was obtained.

Table 5-5: Determination of sweepings loss

Description Value
Square metres mined per month 29,913
Expected Revenue (R) 180,305,000
Processing Cost (R) 8,635,341
Sweepings Loss/m? 545

5.1.2.4. Rockfall data

The rock engineering department maintains a rockfatabase in which records of
rockfall accidents and incidents are kept. FighH2shows an extract from the database.
This database captures the section, date, timatidocthe magnitude of a seismic event,
severity of injuries, damage and the report numlbtowever, the rockfall dimensions are
not captured. Rockfall data (dimensions and locatf failure) was therefore obtained
from the accident reports written by the departméifie dimensions are shown in Table
5-6. This is however, an incomplete dataset aesufithe reports were not obtained.

Table 5-6: Rockfall dimensions

Length (m) Width (m) Height (m) Area Dimension
39.0 1.5 1.0 58.5 8
42.0 2.0 1.0 84 9

9.0 2.2 1.0 19.8 4
2.0 2.0 1.2 4 2
35.0 5.5 1.5 192.5 14
1.0 0.4 0.15 0.4 1
9.0 3.0 0.2 27 5
13.0 4.5 0.5 58.5 8
4.0 2.0 0.7 8 3
37.0 28.0 1.0 1036 32
9.2 2.5 0.5 23 5
5.2 1.4 0.3 7.28 3
0.5 0.4 0.1 0.2 0
5.0 2.4 1.5 12 3
14.0 1.6 0.5 22.4 5
5.0 1.2 0.3 6 2
0.6 0.5 0.2 0.3 1
7.5 1.0 0.4 7.5 3
14.0 3.6 0.3 50.4 7
10.0 0.2 0.3 2 1
20.0 2.5 0.3 50 7
15.4 2.0 0.5 30.8 6
12.3 2.1 0.5 25.83 5
22.0 2.8 15 61.6 8
6.0 3.5 2.4 21 5
1.0 0.4 0.3 0.4 1
8.9 2.5 0.3 22.25 5
10.0 5.0 0.3 50 7
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2 |Enter code in the first column Severity of the accident incident
3 |3A Seismic accident Type of injury to persond, mate size of the FOG
4 |FA/Fallof ground accident £.q. £.0. (0} No damage to the working place
5 | 5| Seismic incident & i} Minor face burst / Shake down / No damage to support (< 5 m)
& | FI Fallof ground incident " 2} Minor face burst / Shake down / No damage to support (5-10 m}
| ¥ 3} Significant Face burst / Fall of ground / Seismic closure / Damage to support / Severe damage to excavation (1/3 to 1/2 of the panel)
8 | off shiftevents " (3] Significant Face burst / Fall of ground / Seizmic closure / Damages to suppert / Severe damage to excavation (= 1/2 of the pansl)
g | 19:00:00 - 22:00:00 " 5) Panel closed / panel collapsed / back break effecting the whole panel/ Tunnel closed
10 | event =1.5
1| 1 dam
13 | event = 1.0
14 | dam
15 |Accident/ Incident tracking system
16 Working Place
17| Number 1 Severity | Samrass Date Report i FOG
18 | Code Date | Safety | Time | Section |Raise Line|Panel No .m_ No | Accident |Damage | Required | of il Investigator | Accident IRMS | received
19 [*(SA/FAISli|~ [+| Montl+ | [» [» = event v | Acl+ L= 7] (Y /M) = | investigatic = [= Humber | » D =] ([YiNj=
/sl 15857 06 07-Jun-06 Jun-05|- 1110 10:4/57 E.Bot 1.1 1 0&-Jun-06  [Simphiwe
5l 15967 06 08-Jun-06 Jun-08 1103 113145 W.Top 2] 1 09-Jun-08 [T.Gama
sl 15887 06 03-Jun-06 Jun-08 1103 113744 W.Mid A7 1 12-Jun-08  [W.Nel
1508 7 08 10-Jun-06 Jun-05 1104 10935 E.Mid 18 4 1 12-Jun-08
18157 08 21-Jun-06 Jukog 1110 120045 ETop 0.5 1 21-Jun-0€ (R LousteawT Nortjs 1102812
16257 06 28-Jun-06 Juk-0g 1103 113044 ETop 1.3 2DSC,1LTI 1 29-Jun-06  |W.Nel MIA-085-2006 1112898
16287 06 29-Jun-06 Juhos 1103 113744 E.Mid 18 1 30-Jun-08  [TonwiT Mortie MW-087-2006 1113994
1650 7 08 20-Jul-06 Aug-05 1110 120048 W.Bot 17 1 20-Juk08 R Lousteau/V Mkhonta
1685 7 08 Aug-05 1210 104/65 Slusher 1 18-4Aug-068 |A Vermeulen
16867 06 Aug-05| 12:30:00 1210 104/85 Slusher 1 18-4ug-06  |AVermeulen
1691 " 08 Sep-06| 8:34:12 1204 |09/62-104/8] E.Bot 1 1 22-Aug-08  |M.Tjaard
1692 " 06 6 Sep-08 8:26:40 1204 109/82 E.Bot 12 1 22-Aug-08  |M.Tjaard
1708 " 06 = Sep-068| 6:05:22 1110 120045 E.Bot v | 1 31-Aug-08  |W Stapelberg
17137 06 05 Sep-06| 18:00:37 | 1110 116/48 ETop 22| 1 11-5ep-06  |AWood
17237 06 -08 Sep-06( 194111 1204 109/82 W.Bot 13 1 15-5ep-06  Kompi
1724 7 08 -0& Sep-06 1103 113745 E.Bot 1.3 am 1 16-Sep-06  |T.Gama
17267 06 08 Sep-06 1104 109/39 E.Mid 2. 1 18-5ep-06  |V.Mkhonta
17307 08 06 Oct-08 1103 113044 W.Top 18 1 28-Sep-06
17507 06 06 Qct-08 1204 10982 W.Bot 13 1 10-0ct-06  [J du Plessis
1752 7 06 -08 Oct-05 1204 |08/62-104/8] W.Bot 1 1 10-0ct-05  [J du Plessis
17557 08 06 Oct-08| 22: 1103 113044 W.Mid 13 1 11-0ct-08  [W.Nel
17627 08 -6 Oct-08] 50731 1103 113048 W.Top 0.4 1 13-0ct-08 Floyd
17687 06 Oct-06| 01-:15:01 1103 113744 W.Bot 13 1 18-0ct-06 G.4rends
1777 "7 06 Nov-05| 13:46:11 1204 10882 W.Bot Z1M3 1 23-0ct-05  |J.Du Plessis
17827 06 Mov-05( 10:40:10 | 1204 108/82 V.Bot 1.3 1 27-0ct-06 (T Mortje + J Du Plessiz
17857 06 Nov-08( 2:30:4% 1103 11344 W.top 20 2DC 1 31-0ct-08  [Tony
1786 7 08 30-0ct-06 Nov-05{ 20:31:49 1110 120048 W.Bot 17 1 31-0ct-06 O Kahts
1787 7 06 31-0ct-06 Mov-08| 23:.02:25 | 1210 109084 E.Bot 1.2 1 31-0ct-08  [X.Mkwanazi
17917 08 02-Hov-06 Mov-05( 6:51:45 1104 11351 ETop Z58 1 02-Nov-06  |JMarashall
17957 06 02-Hov-06 Nov-08( 6:14:45 1203 89/66 W.top 24 1 03-Nov-06 |M.Stewert
1797 7 08 02-Nowv-06 Nov-05 % 1202 B9ET ETop 27 1 03-Nov-06 |V Mkhonta
1709 " 08 05-Nowv-06 Nov-05 1204 109082 W.Bot 12 1 08-MNov-06  |J du Plessis
1804 "7 06 06-Hov-06 Nov-05 1103 113044 E.Mid 2 1 07-Noy-06  (Tony/ M Qhoai
18107 06 A0-Hov-06 Nov-08 1103 116/45 ETop 2 1 13-Nov-06  |A.Mofokeng
1811 : 08 10-Hov-06 Nov-08 1204 109/82 W.Bot 1 1 13-Nov-06  |A.Mofokeng W

Figure 5-3: Rockfall database extract
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While no rockfall dimensions are captured in thdaldase, the severity of damage
captured was very useful in determining classesdifall consequence strategies. Table
5-7 shows the classification of damage severity @ned description of each category.
This is based on Table 4-3.

Table 5-7: Rockfall damage classification

Damage Severity Description

Small FOG, no damage to the working place

FOG < 5m of panel face
FOG 5 - 10m panel face
Severe damage to excavation (1/3 to 1/2 of the panel)

AIW|INIFL|O

Severe damage to excavation (> 1/2 of the panel)

Full Panel closed / panel collapsed / back break effecting the
5 whole panel

This classification (Table 5-7) was then used inellgping an event tree, Figure 5-4,
which illustrates how the rockfalls are classifi@ctording to their location, dimension
and consequences. While rockfalls can occur irythly, face or back area, the gully and
back area falls are not the focus of this researdlence, only the face area falls are
determined in this case study.

This event tree was constructed after:
« Interviewing experienced mining and rock enginegpersonnel,
e Studying past rockfall occurrences on the shaft,

e Studying the mine’s rockfall database.

Table 5-8 gives a summary of the consequencescagiph to each damage classification
at Mponeng mine.

Table 5-8: Summary of strategies

Description Class 1 &2 [Class3 Class4a Class 4b
Cleanup and dilution Loss Yes No No No
Re-supporting Cost Yes No No No
Sweepings Revenue Loss No Yes Yes Yes
Production Loss

Cleanup and Re-supporting Yes No No No
Re-establishing No Yes Yes No
Re-deployment No No Yes Yes

Reserve Loss No Yes Yes Yes
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Figure 5-4: Stope damage

5.1.2.5. Accident statistics

Mponeng mine injury/fatality accidents are defirzasdfollows:
e Dressing case (injured is treated and reports @okwhe following shift)
e Lost-time injury (the injured is off work for 1-1ghifts)
« Serious injury (the injured is off work for longégran 14 shifts)

« Fatality (injured dies as a result of his injuries)

Table 5-9 shows the annual distribution of injurjr injury type, these figure were
obtained from the mine’s Safety Department. Thal teepresents the sum of the annual
cases under the category from 2002 to 2008.Theoptiop refers to the percentage

frequency of occurrence of an injury. This is a#ted from the totals per injury
category.
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Table 5-9: Accident statistics for gravity related falls of ground

Year Dressing Cases LTI Sl Fatal
2002 100 31 17 0
2003 81 24 12 1
2004 47 23 17 0
2005 56 39 25 1
2006 42 25 18 1
2007 43 34 24 1
2008 31 27 5 0
Total 400 203 118 4
Proportion 55% 28% 16% 1%

5.1.3 Quantification of consequences

A summary of possible consequences resulting flaraockfalls was presented in Table
3-2. This section will focus on the quantificatioh the consequences. The general
equation for quantifying the Total Expected Costo$ses is expressed as follows:

Total Expected Cost=Annual frequency of occurrence x Cost of Consequences

The annual frequency of occurrence has been dedusssection 4.5.2. The cost of
consequences is the sum of the costs of all thesecpuences associated with the
occurrence. This will be discussed in more détaihe sections below.

5.1.3.1. Cleanup and dilution cost

This cost is determined as discussed in sectiaB.ASlilution cost per tonne of R 56 was
determined in Table 5-3 and the rockfall size wateiamined from the dimensions. The
results of the cleaning up and dilution costs peergsize (rockfall length) are shown in
Figure 5-5. The graph shows that the very smakfedls (Class 1 type falls) incur no
cost. Falls between 1m and 10m (Class 2 type)fdisresult in costs but these are
relatively low with an average cost of R 1500 pmkfall. Falls above 10m in length are
not cleaned up, therefore, no costs are incurfida: outlier cost (R 7 800) exists because
this cost is determined from the tonnage of th&fedcand not only its length. The cost
of cleanup and dilution is therefore not necesgailoportion to the length of the
rockfall.
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Figure 5-5: Cleanup and dilution cost

5.1.3.2. Re-supporting cost

Classl falls are small and hence need no re-supgorRe-supporting is conducted for

Class 2 falls. The means of determining this @as discussed in Section 4.5.3.A value
of 50% for the re-supporting areal factor is applieto this equation. This figure was

obtained from discussions with experienced minesqrarel. The Rock Engineering

Department recommended use of the same suppo# &t increased density. Figure
5-6 shows that no costs are incurred for falls s 1m in length. The cost then

gradually increases with length up to R 6500 f@narockfall, which is the upper bound

for Strategy 2. The larger falls (length greakemt 10m) are not re-supported.

Figure 5-6: Re-supporting cost

78



5.1.3.3. Production loss -cleaning-up and re-suppor  ting

As discussed in Section 4.5.3, time spent cleaandyre-supporting depends on the area
of the rockfall. Table 5-10 shows the typical tisgent cleaning up and re-supporting
falls of ground. This information is generic andsaobtained from discussions with mine
personnel.

Table 5-10: FOG length vs. cleanup time relationshi  p

FOG Length on face (m) 2 5 10 15 20 30

Cleanup and Re-support (days) 0 0.5 1 3-5

Figure 5-7 shows the resulting loss incurred peemirockfall length. The graph shows
that rockfalls less than 1m and those above 10mltr@s no production losses from

cleaning-up and re-supporting. The reason isshelh remediation strategy is not applied
to those rockfalls. Rockfalls between 1m and 1@suit in a loss. The outlier cost
(R 37 000) exists because the cost is determirmad fhe tonnage of the rockfall and not
only its length. Production loss is therefore piatportion to the length of the rockfall.

Production Loss - Cleanup & Re-supporting
40000
*

35000
- 30000
o
E 25000
o
)
'5 20000
©
=]
3 15000 &
[ L 4
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10000 .

5000 . ® i
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() "'V S A A Wi VD VD
0 5 10 15 20 25 30
Rockfall Length (m)

Figure 5-7: Production loss — cleanup and re-suppor  ting

5.1.3.4. Sweepings loss

This loss is incurred in Classes 3 and 4. The atetlogy for its determination was
described in Section 4.5.3. The sweepings lossitiffpalculated in Table 5-5) is
R 545/mf. The mine personnel suggested a loose density8& t/nf and an average
sweepings height of 0.2.
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The survey department provided a sweepings aretrfadf 20% for use in the
calculations. Table 5-11 below shows the resultingected sweepings area loss
determined from the typical rockfall area.

Table 5-11: Sweepings loss

Typical rockfall length (m) 12 14 16 18 22 28
Rockfall Area (m?) 113 154 201 254 380 616
Expected Sweepings Area

loss 136 185 241 305 456 739

Figure 5-8 shows the resulting losses incurrederd@lare no losses for falls less than 10m
in length as falls less than 10m are cleaned uptla@fore no sweepings are lost. An
average of R 35000 is incurred for falls betweem Hhd 20m. These losses show no
correlation, as they are a function of the arethefrockfall and not the length.

Sweepings Loss
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Figure 5-8: Sweepings loss

5.1.3.5. Redeployment and re-establishment cost

Redeployment costs may be incurred in Classes 3tarithe other Classes (1 and 2) do
not incur this cost. Section 4.5.3 described thetdrs that influence this cost. On
average a single crew works each panel. Whenge larckfall occurs, the crew might
have to be re-deployed to either a spare or arggetik panel. Inclusive of in-loco
inspection periods, this unproductive/productiowdtime redeployment time on average
is 5 days. This number was obtained from intergigith experienced mine personnel.
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Normal productivity per panel is 99t/day but thegkarockfalls (Classes 3 and 4) result in
lesser productivity during the re-establishing dramdoning period. This loss in
productivity during this period is the re-estabiigjiabandoning loss.

Figure 5-9 shows the resulting costs of re-estaibigsand redeploying. As none of these
is practised for falls less than 10m there is tteeeeno associated production loss. Re-
establishing where there is flexibility resultsf@wer losses than without flexibility. The

cost of redeployment is constant for the varyingkfall lengths as the days taken to
redeploy crews are the same.

Production Loss (Re-establishing and Redeployment)
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oS 60e 6 i w T w w
0 5 10 15 20 25 30
Rockfall Length (m)
| Re-establishing (No flexibility) X Re-establishing (Flexibility) Redeployment

Figure 5-9: Production loss- re-establishing and re  deploying

5.1.3.4. Reserve loss

Loss of reserves is not considered a productios, Ibat as a loss of revenue due to
paying ground, being left unexploited. This hae #ifect of reducing the life of the
mine. Loss of reserves occurs when pillars atedlgfing re-establishing or abandoning a
panel.

Figure 5-10 shows the results of the reserve loseesred. Rockfalls less than 10m in
length result in no reserve losses. Rockfalls betwlOm and 16m result in an average of
R 150000 worth of reserve loss. Large falls resultigher losses, R 510000 lost for a
whole panel collapse.
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Figure 5-10: Reserve losses

5.1.4 Summary of financial consequences

Figure 5-11 shows the total expected costs perfatickength for all the rocks
(dimensions given in Table 5-6). This graph showe tockfalls less than 10m in length
cost very little in terms of damage to excavatiosts. However, upwards of 10m, the re-
establishing cost is the most significant costgairi Re-establishing a 10m length panel
costs approximately R 1million, this cost increaspsto R 2,5million for a full panel
collapse (29m). Reserves lost are about R 0.1mifior a 10m fall, and increase up to
R 0.5million for a 29m fall. The sweepings lossitibution to the total cost is very

small.
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Total expected cost (all rockfall sizes)
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Figure 5-11: Total expected costs (all rockfall siz  es)

For clarity purposes, the costs of rockfalls ldsant10m are shown at a larger scale in
Figure 5-12 below. No data on falls above 10mniduded. Production lost due to
cleaning up and re-supporting is the major costrdartor, followed by re-supporting
costs and the clean up and dilution cost. Thescast not linear because individual
rockfall dimensions are used is calculating theésco&or example the 6m length fall (and
area of 211) has a production loss of R 38 000 whereas théfrtan area of 19.8fis
about R 14 000, but their masses are 136t andeSgectively. An average of R 7 000 is
spent on re-supporting the rockfalls.

Total expected cost (rockfall < 10m)
50 000.00
40 000.00
— 30 000.00
-4
S—
-t
3
O 20000.00
10 000.00
0.00 T T T - T T T T T T T T T !
05 06 1 1 2 4 5 52 6 7589 9 9 92 10 10 123 13 14 154 20 22 29
Rockfall length (m)
M Cleanup and dilution cost W Resupporting Cost Cleanup & Re-supporting Production Loss

Figure 5-12: Total expected costs (rockfalls < 10m)

83



5.2 Case study 2 : Impala 12# conventional m ining

5.2.1 Background

Impala 12 Shaft exploits the UG2 and Merensky 1. Narrow tabular convention
mining averaging 7600t per month is practised @fl the UG2 workings and part of t
Merensky (emaining upper levels). All mechanised miningiactised on the Merens!
workings producing about 1 000t per month. For owentional mining, scattereweast
mining is conducted 030m panels (average) and raise linesl&@m apa, Figure 5-13.
Strike gullies are used as access ways to theand for ¢eaning, and material transp.

These gliies are either developed concurrently with oglstly ahead of the panel face
protected with a sidir, or footwall lifted behind the panel face, dependomgthe rais
line geometry (underhand or overhand). Crossaetsituated 210m apart and rages
between 10@nd 150m above/below reef ple

The objective of the study is to determine the rimal consequences associated \
rockfalls in the conventional mining section of imne. First the inputs are descri.
Classification of the rochlls is then carried out using the proposed ca. The
consequences in each classification are then djea. This gives the expected ann
costs. Available rockfall data are used, which is by ncamga complete data set, and
costs are likelyo be underestimate
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Figure 5-13: Conventional mining | ayout (Impala Standards, 200 8)
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5.2.2 Description of input parameters

The input parameters for determining the costs aategorised as; general mining

parameters, accident statistics, financial inforamtsupport standard and cost.

5.2.2.1. General mining parameters
Figure 5-14 below shows an illustration of the stégyout.

Stope Height (1.0m)

Rock Density (3.1t/m )
Face Advance (0.9m)

Rockfall

Direction of.

Miningspan (90m)

Figure 5-14: Mining parameters

The mining inputs are further categorised as geometock mass and productivity
parameters. The aspects considered under eaahgiaraare given in Table 5-12. The
values presented were obtained from the miningdstals and discussions with the

mining personnel.

Table 5-12: General mining parameters

Geometry

Face Length (m) 24
Advance per blast (m) 0.9
Stoping height (m) 1.0
Mining Span (m) 90m
Abandoning limit (m) 20
Re-supporting factor (%) 50
Rock Mass

Rock density (t/m°) 3.1
Average mineral grade(g/t) 3.7
Bulk density (t/m®) 1.83
Productivity

m? mined per month 18,397
Tonnage mined per month 86,000
Working days per month 23
Blasts per month 18
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5.2.2.2. Support standard and cost

Impala has six Ground Control Districts, definedZiones A to S. Figure 5-15gives a
description of the zones (Impala Code of Practicd)e table shows the risk factor, 95%
potential fallout height as required by the Imp&®P Guidelines (2008), support
resistance and support strategy colour for eack.z@&pproximately 60% of the mining
on the property occurs in the Red zone with congaeat mining on 12 Shaft being

conducted in Zone E and F (rolling reef and blogkgund).

Potential fallout Potential support ST SEE
Zone Dominant feature Risk Factor height - resistance - pp oy
colour
back area back area
A |Normal Ground Low risk from geological features 14m 42.5 kN/m? GREEN
. 0 - 30 m No Mining 2
Surface protection 30 - 100 m Shallow mining retrictions 14m 42.5 kN/m
Curved Joints Wedge type failure 22m 66.9 KN/m2
Coarse pyroxenite E . 2
Spotted anorthosites Large flat failures, extension fractures 2.7m 82.1 kN/m:
Associated with curved joints and
Rolling Reef domes various reefs on same panel: A, 3.0m 91.2 KN/m2
BorC
Associated with extensive jointing,
Blocky Ground faulting, shear zones, etc. on the 2.7m 82.1 kN/mz2
various reefs horizons
Triplets or ICL < 0.3 m from |Weak beam tends to falls of ground 2
G UG2 Top Reef Contact between support units 0.8m 24.3 kN/m LIGHT BLUE
Series of domes which could intersect
Low-angled joints in UG2 into the triplets and results in major 3.0m 91.2 kN/m? RED
falls of ground
Seismic risk associated mostly with
i crush type events (pillar strain bursts or 2
S Seismicity pillar foundation failure) and less with 30m 91.2 kN/m YELLOW
Islip type events (geological features)

Figure 5-15: Ground control districts (Impala Mine Code of Practice, 2008)

Each ground control district has mining and supptahdards. The support standard for
the Red zone is as illustrated below in Figure 5ah@ Figure 5-17 for the UG2 and
Merensky reefs.
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i :
| LEDGING ! |
i 5Emmax |

T PILLARS R
ER R ;
e 0.5m g | : ® __,.zlp.l: f
APART — [— #
L o — Breaker lines spaced
m 2m 10m apart and a max.

ﬁPARTIx;x o ‘ i

15m from face after

TEAR'WIPLACE n
i i OWCE WINCH
EIOVED FWD

LEGEND:
1,5m Xpandabolt, 1m apart in direction of mining, 0,5m from center bolt minimum 55° into the h/wall
x plane. Complete row must be installed 30cm from face before the blast irrespective of face advance.
H 1,2m Hydra bolt 1,5m apart on dip and daily face advance apart on strike, capped at 1,6m. Minimum
70° into the h/wall plane.
= Temporary props max 2m from face and operator.

Pre-stressed matpack and cluster pack

Pre-stressed mine pole O Mine pole without pre-stress unit

If no siding is blasted, install 1 row 1,5m Xpandabolts, 1m from h/wall, 1m apart, minimum 55°.

SIDING Sidewall support must be kept at least in line with panel face. Best practice is to carry the siding with
the ASG face, otherwise it may be carried between 6 and 12m from the panel face. Sidings may not be
down-dipped.

Figure 5-16: UG2 support standard — No in-stope bol ting (Impala Mine Code
of Practice, 2008)
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MAXIMUM LEDGING

5,6m max 5,6m max 1,5m apart on dip (max)
< —-< 1,6m apart on strike
(max)
0.3m from face before
blasting the face
Mine pole max 6m from
face after blast (non pre-
stressed) and max 4m
from face for areas
where fallout height
exceeds bolt length.
Breakerline spaced 10 m
apart and a maximum of
15 m from the face after
blast (non pre-stressed)

>

1.6m

1.5m XPandabolts max 2m
from face after blast, max 0.3 m
from face before blast, 1m apart
ondip, 1m apart on strike

Siding support 4m max. from face after blast, 1.5m from
ASG centerline 2m apart on strike (pre-stressed)
Siding to be carried with ASG face.

LEGEND:

Non-stressed mine poles
Non-stressed clustered mine poles
Pre-stressed mine pole
Pre-stressed clustered mine poles
Temporary Props

Hydra bolt (1.2m)

Xpandabolt (1.5m)

Pre-stressed matpack

x aBe o o

Figure 5-17: Merensky support standard — In-stope b  olting (Impala Mine
Code of Practice, 2008)

The support unit costs are given in Table 5-13.esehfigures were obtained from the
Rock Engineering Department. As described in Gitagt only the cost per unit or the
cost per square metre is applied in these caloulsti
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Table 5-13: Support costs

ID Code Name Cost Basis

1 El Wedge Props _1.0mx180mm (combo) 69.81 R/unit
2 E2 Wedge Props _1.2mx180mm (combo) 72.46 R/unit
3 E3 Wedge Props _1.4mx180mm (combo) 77.94 R/unit
4 E4 Wedge Props _1.6mx180mm (combo) 81.44 R/unit
5 E5 Wedge Props _1.8mx180mm (combo) 87.98 R/unit
6 E6 Madoda 180ST PSU 37.9 R/unit
7 E7 Stromaster 450_2.1m with headboard 250.48 R/unit
8 ES Stromaster 450_2.4m with headboard 263.61 R/unit
9 E9 ST Combo Headboard_400mmx400mm 35.35 R/unit
10 E10 Rocprop_20t_1.0mx1.2m 473.97 R/unit
11 E11 Rocprop_20t_1.4mx1.8m 572.24 R/unit
12 E12 Rocprop_20t_2.0mx2.5m 678.58 R/unit
13 E13 Rocprop_20t_2.2mx3.2m 760.67 R/unit
14 E14 Rocprop_20t_2.3mx3.5m 817.3 R/unit
15 E15 Boulby Headboard_380mmx500mm 68.68 R/unit
16 E1l6 Split sets_42mmx1.5m 32.33 R/unit
17 E17 Split sets_42mmx2.1m 42.89 R/unit
18 E18 Dolly Pusher_25mm 281.69 R/unit
19 E19 Dolly Pusher_22mm 281.69 R/unit
20 E2  |Backfill 36.54 R/m’
21 E3 Backfill 42.07 R/t
22 P21  [Timber Combosite Pack_110x9x9 1513.18 |132 PER BUNDLE
23 P22  |Timber Combosite Pack_150x9x9 1180.80 |72 PER BUNDLE
24 P23 Hydrocell_1225x450mm 89.47 Each/100 per bundle

5.2.2.3. Financial information

The financial data were obtained from the ImpakiPuim Annual Report (2008), shaft
Important derivatives

Finance Departments and discussions with accoussopnel.

from the data are, the revenue earned over a pdhiedosts of mining consumables and

the processing costs. From these, the dilutiom, gueduction loss and the sweepings

loss were determined.

5.2.2.3.1. Dilution cost

While dilution cost is the cost of horizontal andrtical transport and processing the
waste rock, the cost of vertical and horizontahsgort could not be extracted from the
financial data provided. The processing cost c@sedrof concentrating and smelting
and the refining operations cost. These figuresewbtained from the Impala Platinum
Annual Report (2008). The dilution cost per torstegwn in Table 5-14, was calculated

to be R 96,67 per tonne.
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5.2.2.3.2. Production profit

Table 5-15 gives the breakdown of the variable scosThe total variable costs for
December 2008 are R 8,092,000.

Table 5-14: Dilution cost

Description Value/Quantity
Tonnage milled per month (t) 15,855,000
Concentration and Smelting Cost (R/t) 1,057,000,000
Refining Operations Cost (R/t) 476,000,000
Processing Cost (average monthly) (R) 1,533,000,000
Dilution cost (R/t) 96.67

Table 5-15: 12 Shaft variable costs (Impala Mine 12  Shaft Dec month end
report, 2008)

December '08 YTD December '08
BP'09 VAR VAR % ACT BP'09 VAR %
Mining Contracts 2,799 2,242 -557 -25% 12,539 14,977 169
Drill Steel 249 242 -7 -3%9 1,034 1,598 35%
Explosives & Accessories 1,895 1,947 53 3% 11,809 12,858 8%
Support 1,367 955 -411 -43% 8,057 6,468 -25%
Winding, Scraper & Ropes 615 761 145 1999 3,395 5,035 33%
Other Mining Stores 1,167 860 -307 -3699 6,374 5,926 -899
Total Consumables 8,092 7,007 -1,085 -15% 43,208 46,861 890

Table 5-16 shows the parameters required to deterthie production loss. The revenue
and processing costs per tonne was determinedtilrerannual report information. The

consumables cost per tonne where then determineti2o8haft data. The resulting

production profit was R 1,127/t.

Table 5-16: Production profit loss

Parameters Value
Tonnage milled (Impala) 15,855,000
Revenue - Impala (R) 20,889,000,000
Processing Cost — Impala (R) 1,533,000,000
Revenue per tonne (R/t) 1,317.50
Processing Cost per tonne (R/t) 96.67
Tonnes mined per month (12 Shaft) (T/month) 86,000
Cost of Consumables (12 Shaft) (R) 8,092,054
Cost of consumables per tonne (R/t) 94,09
Production Profit ( R/t) 1,127
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5.2.2.3.3. Sweepings loss

The adjusted sweepings loss value is R 727 perasdguoatre mined. Table 5-17 shows
the data used in determining this value.

Table 5-17: Determination of sweepings loss

Description Value
Square metres mined (Impala) 3,391,679
Revenue - Impala (R) 20,889,000,000
Processing Cost — Impala (R) 1,533,000,000
Loose density 1.83
Insitu density 3.1
Average sweepings height (m) 0.2
Stope height (m) 1.0
Sweepings loss (R/m?) 727

5.2.2.4, Rockfall data

The Rock Engineering Department maintains a rockf@abase which records rockfall
accidents. Figure 5-18 shows an extract from titalthse. This database captures the
section, date, dimension, volume, tonnage, anklestnnd dip length of the FOG. These
data are comprehensive and applicable to the pespufshis research.
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Maximu

Section Date m Width | Length | Area m3 Ton Strike | Dip
. length-| Length
- ~ | Heigh ~ d - - - - -
126 24-Jan-07 0.8 23 25 T 58 7 8 | 267 25 23
121 11-Feb-07 25 24 39 7 936 T o404 T 43824 39 24
121 22-Feb-07 25 30 45 1350 2025 62775 45 30
126 22-Mar-07 15 50 12.0 60.0 90.0 279.0 12 5
126 22-Mar-07 2.0 8.9 115 1024 1535 4759 115 8.9
126 12-Apr-07 0.7 2.8 35 9.8 14.7 456 35 2.8
126 29-May-07 1.0 49 55 27.0 404 125.3 55 49
126 05-Jun-07 1.2 3.0 56 16.8 252 78.1 56 3
125 29-Jun-07 16 24 9.2 221 331 102.7 9.2 24
125 09-Jul-07 13 6.0 9.0 54.0 81.0 2511 9 6
125 13-Jul-07 19 18 6.3 113 17.0 527 6.3 18
126 13-Jul-07 23 7.0 15.0 105.0 1575  488.3 15 7
1277 01-Aug07 04 2.0 45 9.0 135 419 45 2
125 14-Nov-07 15 46 16.0 73.6 104 3422 16 46
1222 12-Dec-07 0.3 0.8 16 13 19 6.0 16 0.8
125 08-Jan-08 1.0 8.8 9.0 79.2 1188  368.3 9 8.8
126 16-Jan-08 2.0 35 6.0 21.0 315 97.7 6 35
126 21-Jan-08 18 5.0 8.0 40.0 60.0 186.0 8.0 5
126 30-Jan-08 18 40 8.0 320 430 148 8 8 4
126 15-Feb-08 0.1 0.2 0.2 0.0 0.0 0.1 0.15 0.15
125 15-Feb-08 14 12.0 11.0 1320 1980  613.8 11 12
125 27-Mar-08 0.9 16 28 45 6.7 20.8 238 16
125 27-Mar-08 22 8.0 250 2000 3000 9300 25 8
125 01-Apr-08 0.7 0.8 26 21 3.1 97 26 0.8
125 01-Apr-08 14 113 14.7 166.1 2492 7724 14.7 11.3
125 05-Jun-08 2.1 17 46 78 117 36.4 46 17
125 18-Jun-08 11 1.2 39 47 7.0 218 39 12
125 18-Jun-08 2.0 11.0 285 3135 4703 145783 285 11
126 15-Aug-08 13 54 8.6 464 697 2159 8.6 54
126 18-Aug-08 1.2 8.0 12.0 96.0 1440 4464 12 8
126 19-Aug-08 2.0 5.0 10.0 50.0 75.0 2325 10 5
126 01-5ep-08 0.8 1.0 13 13 2.0 6.0 13 1
125 01-Sep-08 16 9.0 18.0 162.0 2430 7533 18 g

Figure 5-18 Rockfall database extract (Impala Mine 12 Shaft Rockfall
database, 2008)

When a rockfall occurs in the face area of a stopmedial strategies are undertaken to
deal with the rockfall. Figure 5-19 illustratesetlevent tree that describes rockfall
classification according to remedial strategiesie Mponeng convention of classifying

the severity of damage was adopted in determirfiege remedial strategies. This event
tree was constructed through:

* Interviewing experienced mining and rock enginegpersonnel,
» Studying past rockfall occurrences on the shaft
» Studying the mines rockfall database.

Table 5-18 gives a summary of the consequence®gidiall classification.
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Rockfall
Frequency
Distribution

Location of FOG

‘I Back Area

Barricade off
Possible Sweepings Loss

Canitbe
cleaned up and
Re-supported?

FOG
lessthan
im?

Cleanup & Re-support
Production loss (Cleaning & dilution)
Cleanup &dilution

Use other accessto face FOG
lessthan

10m?

Cleanup & Re-support
Production loss (Re-supporting)
Cleanup &dilution
Re-supporting cost

Cleanup & Re-support
S Production loss (Re-supporting)
Cleanup &dilution
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Re-supporting cost

Re-est. with panel crew
Production loss (Re-establishing)
Reserve Loss

Sweepings Revenue Loss

Re-establishing
Limitreached?

Re-establish
using Re-dev
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Spare stope?

Redeployment
Production loss (Redeployment)

(Flexibility) Abandon to Contingent panel (min prep) Reserve Loss
Abandon to Spare panel (maxprep) Production loss (Re-deployment) Sweepings Revenue Loss
Production loss (Re-deployment) Reservg Loss
Reserve Loss Sweepings Revenue Loss Re-establishusing Re-dev crew
Sweepings Revenue Loss Production loss (Re-establishing)

Reserve Loss
Sweepings Revenue Loss

Figure 5-19: Stope damage event tree

Table 5-18: Strategies summary

Description Classl |[Class 2 Class 3 Class Class
4a 4b
Cleanup and dilution Loss Yes Yes No No No
Re-supporting Cost No Yes No No No
Sweepings Revenue Loss No No Yes Yes Yes
Production Loss
Cleanup and Re-supporting Yes Yes No No No
Re-establishing No No Yes Yes No
Re-deployment No No No Yes Yes
Reserve Loss (NPV) No No Yes Yes Yes

5.2.2.5 Accident statistics

Injury/fatality classifications are defined as:
e Dressing case (injured is treated and reports @okwhe following shift)
e Lost-time injury (the injured is off work for 1-1ghifts)
» Serious injury (the injured is off work for longéran 14 shifts)

» Fatality (injured dies as a result of his injuries)
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The statistics on the number of injuries classified category, Table 5-19, per year were
obtained from the mines Safety Department. Therynjate refers to injuries per million
man-hours worked.

Table 5-19: Accident statistics for gravity related falls of ground

Year Dressing LTI Sl Fatal
cases
2003 174 125 71 6
2004 204 113 67 5
2005 185 111 60 3
2006 239 95 89 3
2007 189 80 94 8
2008 154 73 59 3

5.2.3 Quantification of consequences

A summary of possible consequences resulting fioenrockfalls is presented in Table
5-18. This section will focus on the quantificatiof the consequences. The general
formula for quantifying the total expected costaxses is shown below:

Total Expected Cost

Annual Frequency of Occurrence of a rockfall of a given size (m2)
X

[Cleanup and Dilution Cost + Re-supporting + Sweepings Revenue Loss+ Production Loss+
Reserve Loss (Given on NPV basis)]

5.2.3.1. Cleanup and dilution loss

Cleanup and dilution costs are incurred only irsgld and 2. The methodology from
Section 4.5.3 and a dilution cost R 96,67/t deteemliin Table 5-3were applied. The
results of the cleaning-up and dilution costs peemysize of rockfall length are shown in
Figure 5-20.

The graph shows that the very small rockfalls (€lagype falls) incur no cost. Falls
between 1m and 10m (Class 2 type falls) do reautibsts with costs such as R 24 000
being incurred for a 10m rockfall. Falls above li@nength are not cleaned up therefore
no costs are incurred. Variations in the costeiation to size occur because the cost is
determined from the tonnage of the rockfall andamdy its length.
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Figure 5-20: Cleanup and dilution cost curve

5.2.3.2. Re-supporting cost

Re-supporting is conducted for class2 FOG’s. Tethodology for determining the re-
supporting cost is discussed in Section 4.5.3. Easupporting areal factor has been
taken to be 50%. This figure was obtained from ulistons with experienced mine
personnel.

Figure 5-21 shows the distribution of re-supportocasts related to the length of the
rockfall along the face. A cost of R 6500 is inmeak for a rockfall 9m along the face. The
larger falls, greater than 10m, are not re-supgorte

Figure 5-21:Re-supporting cost
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5.2.3.3. Production loss-cleaning-up and re-support  ing

As discussed in section 4.5.3, time spent cleaaimdyre-supporting will vary depending
on the area of the rockfall. Table 5-20 showstjipécal time spent cleaning up and re-

supporting. These are generic figures obtained fioterviewing experienced mine
personnel.

Table 5-20: FOG length vs. clean-up time relationsh  ip

FOG Length on face 2m 5m 10m 15m 20m 30m
Cleanup and Re-support (days) 0 0.5 1 3-5

Figure 5-22 shows the production losses resultiaomfthe FOG’s. It is noted that only
falls between 1m and 10m result in cleaning up r@rspporting losses. The loss is not

based only on the length of the FOG, hence thelinear relationship of the loss to the
length of the FOG.

Production Loss - Cleanup & Re-supporting
60000
4
50000 &
& 40000 P
a
o
-
§ 30000 r
°
5 L 4
2 20000
o *
¢ ¢
10000 *
L XY * * 'S
P . R R R wm———.,
0 2 4 6 8 10 12 14
Rockfall Length (m)

Figure 5-22: Production loss — cleanupé& re-supporti ng

5.2.3.4. Sweepings loss

Sweepings losses are incurred in classes 3 arithd.methodology for determining this
loss is described in Section 4.5.3. A sweepings |mer rhinput of R 747was applied.
The loose density is 1.83t’nand the average sweepings height is 0.2. Thee$urv
Department provided a sweepings area factor of 20%.
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Sweepings Loss
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Rockfall Length ( m)

Figure 5-23: Sweepings loss

5.2.3.5. Redeployment and re-establishment cost

Redeployment costs are incurred in classes3 antkeiimber of crews affected, total
number of days in redeployment and the total toarraquired from the crew(s) in those
given days, as discussed in Section 4.5.3, inflei¢inis cost.

On average, a single crew works each panel. WHarga rockfall (class 4) occurs, the
panel crew is re-deployed to either a spare or mtirggent panel. The mine has
redevelopment crews, which are then called in testablish the panel. For class 3
rockfalls, the same panel crew does the re-eshatdjs Inclusive of in-loco inspection
periods, this unproductive/production downtime pdgment time on average is 5days.
This number was obtained from interviews with eigrered mine personnel.

Normal productivity per panel is 99t/day. Largekfalls, class 3 and 4, result in lesser
productivity being achieved during the re-estalighor abandoning period. The
productivity shortfall is the re-establishing loss.
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A Re-establishing (No flexibility) (R) X Re-establishing (Flexibility)(R) ©® Redeployment production profit loss (R )

Figure 5-24: Production loss — re-establishing and redeployment

5.2.3.6. Reserve loss

The loss of reserves has the effect of reducinglitbeof the mine. Hence it is not
quantified as a production loss, but as a presgnevoss of revenue. Its overall impact
is on the net present value (NPV). Loss of resenaxurs when pillars are left in the
process of re-establishing a panel or when a pameimpletely abandoned.

Figure 5-25 shows the value of reserve lossesepgth of rockfalls. There are no losses
for smaller falls, less than 10m. 3m pillars lieft falls between 10m and 20m average
R 150 000. Large 3m wide pillars can lockup R480 @orth of reserves.

Figure 5-25: Reserve loss
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5.2.4 Summary of financial consequences

The total expected costs per rockfall length fotla rocks (dimensions given in Figure
5-18) are illustrated in Figure 5-26. From thepdrit is clear that for rockfalls upwards
of 10m, the re-establishing cost is the major cster. Re-establishing a 10m length
panel costs approximately R 0.75million, and thistdncreases up to R 1,9million for a
full panel collapse (28.5m). Reserves lost areuaB0.08milliom for a 10m fall, and
increase up to R 0.4million for a 28.5m fall. Téweepings loss contribution to the total
cost is minimal, R 0.3million is realised for th8.2m rockfall. This graph shows that
rockfalls less than 10m in length cost very liitieterms of damage to excavation costs,

as shown more clearly in Figure 5-27.

Total expected cost (all rockfall sizes)
2 500 000
2 000 000
1 500 000
3
B 1000000
o
500 000
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0.2 16 26 35 45 55 6 8 8.6 9 10 115 12 15 18 285
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W Re-establishing (Flexibility)( R ) m Sweepings Loss (R) m Reserve Loss (R)
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Figure 5-26: Total expected costs (all sizes)
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Figure 5-27: Total costs (rockfalls < 10m)
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In Figure 5-27 no data on falls above 10m is inetlid The costs are not linear because
individual rockfall dimensions are used in calcugtthe costs. Production lost due to
cleaning up and re-supporting is the major costrdmutor, followed by clean up and
dilution and then re-supporting. The productiossldncreases as the rockfall size
increase. Typically a 9m rockfall has a productioss of R 54 000, a cleanup cost of
R 22 000and a re-supporting cost of R 7 000.
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6 Application of the methodology

In the preceding chapters of this dissertation, edhwdology to quantify the costs of
rockfalls has been described. To enhance thisadetbgy’'s applicability to the mining
industry, as part of a SIMRAC Rockfall Eliminatipnoject, the methodology was coded
into risk-cost analysis software (Joughin et alp®0 This software is a tool for
quantifying the risk associated with different sopipdesigns due to gravity-induced
rockfalls in underground narrow tabular stopese Pphimary objective of the software is
to determine the risk-cost associated with eactpa@tipdesign (scenario) for typical
narrow tabular conventional mining stopes. Simitathe methodology in Chapter 4, this
calculation is achieved through calculating the:

¢ Annual cost of each support system (Risk Mitigaitost),
» Annual rockfalls (dimensions) expected under eagpsrt system,

e Annual losses incurred from injuries resulting frexpected rockfalls under each
support system,

» Annual losses incurred from stope damage resultorg expected rockfalls under
each support system,

* Reserve losses incurred from re-establishing onédrang of panels,

* Net present cost of the sum of the risk mitigatiord resulting losses for each
support system over the period of interest.

Even though the development of this software isyebicomplete at this stage, in order to
illustrate the application of this methodology, was considered appropriate and
convenient to make use of this software in thissealimtion. In this chapter, a
demonstrative risk cost analysis for two supposdigles applicable to Mponeng Mine
conventional operation is carried out. First, the support systems are described, and
then the inputs into the software explained. Tiseussion of the results then follows.

6.1 Support systems

The two support systems used in this analysisSeenario A (Figure 6-1) and Scenario
B (Figure 6-2 ). Scenario A consists of 1.5m xdamlock props in the face area and 2m
X 2m spaced 1.4m long pre-stressed elongates ibabke area. The gully consists of

timber composite packs 2m apart skin to skin altreggully shoulders and 1.4m split

sets on 1m x 1m rectangular pattern. Note thdtauk break support has been included
in this pattern.
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Define Support Scenario

R Snap Distance  Window width

HesetViewl Zoom.t’-\rea| Zoom Out | Zoom [n ID-5D DKl | 442

~Select support type
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Murmber of support realizations: |1

Frint.... Save and Exit | Quit I

Figure 6-1: Scenario A support

Scenario B support consists of 1.5m x 1m camlodpgin the face area. The back area
consists of 1.5m x 1m spaced 1.4m long pre-stresketjates and pre-stressed timber
composite packs at 5m x 3m spacing. The gully istasf timber composite packs 2m

apart skin to skin along the gully shoulders artimlsplit sets on 1m x 1m rectangular
pattern.
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Excavation view
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Figure 6-2: Scenario B support

It is necessary to emphasize that the risk codisisds carried out to compare the net
present cost of support designs and the assogqatedtial rockfall consequences of one
scenario against another over a period of miniAgscenario is defined by the support
design in a panel and the potential rockfall ocenees in the panel. Hence, each
scenario has its own support design, and potertéidfall occurrences. Therefore, the
risk cost can be determined for any single panaiaco.

6.2 Analysis of rockfalls

Only 28 FOG records were available in the mine'skfall reports for the 2007- 2008
period, this suggesting that the records are intet@mp A complete record of falls of
ground would be ideal for a back analysis of riekt@f the support used on the mine in
the same period. It however is inapplicable ituas in which the risk cost effectiveness
of different proposed support scenarios is being@ared, the reason being that each
support system stabilises the rock differently, deendifferent potential rockfall
distributions are expected under each scenaridoclBoftware was therefore used to
statistically simulate potential keyblocks that kcbaccur in an area traversed by joints.
The effect of the different support systems was ewvaluated by obtaining the number of
unstable blocks falling out after support is irls@l This provides a potential rockfall
distribution for each support type.
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6.2.1 JBlock input parameters
No joint data was available on the mine hence @@ a neighbouring mine with a

similar geological environment was used. The jowput parameters are listed in Table
6-1. The specific gravity for the blocks is takenbe 2700 kgi. The mean friction
angle for all the joints has been set at 30° wistaadard deviation of 10°.

Table 6-1: JBlock joint input parameters

Joint | oo Dip Spa_cing* Length
Set Direction Mean Min Max Mean Min Max
J1 77 215 0.9 0.2 3.0 2.2 1.5 3.0
J2 50 266 0.8 0.2 2.0 35 1.5 10
J3 60 22 1.0 0.3 10 3.8 1.5 15
J4 62 78 1.0 0.1 10 3.4 1.5 10
J5 89 155 1.0 1.0 10 3.0 1.5
J6 63 117 0.3 0.3 10 2.9 1.5

Using this joint data, JBlock generates keybloaksthie excavation geometry. The
geometry, as shown in Figure 6-3 has the same diorein Scenario A as B. After the
generation of the key blocks, support elementsrdreduced into this geometry based on
the patterns in Figure 6-1 and Figure 6-2. JBlbek evaluates the effectiveness of each
support system in preventing rockfalls.

18m

30m

6m1
A 4

< >
23m

Figure 6-3: Excavation geometry
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6.2.2 JBlock results
In Table 6-2 comparative statistics from the JBIlsgkulation are presented. Though a

larger area was simulated in B, A has a highergreage of failed key blocks (61%). A
has a larger average failure volume, 122nhereas B’s average is 53nFigure 6-4 and
Figure 6-5 show the distribution of the volumestloé rockfalls generated for A and B
respectively. This distribution was applied in thek cost software.

Table 6-2: JBlock statistics

Scenario A Scenario B
Area simulated (mz) 9120 9420
Percentage of failed keyblocks 61% 50%
Average rockfalls per 1000m? exposed 2141 1810
Average failure volume(m?®) 122 53

= Simulation results
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Figure 6-4: Scenario A rockfalls
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Figure 6-5: Scenario B rockfalls

6.3 Risk-cost software inputs

In the model, the Scenario Comparison form (Fiditf) is the main user interface. For

each scenario under comparison the support patetimesulting rockfall data should be

defined. The support pattern is input directlynirdhe proposed design or through

JBlock. Rockfall data will be either historic rdakt data for the area (or similar areas) or
JBlock generated rockfall data (using joint projesriof the area). For each scenario, a
form (Figure 6-7) issued to input this data.

The parameters, dimensions and strategies inpat(figure 6-6) allows input of data
that is applicable to all scenarios under comparisbhese tabs will be discussed in the
sections that follow.
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Scenario Comparison

File Edit
Scenario Mame Suppork Patkern Fockfall Data
JBlock - Scenario B JBlock Support Pattern JBlock Rockfall Distribution
JBlock - Scenario & JBlock Support Pattern JBlock Rockfall Distribution
[ Parameters ] [ Dimensions ] [ Strateqies ] [ Save ] [ Campare ] [ Close ]

Figure 6-6: Scenario comparison form

Scenario [X|

Scenatio Mame |JEiI|:u:k - Scenario B |

coa )

Support Pattern |JEI|:u:k Support Patkern | [ Select ]

Fockfall Data |JEIDckRDckFaII Distribution |[ Select ]

[ Qpen ][ Save ][ Close ]

Figure 6-7: Individual scenario form

6.3.1 Support pattern

Figure 6-1 and Figure 6-2 illustrate the suppottgsas employed in this analysis. The
unit cost of each type of support (obtained fronbl&ab-2) is input into the software

database through Figure 6-11. An identity codejugly identifies each support type in
JBlock and the database. When inputting a supgadtern in the Support Pattern form
(Figure 6-8), selecting the support file underiBéock tab will give the quantity and cost
of the standard support in the excavation geomethe re-supporting pattern is captured
under a separate tab (Figure 6-10). The costmiepuarea is calculated automatically.
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Support Pattern

|JEiI|:u:k Support Patkern B |
Standard | ReSupport
Marme Mumber Area (m2) Panel cost (2. ..
Split sebs_4Zmmxl.5m o0 1,616,550
Timber Combosite Pack. |42 63,553.56
[ JElock, ] [ Qpen ] [ Save ]
Figure 6-8: Scenario B support
@ Support Pattern @
|JBIock Support Pattern & |
Standard | ReSupport
Mame Mumber Area (m2) Panel cost (ZAR)
Wedage Props_1.4 204 15,399.75
Split sets_42mmx 1. 5m &0 1,939.80
Timber Combosite Pack 26 39,342.68
[ JBlock ] [ Cpen ] [ Save ] Close
Figure 6-9: Scenario A support
Support Pattern |§|
|\.-'CR Upper Suppart Pattern |
Standard | FeSupport
Marme Strike spacing {m) Dip spacing {m) Cast per unit (ZAR) | Cask per mz (ZAR)
wWedge Props _1.4m...[1.5 1.0 704 51,06
Madoda 1305T PSU 1.5 1.0 7.9 25,27

[ JElock J[ Cpen J[ Save ]

Close

Figure 6-10: Re-support pattern form
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.S.upporl Installation

Support Types | ‘Wedge Props_1.4 ¥

Support Typs

Name |\Wedge Props_1.4 |

Support Installation
[] Temporary support Nurmber of units 356 |
Strike spacing (m) 1.0 | Dip spacing (m) 1.5 |

Support Type

Support Types !Ly_\f;&q_e Prons_.l ...4 1 v|
Support Type
Name [ Wedge Props_L.4 |
iy : 3 ZAR,
Code [E3 Cost |77.94 | O
() ZAR/m2

(o ) (8= ]

Figure 6-11: Support quantity and cost

6.3.2 Rockfall data

As discussed in section 6.2, JBlock is used to ige@eeockfall data for each support
scenario. The JBlock file is input into the riskst software where it is binned according
to the length of the rockfalls along the face. ufgy6-12 and Figure 6-13 show the
dimension bins and the frequency of rockfalls irchedin for scenarios A and B

respectively.
-
|| Rockfall Data @ | % Rockfall Data @

|TBlock Rackfall Distribution | | TBlock Rockfall Distribution |
Area mined (m2) [ Show annual frequency Area mined (mZ)
Dimension Frequency Dimension Frequency

1.0 13504.3 - 1.0 16871.0 -
2.0 363.1 (Wl 2.0 177.0 [l
3.0 57 3.0 1.0

4.0 0.7 4.0 0.0

5.0 0.0 5.0 0.0

6.0 0.0 5.0 0.0

7.0 0.0 7.0 0.0

3.0 0.0 5.0 0.0

5.0 0.0 e 5.0 0.0 L
0.0 0.0 i 10.0 0.0 i
11.0 0.0 11.0 0.0

12.0 0.0 12.0 0.0

13.0 0.0 13.0 0.0

14.0 0.0 14.0 0.0

15.0 0.0 15.0 0.0

156.0 0.0 16.0 0.0

17.0 0.0 bl 17.0 0.0 L4
158.0 0.0 13.0 0.0

19.0 0.0 19.0 0.0

20.0 0.0 20.0 0.0

21.0 0.0 21.0 0.0

22.0 0.0 22.0 0.0

220 nn i 23.0 0.0 i

Figure 6-12 : Scenario A bins

Figure 6-13: Scenario B bins
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6.3.3 Parameters form

The parameters form (Figure 6-14) consists of talbs define the Mining, Exposure,
Injuries and Costing parameters.

Parameters

Geornetry

30.0

30,0

Face length {m}
Back distance (m)
Advance per blast {m)

Stope height {m)

Mining span {m}

Abandoning lirit {m)

Resupport area Factor

[ Open H Save ]

Rock mass

2.750

0.50

1.830

0.z20

Produckivity

23

18

3

Rock density (tfm3)
Fallout height {m)
Sweepings density (Eim3)

Sweepings height (m)

Working days per maonth

Blasts per month

[ Apply H Close ]

Figure 6-14: Parameters

6.3.3.1. Mining tab

The mining tab comprises of the subsections: Gegraeid Rock mass, and Productivity.

Geometry and Rock MasBhe stope geometry and rock mass are defineuidgrséection.
The geometry and rock mass parameters are illastratFigure 6-15.

Productivity 18 blasts are taken on average in a 23-day morithese values were

obtained from mining personnel on the operation.
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Figure 6-15: Mining parameters

6.3.3.2. Exposure tab

This tab as illustrated in Figure 6-16 comprisessobsections: Area, Personnel and
Scaling, and Equipment.

Parameters |Xl

5

Miring | Exposure | Injuries | Costing|

Area
Scaling

30,0 Length aof exposed area (m)
Width of exposed area {m) Murber of crews

Personnel Equipment
Hours per day 16.0 Hours per day
Days per month Davys per manth
Leave days per year Ltilization Fackor
I:I Size af crew 12,5 Area of equipment (mz)

[ Open l [ Save ] [ Apply ] [ Close ]

Figure 6-16: Exposure tab

111



Area: This is the face area in which personnel are wgrkhence exposed to FOGs. The
Length is equal to the face length, 30m. The widtthe maximum distance between the
backfill and face after the blast which is 5.0m.

Personnel and Scalinghe panel crew of 6 work in this area an averddghcs per day,
23 days a month with an average of 15days leavaqarm. A total of 72 crewswork in
this Ground Control District.

Equipment: While the values shown in Figure 6-16are the typi@aailability and
utilisation figures, the software has not yet beeweloped to calculate equipment losses.

6.3.3.3. Injury tab

This tab as illustrated in Figure 6-17 comprisetheffollowing subsections: proportions,
days lost, investigation, SIMRAC levies, medicadtsg wages and compensation.

Parameters E|
Mining | Exposure | Injuries | Costing
Proportions Investigation (ZAR)
0.54 Dressing cases S0000.0 Consultant fees
0.28 Losk-time injuries
SIMRAC Levies (28R
0.1e Serious injuries IS )
0.01 Fatalities 3.58 Per day last per injury
Z21480.0 Per Fatality
Davs lask
Medical cosks (ZAR)
7.0 Lost-time injuries
135.0 Serious injuries 10018.0 Per injury
£000.0 Fatalities 1465.0 Fer Fatality
5.0 Seckion 54
EEHon Wages & compensation (ZAR)
7527.0 Per injury
26583.0 Per Fatality
[ Open l [ Save ] [ Apply ] [ Close ]

Figure 6-17: Injuries tab
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Proportions: The rockfall related (gravity) accident statistimsd classification of the
injuries were presented in Chapter 5. Based anitiiormation and data on reportable
accidents obtained from Marx (1996), typical averatpys lost per category were
determined to be:

« Dressing case, 0 days

e Lost-time injury , 7 days
e Serious injury , 138 days
« Fatality, 6000 days

For fatalities, the average operations shut dome tiSection 54 was 5 days.

Investigation The costs of hiring external consultants duringueries were not available
on the operation, hence the figure used was thatradd from workshops.

SIMRAC LeviesThe levy has a Safety Risk and a Health Risk carapb The software
however, adopts only Safety Risk as it is the camepb that influences the changes in the
levy penalties payable when rock fall accidentsuoccThe current value is R 3.58 per
day lost (Mine Health and Safety Council). A fitals 6000 days lost hence the levy is
R 21,480.

Medical Costs:No medical costs were available from the operatience the costs
obtained from Impala Hospital were used. The fgun Figure 6-17 are an average for
2008 medical bills.

Wages and CompensatioND costs were available hence results by Marx §1L98re
escalated to present day values and averagedost per incident.
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6.3.3.4. Costs tab
This tab as illustrated in Figure 6-18 comprisesle&ning up, sweepings, profit loss, and

net present cost inputs. Calculation of thesetsypuas discussed in section 5.1.2.

Mining || Exposure || Injuries | Costing
Cleanup Production
56,00 Dilution cost (ZARE) 180305000.0 | Production revenue (ZAR)
0.033 Cleanup time (days tonns) 27923341.00 | Operating costs (ZAR)
153620.0 Tonnage mined (k)
5 ’
weepings 991,94 Profit loss (ZARE)
0.20 Areal loss Fackor
Met Present Cosk
363.05 Profit loss (ZAR/ma)
5 Mumber of years
0.1z Discount rate
[ Open ] [ Save ] Apply ] [ Close

Figure 6-18: Costs tab

6.4 Remedial strategies

The software allows the user to define suitableadiation strategies. Figure 6-19shows
the strategies form. The user can define minimachrmaximum dimensions that apply
to the rockfall classes and select the correspgnotmedial action to be employed by
checking the appropriate box. Where the user chezlestablishing, more information is
required to be input under the re-establishing tailgure 6-20 illustrates the re-

establishing tab. The information required here baen described in section 4.5.2.
Where re-establishing is not applied, null valuesapplied.
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strategies |X

|Mpu:uneng Strategies |
Strategies | Re-establish |
Min. Dimension Max. Dimension Cleanup Re-establish Abandon Flexibility
i 10 [+] F] F] 0.8
10 20 F] [+] F] 0.8
20 31 [] [v] [v] 0.5
[ Open ][ Save ] I_ Apply ][ Close ]

Figure 6-19 : Strategies form

strategies

|M|:u:|neng Strategies |

Strategies | Re-establish

Min. Dimens...  Max, Dimen...  Pillar Wwidth Re-est, End Re-est, Raise  Redep, Crews  Redep, Days

[ Open ][ Save ] [ Apply ][ Close ]

Figure 6-20: Re-establishing
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6.5 Risk-cost results

The costs of risk mitigation, injury, damage to@&xattion and reserve losses and the NPV
for the two scenarios (Scenario A and B) are outpihese are determined for a single
panel, as shown in Figure 6-21, or for the wholeuad Control District (GCD) as shown
in Figure 6-22. Injury costs include the cost@hporary mine closure, medical, wages
and compensation, investigation and SIMRAC leviBamage costs include production
loss, re-establishment of panels, re-deployment pefsonnel, rehabilitation (re-

supporting), clean up and dilution costs.

The factors not included in the injury or damagestsowere either too complex to

quantify or no meaningful data were obtained tongjfiathem. Due to these limitations

or the assumptions made in the methodology, thés quesented could be somewhat
understated. Therefore, these figures can be takére lower bound estimates of the
cost.

6.5.1 Risk mitigation

Scenario A is a design with elongates only in thektarea. Scenario B on the other hand
is composed of a more dense elongate pattern imubetipacks in the back area. Clearly,
it is expected that type A support will cost Idsart type B.

Table 6-3: Comparison of support types

Support type A Support type B
Face 1.5m x 1.0m camlock props 1.5m x 1.0m camlock props
Back area No timber packs. Timber elongates @ 5m x 3m spacing.
Elongates @ 2.0m x 2.0m Elongates @ 1.5m x 1.0m spacing
spacing.

Gully 2m on strike timber pack 2m on strike timber pack spacing.

spacing. Split sets @ 1m x Split sets @ 1m x 1m grid spacing
1m grid spacing

The risk mitigation cost in scenario A is R 409 Z@per panel (R 40million in GCD)
whereas for scenario B it is R 976 369.59 per pdRed7.6million in GCD). 1t is
therefore apparent that there is a cost saving ®R170.39 per panel and R 57.6million
in the GCD if scenario A is used.
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6.5.2 Injury cost

The expected injury cost is R 193 383.75per paRdlq,3million in GCD) for scenario A
and R 121 144.72 (R 12,1million in GCD) for sceads. Installing more support in a
panel (Scenario B) therefore reduces the expenfadyicost by R 72 239.03. In a GCD,
a saving of approximately R 7.2million is realised.

Summary Results [z|

SCEnario narme Risk mitigation = Injury costs Darnage cosks Res... MNPY
JBlock Scenario - A1 (409, 166,20 193,383.75 16,868,175.48 (0,00 62,973,055, 30
JBlock Scenario - B1 [976,369,.59 121,144.72 7,399,644, 49 0,00 30,630,355.87

[] around contral districk [ Show Log H Show Graph H Close ]

Figure 6-21 : Summary results — single panel

£
Scenario n... | Riskmitigat... | Injury costs Damage costs | Reserve los... | MPY
JBlock Scenar. .. |40,916,620,49 (19,338,375.08 |1,686,817,5.., [0.00 6,297,809,5...
JBlock Scenar, ., |37,636,959.47 (12,114,472,33 [739,964,449,,, [0.00 3,063,035,5...
[v] iaround conkral diskrict [ Show Log ] [ Show Graph ] [ Clase ]

Figure 6-22: Summary results — ground control distr ict

6.5.3 Damage to excavation cost

The expected damage to the excavation cost is 85868.75.48 per panel (R 1,69 billion
in GCD) for scenario A and R 7 399 644.49 per paeD,734 billion in GCD) for
scenario B. An inadequately supported panel (sterf® results in damage worth
R 9 468 530.99 (R 0.96 billion in GCD) more thapamel with more support (scenario
B).

6.5.4 NPV

The NPV of this design over a 5 year period atsgalint rate of 12% is R 62,98million

per panel (R 6,2 billion in GCD) for scenario AorFscenario B, it is R 30,63million per

panel (R 3, 06 billion in GCD). The NPV for thenghand GCD for both scenarios are
also plotted against the risk mitigation cost aNed Present Cost (NPC) as shown in
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Figure 6-23. This chart illustrated that where imia investment is made in risk

mitigation(scenario A), the NPC of the risk mitigst and consequences of rockfalls is
very high. Where increased investment is madenésae B) the resulting NPC is much

less.

Chart : Summary Resulis

Summary Results
G0,000,000
50,000,000 4

40,000,000 4

30,000,000 - ®| [ m JBlock Scenario- Al
& JBlock Scenario- B1

20,000,000 4

Met Present Cost (ZAR)

10,000,000

500,000 750,000 1,000,000
Risk Mitigation Cost (ZAR)

Figure 6-23: Results chart

Where an analysis of several scenarios is carnigdtioe results can then be plotted on
this chart for comparison purposes. The chartigesva simplified means of illustrating

the risk-cost associated with each support stratedy provides a clear and easily

understood illustration of risk for management atieer stakeholders.

6.5.5 Individual simulation of rockfall costs

For each scenario, individual rockfalls are simedat The detail of each simulation is
shown in the log sheet under the ‘Show Log’ taFigure 6-21 and Figure 6-22. Figure
6-24 shows four rockfalls that fall under the 1m.biThe costs include clean up and
dilution at R 123 per rockfall and production l@<R 6509 per rockfall, this gives a total
cost of R 6632.7 per rockfall. For the four rodlfathe total cost is R 26,530.83.

These results are comparable to those obtainedctioa 5.1.3. Differences will occur
mainly because the calculations in the case stoelypased on measured dimensions of
the rockfall and not the bins as applied in thevearfe.
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Comparison Log - data\MScMP_final.comparison.csy. log

¥ evaluating scenario @ Mponeng Conventional

* diwension @ 1.0
— annual fall fregquency 4.0
— mohitoring 1.0
— spatial probability 0.0066666EEEEREGERGET
— temporal probabilicy 0.178767123287671:22
— indiwvidual injury 0.004767123287671233
— temporal probability 0.1916666666REEAGES
— group injury (1) 0.030160076102821718
— group injury (2) 5.020925975383395E-4
— group injury (3) 4.475424512288366E-6
— group injury (4) 2.2474415119126466E-5
£.023975392584665E-11
— group injury (&) 6.74978591537941FE-14
— dimension injuries 0.0308666666660R666
— clean up and re-support
- cleanup cost 123.,20000000000002
- re-support area 1.5

— group injury (5]

- re-support cost 0.0
- remedial cost 123 ,20000000000002
- remedial days 0.07260000000000001
- remedial loss 6509.5056542Z82675
- production loss 6509.5056842Z82675
— inecident damage cost 6632.708684282675
— lncident reserve loss 0.0
— dimension damage cost 26530.8347371307
— dimension reserve loss 0.0
* dimension : 2.0
— annual fall fregquency 1.0
— monitoring 1.0
- spatial probability 0.02666606666666667

Figure 6-24: Results log

6.5.6 Personnel risk - FN charts

The software also represents personnel fatalikybysplotting an FN chart for the panel
and the GCD, Figure 6-25, for each scenario. A $itage the software is still being
developed hence the terms showing the level oflrésle not yet been perfected.
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Figure 6-25: FN plot

6.6 Summary

In this chapter, a risk cost evaluation comparimg support designs in the same mining
environment was conducted. This evaluation eséth#iie risk cost associated with each
design therefore allowing more informed decisiorking. This evaluation further
demonstrated how valuable and applicable this naetlogy is to the South African
narrow tabular mining environment. The methodolqgyvides a useful tool for
planning and optimisation of support design, whighn essential component for mining
operations. This tool has not been available énrtfining industry up to this time. The
software, which is an interface for this methodglag still under development and will
be refined as more beta testing is conducted.
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7 Conclusion and recommendations

There are few published or documented studies @n gimantification of financial
consequences associated with rockfalls in Southic#dr narrow tabular mining
operations. The methodology and results preséntdds dissertation are believed to be
the most comprehensive work on this subject to .dafehe development of this
methodology into software also means that the tesdilthis research will be beneficial
to the South African narrow tabular undergroundingnoperations when the software
enters the public domain. From this work, thedwihg conclusions can be drawn.

7.1. Consequences of rockfalls

The direct consequences of rockfalls identified ejaries and fatalities, damage to
equipment and machinery, and damage to excavatibtmvever, the research further
identified the associated resulting indirect conseges.

« Indirect consequences resulting from injuries atdlities include temporary mine
closure, medical and rescue operation costs, waggsompensation, investigation
costs, re-training costs, SIMRAC levies, legal spsisurance premiums, industrial
action and stakeholder resistance.

* Indirect consequences resulting from damage topewgmt and machinery include
production loss due to equipment downtime, costremfeploying machine and
machinery, repairing or replacement costs.

* Indirect consequences resulting from damage toettwavation include loss of
reserves, production, re-establishment of stopeb amtess ways, cleanup and
dilution, re-supporting requirements, redeploymemsurance premiums and
possible stakeholder resistance.

« Some rockfalls will result in severe consequencésreas others will result in
minor consequences. For example, a small rockéadl cause a minor injury or a
fatality.

7.2. Methodology to quantify cost of consequences

A methodology to quantify the cost of consequeneas developed. This methodology
focuses on the determination of costs associatddpgrsonnel injuries and fatalities, and
damage to excavations, as summarised in the tpdlats below. Costs associated with
equipment damage could not be determined due koofaimformation on how such costs
are handled.

< Personnel injuries and fatalities vary dependingpersonnel exposure and spatial
coincidence of the personnel. Where a FOG ocauidlz individual or crew is in
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the same place as the rockfall, there will be @myror fatality. If the individual is
not in the exact same space then it is a near miss.

e Costs including mine closure, SIMRAC levy, and istigations are calculated in
the methodology.

e Costs including medicals, wages and compensatmmxdrapolated from the work
done by Marx (1996). Mines affiliated to Rand MaltAssurance (RMA) incur
only insurance premium costs. This insurance cotke medical, wages and
compensation costs of the injured.

« Damage to excavation consequences vary in relatidhe class of the rockfall.
Classification of the rockfalls is in accordanceahaine lengths and the remedial
strategy applied.

« Small rockfalls, class 1, result in cleanup andtah costs.

e Class 2 rockfalls result in cleanup and dilutioessupporting and costs resulting
from loss of production.

e Class 3 rockfalls result in sweepings loss, reséwvgees due to pillars left and
production losses due to re-establishing,

e Class 4 rockfalls result in the re-establishmentabandoning of a panel. The
consequences include sweepings loss, productie das to re-establishing or
abandoning, redeployment of personnel, and redesses due to re-establishing
or abandoning.

« Input data required for use in the calculationsadot&inable from the Mining, Rock
Engineering, Safety, Finance and Survey Departn@nen operation.

7.3. Application of methodology

The proposed methodology was further developed tasted in two case studies,
AngloGold Ashanti (Mponeng Mine) and Impala Platmy12 Shaft). These two

operations were selected in the platinum and gotdng sectors as they maintain more
comprehensive rockfall databases. In the dissemtainly the damage to excavation
consequences are determined in the applicationhanillowing conclusions are drawn:

* In both case studies, loss of production is theomepst driver. It is R 992/t and
R 1127/t for Mponeng and Impala operations respelgti This is upwards of
R 1.2million for Mponeng and R 0.8million for Im@all2 Shaft for large falls
above 10m in length.

* Reserve losses are the next largest cost driverboth cases these losses were
upwards of R 100 000 for a 10m rockfall.
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+ Sweepings losses are R 545%ndR 727/ffor Mponeng and 12 Shaft
respectively.

» Dilution costs are R 56/t and R 97/t for Mponend &2 Shaft respectively.

* Re-supporting costs are proportional to the arebetae-supported, the density
factor, and the cost of the support installed. W@ operations employed similar
re-supporting strategies, hence on both sitesXamele, a 9m rockfall would cost
R 6 500 to re-support using pre-stressed elongatés x 1m spacing for both.

* Falls less than 10m in length cost a maximum R@D& Mponeng, and R 90 000
at Impala.

* Rockfalls larger than 10m were in the range of Rlllon to R 2.5million in both
case studies. This suggests that any substandippadrsing practice or inadequate
design will cost the mine severely should thera li@l of ground greater than 10m
in length.

7.4. lllustration of value creation through safety spending

Some managers appear to believe that cost-cutte@sunes on a mine should include
minimising as much as possible on any expenditwckiding ground support initiatives.
Others are reluctant to opt for new strategies @eg as being more adequate by the
Rock Engineer. However, the risk-cost approacleritesd in this dissertation has clearly
indicated the value created by investing in safgtgnding. The following conclusions
are drawn from the results of the risk-cost analysi

« Current industry practice in selecting supportidapk only at the risk mitigation
cost whereby the cheaper option is usually seleckedm the analysis, scenario A
had a lower risk mitigation cost, R 409 199.20 panel, and whereas scenario B
was R 976 369.59 per panel. Based on the riskyatitin cost criteria, a potential
cost saving of R 567 170.39 per panel could havenbeealised in selecting
scenario A.

< Analysis of potential rockfalls in the two scenarigsing JBlock showed that more
rockfalls are experienced in scenario A comparedsdenario B. Scenario A
therefore carries a higher rockfall risk. The @mgences of rockfalls are
discussed above.

e As there are people working in the panel wherertdukfalls occur, injuries are
anticipated. In scenario A, the expected injurgtée R 193 383.75 per panel and
in scenario B, R 121 144.72 per panel. Investiafpty spending, as done in
scenario B, therefore reduces the expected injasy by R 72 239.03 in a panel.
In a Ground Control District (GCD), a saving of appgmately R 7.2million would
be realised.
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The damage to excavation costs for scenario A arateBR 16 868 175.48 per
panel and R 7 399 644.49 per panel respectiveljis hdicates that in a panel
with minimal support, scenario A, R 9 468 530.9%& due to excavation damage
and remedial strategies in the panel.

The total costs of risk mitigation and the expeatedsequences over the period of
mining for each panel are summed and a Net Pré&3esit (NPC) is determined.
NPC provides a simplified means of expressing theral risk-cost associated
with each design.

As the risk-cost is expressed explicitly in finadierms, management and other
stakeholders can easily understand the risks iedovith each support strategy.
Scenario A NPC is R 62,98million per panel and acenB is R 30,63million per
panel. Scenario A therefore carries higher risktbcenario B.

In light of value generated from safety spendingsdd on the risk mitigation

criteria alone, scenario A would have been the dsable option. However, an

analysis of the effect of the expected consequestiesed that scenario B carries
less risk-cost. It is therefore worthwhile to caomyt a risk-cost study, although, in
order to do this the cost of the consequenceshiargt to be quantified.

Management can be involved in setting the acceptask criteria as the risk cost
is quantified and easily expressed.
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Appendix 1:

IMPALA ANNUAL REPORT 2008 (Extract)
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Impala Rustenburg key siafistics

FY2008 FY2007 % change
Mining sales Rm 20 B89 17 401 200
Platinum 12 OB7 573 26.3
Palladium 1173 1 068 2.8
Rhodium 5179 4061 275
Mickel 1 504 1758 (14.3)
Chher G4 41 03
Mining cost of sales [F 345] (6 643) [10.6)
Crnrmine openations 5 840) |4 98] [22.1)
Concentrating and smeling opemtions ] G"Sq [218] {15.1]
Refining cpemafions 474 3771 [24.3)
Amoriisation &91] [594] J 16.3]
Increase in inveniary 739 44 1 5725
Mining gross profit 13 544 10758 259
Profit ?mm metal purchased fransactions Em 54 39 385
Sales of metals purchased 15 638 12 413 26.0
— |RS 14914 12 229 22.0
— Chher 724 184 263.5
Cost of metals purchased (15 584]) [12 374) 2290
— IRS (14 846] (12 22&) 221.4
— Oiher [738 [148] [398.4)
Gross profit in Implats group 13 598 10 797 259
(Gross margin excmine * 65 b2 4.9
Crher operating costs Rm 424 [285) [ 10:4)
Royalty expenze 543 |1 &624) G663
Sales volumes ex-mine
Platinum D000z T 043.7 1 112.3 6.8
Palladium D00z 426.7 4459 4.5
Rhodium 0000z 101.9 11046 7.9
[Mickel 000 6.7 2 2.8)
Sales volumes metals purchased — IRS
Platinum 000z 640.7 &77.3 5.4)
Palladivm DO0ez 410.9 4338 5.3]
Rhodium 0000z Q2.7 Q22 0.5
Iicksl 200 3.4 47 [27.7)
Prices achieved sx-mine
Platinum 3/ oz 1 588 11290 334
Palladium g’foz 381 335 13.7
Rhodium Joz & 941 5104 36.0
Mickel 5/t 30 204 31 645 [4.5]
Exchaonge rote achieved ex-mine B3 7.29 720 1:3
Production ex-mine
Tornes milled D00 15 855 16 302 2.7
Flatinum refinad Q00az T 044.0 1 0553 1.01
Palladium refined D000z 4348.6 4720 75
Rhodium refined 0000z 1249 1029 214
[Nickel refined OO0 5.9 A0 |]_;1;.
PGM refined production 00z 18411 1 872.4 (1.7
Total cost* Rm 7819 & 477 20.7)
per fonne milled R/t 493 397 2421
: At 68 35 23.5)
per PGM ounce refined Bfoz 4 247 3 459 22.7)
: 3/ oz 5835 481 21.5]
par plafinum cunce refined R/oz 7 489 6138 22.0]
: 3/ oz 1031 853 20.9]
net of revenue received for other metals Rioz 941 (1280 26.5)
30z 130 [178) (27.0]
Capital expenditure Hm 3415 2094 62 .8
3m 470 292 &1.0
* Includes shorebased poyments Rm 285 554 |77 8Bl

52 implois Annval Beport 08
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APPENDIX 2:

Compensation for Occupational Injuries and Diseases Act, 1993 (No. 130 of
1993)
Schedule 2: Injury
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Compensation for Occupational Injuries and Diseases

1993)
Schedule 2: Injury

Injury

Act, 1993 (No. 130 of

Loss of two limbs

Loss of both hands, or of all fingers and both hands
Total loss of sight

Total paralysis

Injuries resulting in employee being permanently bedridden
Any injury causing permanent total disablement
Loss of arm at shoulder

Loss of arm between elbow and shoulder

Loss of arm at elbow

Loss of arm between wrist and elbow

Loss of hand at wrist

Loss of four fingers and thumb of one hand

Loss of four fingers

Loss of thumb--

Loss of index finger--

Loss of middle finger--

Loss of ring finger--

both phalanges
one phalanx
three phalanges
two phalanges
one phalanx
three phalanges
two phalanges
one phalanx

three phalanges

Percentage of
permanent
disablement

100

100

100

100

100

100

65

65

55

55

50

50

40

25

15

10
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APPENDIX 3:

ROCKFALL MECHANISMS AND PRECURSORS
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No. FOG TYPE MINING SECTOR MECHANISM(S) CAUSE(S) PRECURSORS
RISK (1-5) Mostsevere =1
TABULAR COAL STEEP | MASSIVE SERVICE MEASURABLE OBSERVABLE
HARD ROCK VEINS
Practicality ( 1, 2, 3
1= most practical
Joint/ fracture Au 1 4 5) 3 2 Slip as aresult of | i) Unfavourable geometry i) Micro relative i) Geometry
release surfaces | Bveld 3 3 : ii) Blast/seismic vibrations | block i) Dripping water
Mn  (5) 5 i) Loss of iii) Water ingress movements (3) iii) Filtering of dust
cohesion iv) Swelling of infill material from Hwall
v) Deformation breaking iv) Position ,
asperities relative to FOG's
i) Adjacent to FOG and face.
i) Increasing distance from
face? i) Survey (2)
ij) Loss of iii) Bending ?
clamping forces
Joint/joint Au 4 3 2 2 2
release surfaces | Bveld 1
Mn 1
As above plus Au 1 2 5 3 1
bedding parallel | Bveld 2
partings Mn 2
Backbreak Au 4 5 5 4 5
Bveld 4
Mn 5
Panel/back Au 3 4 4 4 5
collapse Bveld 1
Mn 5
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Wedge failure Au 3
Bveld 3
Mn 5
Curved joint Au 4
failure Bveld 1
Mn5
Fall from & into Au 3
weak layer in Bveld 3
Hwall( Basal Mn 5
Reef shale)
Flow of fractured | Au 3
rock mass Bveld 4
(WAF) Mn 4
Master bedding
plane fault
Beam failure Au 2
Bveld 2
Mn 2
Presence of Au 1
stress fracturing, | Bveld 3
fall-out of slabs, | \in 5
sidewall,
hangingwall
pillars
Faults/dyke Au 1
contacts Bveld 1
Mn1l
Toppling from Au 2
brows or Bveld 2
previous FOG Mn 2
Collapse of brow | Au 1
Bveld 1
Mn 1
Uncontrolled Au 5
Goafing Bveld 5
Mn 5
Sloughing, Au 5

steep ore bodies
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Bveld 5
Mn 5

Failure of
middling

Au 4
Bveld 3
Mn 4

Sill related falls

Au 4
Bveld 3
Mn 5

Crown/sill pillar
instability

Au 5
Bveld 5
Mn 5

Failure of stress
damaged rock,
Carbon Leader

Aul
Bveld 4
Mn 5

Collapse of
gothic arch and
guttering

Au 5
Bveld 3
Mn

Cross bedding

Au 3
Bveld 5
Mn 5

Man assisted
FOG

Blasted support
Rigging
Scrapper

damaged
support

Decline in
support
performance
with time and
closure

Au
Bveld
Mn

Overhanging
face and
sidewalls high
stoping width,

Au 3
Bveld 4
Mn 2
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Sketches of each FOG type, annotated to show meschsuare required.

What can we measur e?

1.

11
1.2
1.3
2.

2.1
2.2
2.3
2.4
3.

3.3

©NO O A

Noise
Single noise
Change of rate of noise
Seismic velocity correlated to RMR
Movement
Support load as a proxy for closure
Differential movement (sensors, laser scanning
Absolute closure
Change of rate of closure
Electricity
Resistivity)
Light
Gas
Heat
Geophysical
Change in strain = stress
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M echanisms

Precursors

Causes

Loss of cohesion 1.3. (1, 2, 3,8, 7,9,11. 1

Noise due to rock or filling rupture.
Very small differential movement with
scanner. Change of thermal image a
reflective index.

Change in colour.

1. Discontinuities

Reduced friction coefficient 1.3. (1, 2, 3 ,4,

1.1 Geology

Change of confining force 1.3. (1, 2, 3,4, 5
15)

1.2 Induced discontinuities

Shear forces 1.3. (

1.3 Exacerbating factors

Tensile failure

Loosening 1.3.1 Water ingress
Buckling 1.3.2 Gas

Toppling 1.3.3 Vibration
Fracturing 1.3.4 Swelling clays
Beam failure 1.3.5Closure
Movement of thrust structures (dome) 1.3.6 Dilatio

1.3.7 Weathering and oxidation

1.3.8 Stress change

1.3.9 Impact, application of force (barring

1.3.10 Uneven loading by support units

1.3.11 Blasting

1.3.12 Expansion and contraction

1.3.13 Excessive span

1.3.14 Shearing across surface

13.1.15 Removing support
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Statement from Dave

There is an assumption that there is precursive activity before falls of ground occur. This precursive activity is associated with loss of cohesion,
loss of stabilising forces and loss of friction.
There is likely to be a huge variation in the type of precursive activity associated with a variety of FOG mechanisms. The trick would be to link
this precursive activity to the FOG mechanisms.

Generic geotechnical rockmass  Type and mechanism Precursors Representa | Failure
of FOGs tive mechani
ore bodies | sms
The VCR Hard Lava generic is Joint and stress fracture | Differential
characterised by irregular bedding | bound blocks. Movement

plane faults with frequent reef
rolls. The hangingwall is normally
jointed and non-bedded.
Fracturing is not always
developed, typically 0,05 m
spacing, not always dipping
towards the face. On a two-day
cycle, the closure rate could be as
high as 10 mm/day. Stoping width
is typically 1 m - 2 m with the reef
dipping at between 20° and 30°.
Repeated seismicity degrades
rockmass rating.

Dominant failure factors

Slope and terrace and bedding
plane faulting

Fractured quartzite beam, jointing
in lave

Pillow lavas

Unravelling, Wedge failure
from bedding plane fault.

Ramp structures (domes)

Mechanisms Reduced
friction coefficient

Change of confining force
Loss of cohesion

System stiffness in
order to determine
how long a
precursor would be
useful (seismic
velocity or RMR)
The stiffer the
system the less the
deformation before
failure and v versa

VCR generic is a
stiff system (rock
mass rating)
Release of energy
(acoustic)

Joint

Schematic of the VCR Hard Lava generic showing blocky
structure due to different sets of fractures together with joints.
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In the case of the Vaal Reef
generic, sliding and separation on
bedding planes, which are
approximately 0,3 m apart is not
uncommon. There is moderate
faulting. Extension fractures are
typically, 0,2 m or less apart and
orientated at 70° to 80° dipping
towards the face. The shear
fractures are about 3 m apart and
dip in the opposite direction.
Blocks have therefore
parallelogram or triangular
shapes. On a two-day cycle,
closure rates could be as high as
20 mm/day to 30 mm/day.
Stoping width and reef dip are
typically 1 m and 15° respectively.
Repeated seismicity degrades
rockmass rating.

Dominant failure factors

Bedding (cross bedding, Zandpan
marker)

Horizontal deformation

High frequency faulting

Various forms of beam
failure

Joint, stress fracture and
bedding plane bound
blocks.

Mechanisms

Prevention of

horizontal deformation can
cause buckling failure

Horizontal shearing on
bedding planes causes
vertical deformation

Vaal Reef generic is
a soft system (rock
mass rating)
Measure the
horizontal
deformation on
bedding planes
(Time domain
reflectometry)
Differential
Movement (to be
developed)

Crushing of face,
crushing of drill
holes (observation,
acoustic seismic
velocity)

Some
Kimberley

Reefs fall

n

=into

L. the Vaal
| Reef

“..| generic

category.
In F State,,

A and B
Reefs.

Schematic of the Vaal Reef generic.
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The Carbon Leader Reef
hangingwall exhibits intense and
complex hangingwall fracturing
(0,12 m or less apart) including
shallow dipping and flat fracturing.
It is characterised also by few
faults and occasional bedding
planes. On a two-day cycle, in
backfilled stopes, closure could be
as high as 10 mm/day. Non back-
filled stopes could experience
closure in the region of 50
mm/day. The dip of reefis
generally 22°. Repeated
seismicity degrades rockmass
rating. Falls of ground are
generally due to the loss of
undercut allowing incompetent
(equivalent of Green Bar) material
to fail.

Dominant failure factors

Failure of first or second bedding
plane bounded beam which is
highly fractured.

Joint, stress fracture and
bedding plane bound
blocks

Factory roof fallouts

Mechanisms

Reduction of horizontal
stress i.e. loss of,
hangingwall continuity

Unfavourable stress
fracture orientation, (toe of
panel, gully face
intersection)

Measure horizontal
stress (seismic
velocity, can you
link to closure)

Planarity of
hangingwall
(measure)

Beam thickness in
WAF and Basal
also thickness of
WAF or shale
(measure, GPR)

Beddin(
/
/

Green Bat >

Extension fracture———»

Low angle fractur

Schematic of the Carbon Leader generic.

Other reefs
classified under

. the Carbon

Leader generic
are Basal Reef,
Main reef, certain

1 Elsberg Reefs,

Bird Reef and

“| Doornkop Reef.

Perhaps Soft
VCR

Massive siliceous Reefs
Partially bedded quartzite
hangingwall with well
developed jointing.

Dominant failure factors

Wedges formed by a combination
of joints and bedding

Joint, stress fracture and
bedding plane bound
blocks

Stress fractures, faults and

bedding

Differential
Movement

System stiffness in
order to determine
how long a
precursor would be
useful (rock mass
rating)

The stiffer the
system the less the
deformation before
failure and v versa

Massive siliceous

Elsburg, UEla
Bird Reefs,
South Reef,
Main Reef,

Government
Reefs
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Reef
generic
is a stiff system

Release of energy
(acoustic)
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The UG2 generic is characterised | Cantilever failure Acoustic Chrome LG8,

by a jointed blocky hangingwall Joint and layer parallel Failure of panel

with ogcasflonal rolls. At depth, bound blocks span i

fracturing is not always Small scal curved —measure

developed. An important feature Struct K "

is the presence of a variable ruc ure§ rockmass frating Chrome str nge
variable spacings in the Overhanging faces (acoustic, [seismic

hangingwall. If close to the UG2 | Faijlure of panel span velocity and rock 70-80 deg
reef, beam failure can occur. The | premature failure of mass rating)

closure rate is influenced by depth support Pillars as brecursor

and the presence or absence of p_p

large thrust structures (domes) Variable rock mass (measure

Excessive closure and differential properties radial defprmation

movement means instability. of pillars

Stop_ing width is t_ypi_cally Im-2 and obser}ation,

m with the reef dipping at between photography

5% and 15°. Schematic of the UG2 generic.

Dominant failure factors

Cantilever and block failure.

Beam thickness, parting

thickness, cohesion, jointing,

Rock mass rating vs. stand up

time

The Merensky Reef is Failure of panel span Failure of panel Failure of panel span —measure Other mines,

characterised by a jointed blocky Premature failure of span .

hangingwall with occasional rolls. support —measure rockmass rating

At depth, fracturing is not always . rockmass ratin

developed. The closure rate is Anothgsne as A i g ,

influenced by depth and the Hangingwall coustic Join
presence or absence of large Large wedge failure W

thrust structures (domes)

Excessive closure and differential

movement means instability.

Stoping width is typically 1 m - 2

m with the reef dipping at between 70480

50 and 15°.
Dominant failure factors
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Jointed blocky failure, wedge
failure. Multiple joint sets make it
worse.

Joint cohesion.
Failures on Faults.
Presence of Anothosites

Schematic of the Merensky Reef generic.

Presence of Thrust structures
(domes) — high closure and
differential closure.

The UG2 generic is characterised
by a jointed blocky hangingwall
with occasional rolls. At depth,
fracturing is not always
developed. An important feature
is the presence of a variable
number of chrome stringers with
variable spacings in the
hangingwall. If close to the UG2
reef, beam failure can occur. The
closure rate is influenced by depth
and the presence or absence of
large thrust structures (domes)
Excessive closure and differential
movement means instability.
Stoping width is typically 1 m - 2
m with the reef dipping at between
5°and 15°.

Dominant failure factors
Cantilever and block failure.

Excessive closure. Beam
thickness, parting thickness,

Rotational failurew

Cantilever failure

Joint and layer parallel
bound blocks

Small scale curved
Structures

Wedge failures
Overhanging faces
Failure of panel span

Widespread closure
Measured

Identification of
small

scale

Curved jonts —leave
pillar

GPR

Closure on support,
noise from

support

Acoustic

Failure of panel
span —measure
rockmass rating
anomalous closure
Pillars as precursor

(closure , acoustic
a GPR)

Chrpme

70

hrol

80

Schematic of the UG2generic
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cohesion, jointing, Rock mass
rating vs. stand up time

Presence of Thrust structures
(domes) — high closure and
differential closure.

The Merensky Reef is
characterised

by a jointed blocky hangingwall
with occasional rolls. At depth,

fracturing is not always
developed.

The closure rate is influenced by

depth and the presence or
absence

of large thrust structures (domes)
Excessive closure and differential
movement means instability.
Stoping width is typically 1 m - 2
m

with the reef dipping at between
5° and 15°.

Dominant failure factors

Excessive closure Jointed blocky
failure, wedge failure.

Multiple joint sets make it worse.
Joint cohesion.

Failures on Faults. Presence of

Anothosites

Rotational failure

Cantilever failure

Joint bound blocks, wedge
failure

Small scale curved
Structures

Wedge failures
Overhanging faces
Failure of panel span

Widespread closure
measured

Identification of
small

scale

curved jonts —leave
pillar

GPR

Closure on support,
noise from

support

Acoustic

Failure of panel
span —measure
rockmass rating
anomalous closure

(closure , acoustic
a GPR)

Schematic of the Merensky Reef generic.

Joint

70
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Generic coal measures are
characterised by a bedded
sandstone — shale roof with
bedding thickness of > 0.3m
left in the roof. Joint sets are
encountered which can lead
to instability (slips)
Occasional presence of high
horizontal stress.

Dominant failure factors

Soft sedimentary structures,
Shale/coal roof. Delamination

and buckling. Water pressure.

Stooping

Wedge failure one
plane is bedding
Cantilever failure

Buckling
Sill snap through
Guttering

Cohesion between
bedding

opening up,
delaminating.
Sensed by acoustic

Feeler gauge
Tell tale

Acoustic energy
meter

Drilling penetration
rate

Extensometers

When guttering
present beam

bending, buckling,
hinge point failure

Low angle fractur ———————>_

Shale

Sandstor

LI tale

the parameters considered include the following:

e Orientation and the degree of fracturing;

» Orientation and the degree of jointing;

e Extent of bedding and distance from skin of exdawat
« Extent of fracturing;

e Stoping width; and

* Dip of reef.
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