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7.1 DEVELOPMENT

7.1.1  Support and Reinfor cement

The vast majority of underground excavation in mines is supported with one or more
support elements, where in general terms a support element is an individual component
such as a rockbolt, plate, mesh, cable etc. A support system includes one of more of
these elements and the main function of these systems is to keep the excavation open
and to prevent fall of ground accidents. There are usually one or more types of support
elements and support systems which will outperform others with regards to site specific
ground conditions, working environment etc. The objective of this section is to attempt
to outline the available support and reinforcing elements and the methods for
determining a suitable support system.

All geotechnical information for the orebody or mine should be incorporated into a
geotechnical model. This model should be included in a Ground Control Plan for
reference of data, assumptions, implementation of support designs and monitoring of
performance. Documentation of al aspects of this design procedure should be
maintained for audit purposes, including plans indicating locations of different ground
conditions and support systems.

The magjor references for ground support design are included in the reference section.
The ‘Support of Underground Excavations in Hard Rock’ and ‘Cablebolting in
Underground Mines' are the two main sources of information, with reams of additional
information of rockbursts also available in the Canadian Rockburst Research Program.
The three programs frequently referred to in the * Support of Underground Excavations
in Hard Rock’ - DIPS UNWEDGE and PHASE?2 are also recommended.

721  Why?

Support is installed in mines to enable orebodies to be extracted efficiently and safely.
This involves obtaining permission to mine, physicaly keeping the access excavations
open and preventing fall of ground accidents.

Sections 7 and 8, Page 1
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7.2.1.1 Legidativereasons

Applications to mine orebodies (Notice of Intent) submitted to the DME generally
include a section on the geotechnical aspects of mining. This should indicate how the
orebodies are planned to be extracted efficiently and safely. There is every likelihood
that the DME would reject applications which did not satisfy the safe mining objective.
To satisfy the fall of ground accident prevention aspect, the application should include a
geotechnical model, including indications of rock mass properties, the response of the
rock mass to mining and the support and reinforcement methods planned to reduce falls
of ground, collapses and subsidence.

7.2.2.1 Access

A primary reason for installing for support is to establish and maintain access to enable
extraction of economically mineable orebodies. If the support requirements are too
extensive and expensive the orebodies might become uneconomic to mine. If support is
insufficient and/or ineffective accidents could occur resulting in temporary or
permanent closure of the mine.

It is therefore in everybody’s interest to design, develop and install the most cost
effective system for the prevention of falls.

7.2.3.1 Safety and productivity

In this day and age, a stated industry objective has been to make underground workings
as safe as surface working environments. Supported rock is safer than unsupported rock
and the benefits of support, especially steel bolts and mesh, have been significant in
accident reduction. The cost of fall of ground accidents is considerable — figures quoted
for a fatal accident range up to the cost of one month’s production. Increased safety,
however, results in improved workforce morale and hence productivity.

Safety isamajor factor in support design and increased requirements for the prevention
of, even minor, fall of ground occurrences can dominate support systems. Whilst
support can be designed according to methods described later, recent movements
towards ever safer mining practices have led to a more holistic approach being required.

Sections 7 and 8, Page 2
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It is also important to bear in mind the cost of rehabilitation and remedia support.
Excavations not supported for the required life could require re-supporting, in effect the
excavation will have been supported twice. Correctly designed support installed to high
standards during the excavation stage should remove the future requirement for
remedia support. Correctly designed and installed support aso reduces delays due to
additional inspection and scaling.

7.3.1 Support Types

Many different types of support are available and when the combinations are considered
there are hundreds of support systems possible. Support has been installed in mines
ever since mining commenced many thousands of years ago, consisting of timber poles,
stone/brick packing and pillars. The objective of support system design and installation
was, and gtill is, to establish and maintain safe economic access to the orebody.

The attached list includes many of the currently available elements for both
development and stoping excavations. Thislist is by no means exhaustive and there are
also many more variations to support elements on the list. Descriptions for a selection
of these elements are also included in 'Support of Underground Excavations in Hard
Rock’, and more detailed descriptions on cable bolts in the 'Cablebolting in
Underground Mines book by Hutchinson and Diederichs.

Each of these support elements has specific properties and load displacement
characteristics which will provide one or more of the 3 primary support functions, i.e. to
reinforce the rockmass, to retain broken rock and to securely hold rock, loose rock or to
tie back the retaining elements. Typical properties are outlined in the table below.

Characteristics of Typical Support Elements

Support Support Function
Characteristic | Reinforcing Retaining Holding
stiff grouted rebar shotcrete grouted rebar
soft - mesh long mech. bolt
strong cable bolt reinforced shotcrete cable bolt
weak thin rebar #9 gauge mesh split set
brittle grouted rebar plain shotcrete grouted rebar
yielding cone bolt chain link mesh yielding Swellex
(after CRRP 1996)

Sections 7 and 8, Page 3
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In addition, the load displacement performance of support elements should be
considered — especially in relation to rock mass deformation. High expected rock mass
deformations need to be matched to high displacement limits.

L oad Displacement Parameters of Support Elements

Description Peak Load | Displacement Energy
(KN) Limit Absorption
(mm) (kJ)
19mm resin grouted rebar 120-170 10-30 1-4
16 mm cable bolt 160-240 20-40 2-6
16mm 2m mechanical bolt 70-120 20-50 2-4
16mm 4m debonded cable bolt 160-240 30-50 4-8
16mm grouted smooth bar 70-120 50-100 4-10
split set bolt 50-100 80-200 5-15
Yielding Swellex 80-90 100-150 8-12
Yielding Super Swellex 180-190 100-150 18-25
16mm cone bolt 90-140 100-200 10-25
#6 gauge weld mesh 24-28 125-200 2-4/m’
#4 gauge weld mesh 34-42 150-225 3-6/n?
#9 gauge chain link mesh 32-38 350-450 3-10/m?
shotcrete and weld mesh 2xmesh < mesh 3-5xmesh
(after CRRP 1996)

Sections 7 and 8, Page 4
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7.4.1 Support Design

A few techniques are available for the determination of support requirements and
support system design, including a few rules of thumb, empirical analyses using rock
mass classification data and designs incorporating all available information.

The decisions to be made regarding the support system involve the type of support
elements, the length of support element, the spacing between elements, and, if required,
the thickness of shotcrete.

7.4.1.1 Rulesof thumb

Some of the most basic methods of design, used for many years and still good for an
initial design estimates, are the rules of thumb indicating the length and spacing of
support element relative to excavation size. These rules were developed with
experience gained in mines prior to the implementation of engineering design methods.
The designs are suitable in the mgjority of conditions but should not be used for design
purposes in this day and age without confirming the suitability of the design with other
methods.

One rule of thumb is that the length of the support element should not be less than one
third to one half the width of the excavation and the spacing between the bolts should
not be less than half the bolt length. For example; a 6m x 6m drive would have 3m
bolts on a 1.5m spacing. This rule has been applied to devdopment and service
excavations in South African mines for many years.

An additiona provision to this rule is that the bolt spacing should be less than or equal
to 4 times the average size of potentially unstable blocks.

Another rule indicates; 1.5m (5 feet) bolts for excavations less than 2.4m (8 feet); 1.8m
bolts for excavations between 2.4m and 3m (8 to 10 feet); 2.4m bolts for excavations
between 3m and 4m (10 to 12 feet) and 3m bolts for excavations greater than 4m (12
feet), with all bolts spaced at 1.2m (4 feet). This rule is applicable in mines where all
development is undertaken using hand held airleg machines.

Sections 7 and 8, Page 9
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7.4.2.1 Rock mass classification methods

The rock mass classification methods described in an earlier section can be utilised for
excavation support estimation. It should be noted that these empirical methods are very
generalised and the conditions at a particular site could be outside the applicability of
the methods. Some were also designed for Civil Engineering applications. These
methods use a limited number of rock/rock mass properties —whereas to fully describe a
rock mass would require details of at least than 40 parameters.

74211 RSR

Wickham's Rock Structure Rating classification method contains a system for the
design of support for tunnels. This is not widely used, having been eclipsed by the
more detailed Q, RMR and MRMR systems.

74212 Q

Rock mass classification using Barton's 'Q' system can be utilised to design the length
and spacing of bolts and thickness of shotcrete for underground excavations. The
additional factors which have to be taken into account include the size of excavation and
the planned function of the excavation. To relate the Rock Tunnelling Quality index, Q,
to support requirements requires the calculation of the equivalent dimension, De, and the
excavation support ratio (ESR). The value of the excavation support ratio is related to
the required lifespan and function of the excavation. Support length, support system
design and maximum unsupported spans can all be estimated using the ESR.

Excavation Category ESR

A | Temporary mine openings 3-5

B | Permanent mine openings, water tunnels for hydro | 1.6
power excluding high pressure penstocks, pilot
tunnels, drifts and headings for large excavations

C | Storage rooms, water treatment plants, minor road | 1.3
and railway tunnels, surge chambers, access tunnels

D | Power stations, major road and railway tunnels, | 1.0
civil defence chambers, portal excavations

E | Underground nuclear power dtations, railway | 0.8
stations, sports and public facilities, factories
After Barton (1974)
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_ Excavation Span, Diameter or Height (m)

and D, : .
Excavation Support Ratio (ESR)

The length of support calculation follows - please note that this can drastically
underestimate support requirements relative to current safety attitudes and requirements
for the prevention of fall of ground accidents. The maximum unsupported span can
similarly overestimate the rock mass strength (where MUS = 2 x ESR x Q%4).

—
I

2 +0.15B
ESR

Where L = length of support item and B = width of excavation

The Equivalent dimension can be used in combination with Q to estimate support
requirements, as per attached Figure 1. This graphical method enables the support
requirements to be estimated with regards to bolt length and spacing, shotcrete thickness
etc. It should be noted that category 4 could aso include the option of alternative areal
coverage using mesh and/or straps - the updated design chart was specifically drawn up
for shotcrete. A recent, 1996, paper by Barton covering the NMT is referenced.

74213 RMR

Bieniawski's RMR method or rock mass classification can be used to estimate support
requirements in relation to the calculated RMR value. The table below has been copied
from the reference document 'Support of Underground Excavationsin Hard Rock'.

Note that the designs are for 10m span rock tunnels, with a possible tendency to under-
estimate support in the better ground categories.
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Guidelines for excavation and support of 10m span rock tunnels in accordance with the
RMR system

Rock mass  |Excavation Rock bolts (20mm Shotcrete Sted sets
class diameter, fully grouted)
| - Very good |Full face, 3m advance Generally no support required, except spot bolting
rock
RMR 81-100
Il —Good rock |Full face. 1-1.5m advance. Locally, boltsin crown 50mmin crown |[None
RMR 61-80 |Complete Support 20m fromface |3m long, spaced 2.5m where required
with occasional wire mesh
Il - Fair rock |Top heading and bench. 1.5-3m Systematic bolts4m long, [50-100mmin  |None
RMR 41-60 |advancein top heading. Commence |spaced 1.5-2mincrown |crown and
support after each blast. Complete |and wallswith wire mesh |30mm in sides
support 10m from face. in crown
IV — Poor rock | Top heading and bench. 1.0-1.5m  [Systematic bolts 4-5m 100-150mm in |Light to medium ribs
RMR 21-40 |advancein top heading. Install long, spaced 1-1.5min crown and spaced 1.5m where
support concurrently with crown and walls, with 100mm in sides |required
excavation, 10m from face. wire mesh
V —Very poor (Multiple drifts. 0.5-1.5m advance [Systematic bolts 5-6m 150-200mmin |Medium to heavy ribs
rock intop heading. Install support long, spaced 1-1.5min crown, 150mm |spaced 0.75m with
RMR <20 concurrently with excavation. crown and walls with wire |in sides and steel lagging and
Shotcrete as soon as possible after  |mesh. Bolt invert. 50mmonface [forepoling if required.
blasting. Close invert.

(After Bieniawski, 1989)

74214 MRMR

Laubscher's MRMR method can also be used to determine support requirements based
on support systems used in other mines with similar ground conditions. Copies of the
relevant tables and graphs from Laubscher's 1990 paper are attached. Tables IX and X
(Figures 2 and 3) describe relationships between Rock Mass Ratings, Mining Rock
Mass Ratings and various support techniques. Relationships between the design rock
mass strength (DRMS) and the maximum stress and mining environment stress are also
indicated in Figures 4 and 5, for various support techniques.
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7.4.3.1 Numerical methods

Numerical design of rock support required to prevent dippage along planes and falling
of wedges is described in Hoek and Brown, 'Underground Excavations in Rock'. There
are software packages available to calculate wedge sizes, support requirements and
factors of safety.

74311 UNWEDGE

UNWEDGE is an example of a commercial program for support design. This software
can utilise input from the structural joint analysis program DIPS or joints can be input
manually. The geometry of an excavation is entered into the program either manually,
or via a dxf file, and various support options can be assessed. The program accepts
various bolt types, e.g. frictional, end anchored, with or without plates and with or
without shotcrete. The type of bolt and the load bearing capacities, spacing, length and
installation angle of the bolts can then be altered to investigate the sensitivity of factor
of safety to different systems. The best way to learn the use of UNWEDGE is to assess
various alternative support scenarios, commencing with the basic standard support for a
particular mine.

74312 FLAC, PHASEZ etc

Geotechnical simulation packages such as FLAC and PHASE2 can be used to assess the
applicability and response of support to changing stress environments. These analyses
will generally require a relatively long time to conduct and the accuracy of the results
will be controlled by the rock mass properties. Rock mass properties at the periphery of
excavations are not easily determined and hence the response of the rock mass aone to
stress changes is difficult, even without consideration of support.

The programs can indicate the relative difference in deformation expected for
unsupported and/or unreinforced excavations as opposed to reinforced and/or supported
excavations.

More realistic results would be obtainable using 3-Dimensional programmes such as
FLAC-3D and 3-D finite element programs, but the time required to set up and run
simulations only make this worthwhile for very high capital intensve programmes such
as underground power stations, public stadiums, nuclear repositories etc.

Sections 7 and 8, Page 13



Australian Centre for Geomechanics Excavation Engineering for Underground Mines
Mike Turner Excavation Support Analysis

7.4.4.1 Holistic, site specific

Sole use of one of the previously discussed methods could easily produce a support
system which does not take into account all major factors. Idealy the support system
should be designed taking account all of the following factors,

Rock Mass Properties

Excavation Size and Shape

Planned Life and Function of Excavation
Excavation Orientation

Previous Support Performance
Legislated Guidelines

Corporate Requirements

Contractual Limitations

Stress

Rock Mass Deformation

Seismicity

Groundwater (flow rates, pressures and corrosiveness)
Excavation Method

Availability and Cost

Air Quality

These issues are briefly discussed below.

7.4.4.1.1 Rock massproperties

Rock mass properties should aways be taken into account when designing support
systems for underground excavations. As detailed previously the Q, RMR and MRMR
systems of rock mass classification are all useful empirical methods of grouping the
rock mass into categories with similar strength properties. Additiona properties
required for specific sites could include Fracture Toughness and other tests for the
determination of strain burst proneness, slake durability to determine susceptibility to
weathering and mineralogical evaluation to determine the presence of swelling minerals
etc etc. The requirement for some of these tests only becomes apparent following drill
core deterioration and problems during excavation. Local knowledge of rock behaviour
IS very important.
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7.4.4.1.2 Excavation size and shape

Large excavations expose more structural weaknesses and, in high stress environments,
the depth of fracturing may extend further into the rock mass. This may require longer
bolts for stabilisation.

Narrow excavations may aso limit the choice of support elements due to equipment and
space limitations. Narrow excavations could also enable other elements to become
useable, such as hand installed units, props etc. The shape of excavations in relation to
foliation could require support elements in the back to be installed at an angle other than
perpendicular to the wall. Bolts installed along foliation are not as effective as across
foliation and designs should always bear thisin mind.

7.4.4.1.3 Planned life and function of excavation

The required or expected life and function of an excavation, together with the
environmental conditions and future access, must be considered when determining the
most suitable support elements. Re-support and rehabilitation of excavations is
expensive - the correct support installed to high standards the first time around will be
more cost effective.

An excavation with a limited life span might be supportable with split sets as the main
support item. The workable life of this type of unit could range from only a few months
to a few years and is dependant upon individual site conditions. Excavations with
required lifespans of twenty or more years should be supported with fully grouted,
galvanised or stainless steel systems, dependant on the environment.

Areas which are required to last many years, and to which access will be lost, may
require upgraded and corrosion proof systems. Shotcrete and concrete are long life
systems suitable for drives and service excavations. Long life requirements should be
specified in the material specifications - some additives can reduce the life of concrete
and shotcrete. In some situations the use of concrete and shotcrete is impractical, e.g.
raisebored ventilation shafts and timber lined hoisting shafts. A more suitable system
could incorporate heavy gavanised fully grouted bars and plates (varying grades of
gavanising are available - the more you pay the more you get), stainless steel expanded
mesh, with additional corrosion protecting paint. Thicker steel, than that required for
support purposes, for bars and mesh is one method of extending life. These types of
support systems may seem like over-support on a grand scale but a collapse in an
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inaccessible ventilation shaft or ventilation drive could cost millions of dollars to
rectify.

The use of an excavation for LHDs and/or trucks could aso influence the support
design. Elements which lose all functionality when a truck collides with the wall and
removes plates or connections may require aternative support elements which function
without plates or could require an additional protective coating of shotcrete.
Drawpoints have similar requirements — support must be LHD and blast proof.

7.4.41.4 Excavation orientation

Excavations can be stable in one orientation yet unstable in another. The support
requirements for aternative orientations could therefore vary considerably. The
presence of major structures within the rock, the virgin and mining induced stress fields
are mgjor factors determining stability and support requirements relative to orientation.
Also important is local knowledge regarding the stability of excavations in similar
conditions.

In many situations, development (and other excavations, including stopes) across
foliation and paradlel to the major principal stress is the most stable orientation,
requiring basic support. Excavations developed paralel to the foliation and
perpendicular to the major principa stress could require additional bolts along the
sidewalls to prevent slabbing failure, additional bolts and mesh across the backs and
cornersto prevent small wedges, and overall mesh coverage to prevent falls occurring if
the area becomes de-stressed due to mining (normal stress across foliation reduced or
even removed).

7.4.4.1.5 Previoussupport performance

Knowledge of the performance of avariety of support el ements at the mine will assist in
determining the support system. This relates to the ability to retain and hold smaller
blocks, bolt failure mechanisms, optimum installation orientation, corrosion
susceptibility and ease of installation.
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7.4.4.1.6 Legislated guidelines

Legal guidelines for minimum support standards are aready in place and could become
more detailed in the coming year with the MOSHAB Code of Practice. This should not
have the effect of removing engineering input into design. One of the main objectives
of the Code of Practice is to ensure sufficient geotechnical or other satisfactory
engineering input into support system design. Where there is no engineering input the
guidelines could require the blanket installation of mesh (for example). With sufficient
geotechnical input the DME could accept minima support, if this is proven to be
enough to prevent falls of ground.

7.4.4.1.7 Corporaterequirements

Corporate standards may require far more support than is actualy determined from
geotechnical evaluation. A requirement for bolt and mesh in all development areasis a
corporate requirement at some WMC mines for example. There are areas where thisis
oversupport by an order of magnitude. The time and hours required to alter corporate
requirements should be weighed up against possible cost savings, perceived risk of fall
of ground accidents (however minor), and reluctance of mine management to accept
additional risks (re: public opinion, share price €tc).

7.4.4.1.8 Contractual limitations

Existing contractual agreements exist on mines and whilst these should not affect
support design they can in practice have an impact. A contract could, for example, only
include contractual agreements for split setsand resin grouted rebars, whereas a design
analysis indicates HGBs are more suitable. Contractual re-negotiation is aways
possible even though it could take up (sometimes reluctant) management time.

74.4.19 Stress

The design of support systems should take into account the virgin stress regime, mainly
to determine the expected magnitude of rock mass deformation and susceptibility to
seismicity. Maximum Principal Stress levels approaching UCS/2 should indicate that
rock mass deformations could be a critical aspect when designing support. Virgin stress
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fields can be very variable due to the influence of geological structures and history.
This should always be noted when interpreting stress fields into new areas.

Stress magnitudes and directions can change considerably with the commencement of
stoping operations. Mining induced stress changes can be estimated using numerical
modelling methods. This is particularly necessary close to large stoping excavations in
high stress areas. Relating these stress changes to rock mass deformations and
movement should indicate the most suitable reinforcing and/or support systems.
Calibration of numerical modelling results to underground rock mass deformation
monitoring enables more accurate prediction of deformation.

The total expected stress regime during the planned life of a stope access excavation
could typicaly include periods of increasing stress, changes in stress direction, peak
stresses and finally stress relaxation. This series of changes could, in turn, cause
clamping of wedges, dlabbing around pillars, increased fracturing in one or more
corners and finally increased falls of ground following the relaxation of stresses. If this
is known in advance, the support system would not rely on point anchored elements and
would include full column frictional or grouted elements plus mesh.

7.4.4.1.10 Rock mass defor mation

Matching rock mass deformation to support system capabilities is critical to the
effectiveness and life of support and reinforcing elements. In low stress areas this is
generally not applicable except where the stress regime becomes tensile and the rock
mass opens up on foliation or other major planes. As stress levels increase with depth,
or with the extent of mining, rock mass deformations can increase significantly. The
possible presence of rocks which exhibit creep or rapid deformation rates should also be
investigated. This type of rock behaviour would require yielding support to prevent
premature failure.

All support elements have a limited ability to cope with rock mass deformations,
ranging from tens of mm for fully grouted elements to a few metres for debonded,
yielding cables.

Prediction of rock mass deformations usng numerical methods is possible but can
greatly under-estimate deformations. If models have been calibrated with actual
deformations the predictions will be morereliable.
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Monitoring the response of the rock mass to excavation (including both the
development and stoping phases) is the practical method required to quantify
movement, although, obviously, this cannot be undertaken prior to mining. In currently
operating mines monitoring methods such as closure pegs between the walls and backs
of excavations, tell tale units installed with support elements, extensometers installed
into the rock mass, and general survey techniques can all be used. The results from all
these types of monitoring can be used for numerical model calibration.

Generally, the greater the expected rock mass movement the more critical this
component becomes in the choice of support due to the limited number of yielding
elements available.

Fully grouted elements such as mild steel rebar will cope with 30mm of movement per
crack or moving feature. Split sets and other frictional elements will yield for a few
hundred mm, at loads varying from 30 to 45 kN per meter of installed bar. The yield
capability of mechanical rockbolts and de-bonded rebar depends on the steel properties
and could range from 3 to 20% of the installed Iength (assuming the shell outperforms
the bar).

An example of the application of such information isto determine at what distance from
the face are hollow groutable bolts (HGBS) grouted. An example graph of measured
back deformation relative to the distance from the face is attached. From this graph the
initial deformation rate is steep, with 40mm of movement occurring within 6m of
measurements starting (pegs installed at face, first measurement 2m from face). This
deformation rate could cause premature failure of fully grouted elements within 10m of
the face. Working back from an estimated maximum back deformation of 80mm it can
be seen that HGBs should not be grouted closer than 8m from the face.
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7.4.4.1.11 Seismicity

If an excavation is expected to be exposed to seismic activity, additional importance
should be given to the ability of the support system to cope with rapid deformation.
Sidewall deformation can exceed tens of cm, at velocities greater than 3m/s, due to
seismic events. This can be analysed using the seismic section of the support resistance
methodol ogy, as discussed in the section 7.5, Support Effectiveness.

Bolts in seismic prone areas require rapid yield capabilities in excess of 30cm and the
surface retaining elements, such as mesh or fibrecrete also need to cope with similar
deformation (bulking). The complete support system should be strong, capable of
yielding and containing gected material and also capable of containing the bulked rock
mass.

Cone bolts, yielding cable bolts, long de-bonded tendons (cable, smooth bar or rebar),
diamond mesh and lacing are all suitable for rockburst protection of excavations. The
minimum combination would be cone bolts plus mesh. Mesh and stedl fibre reinforced
shotcrete are also suitable but non-reinforced shotcrete is unsuitable.
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7.4.4.1.12 Groundwater (flow rates, pressuresand corrosiveness)

The presence of groundwater, especially in areas of high flow rates, and high
corrosiveness due to low pH and/or high CI, tend to force the design of support systems
away from a reliance on thin walled steel support items. Opportunities do exist to
extend the life of thin walled units, such as the use of galvanised or stainless stedl,
cement grouting (with Split Sets for example), and corrosion resistant coatings (Swellex
for example). The workable underground life of such thin walled elementsin corrosive
environments is difficult to predict in laboratory conditions. Representative historical
test and performance data should be built up prior to total reliance on such systems. A
typical life of a thin walled unit in high salinity, and low pH conditions could be 12
months.

The quality of groundwater can also affect the strength of cementitious grouts. Test
programmes should be instituted to determine representative strengths of grout using
local water and cement supplies. If the tests indicate unsatisfactory strengths,
aternative water supplies or grouts should be assessed.

Fully grouted steel elements are generally considered to be more resistant to corrosion.
Corrosive groundwater will attack steel units where rock movements have cracked
grout, exposing steel - this could lead to premature failure due to general corrosion in
mild steel units or embrittlement in high tensile steel units.

Cable bolts are also susceptible to this type of corrosion but in addition can be corroded
from the inside out. Grouting of cable bolt units does not generally efect filling of the
internal, inter-wire voids, especially with the use of thicker grout mixes and grout-first
installation methods. Water exiting from the exposed end of the cable, or evidence of
previous water flow, is an indication that there is a possibility of internal corrosion.

Underground observations of previoudy instaled support are in many cases unable to
determine the extent of corrosion. If in doubt, the elements should be pull tested (which
only really assesses whether there isintact steel between the collar and a 50cm length of
grout) and/or replaced.

Sections 7 and 8, Page 21



Australian Centre for Geomechanics Excavation Engineering for Underground Mines
Mike Turner Excavation Support Analysis

7.4.4.1.13 Excavation method

Poor blasting techniques can cause extensive damage to the rock mass, leading to
increased support requirements. The ultimate objective of good blasting should be to
maintain the rock mass surrounding the excavation in an undisturbed condition,
facilitating the self supporting properties of the rock mass. At the other extreme the use
of Tunnel Boring Machines, raiseborers and roadheaders limit damage to excavations
but also have atendency to hide possibly critical discontinuities.

Good blasting techniques, including reduced periphera and penultimate hole charge
densities, well designed drilling patterns, explosive charges and hole timing can reduce
support requirements. Such techniques reduce the incidence of small blocks, increasing
the effectiveness of standard support patterns and reducing the need for systematic mesh
installation (for example). Management procedures for the monitoring and control of
overbreak are important to mine personnel involved in support design — overbreak could
be an indicator of poor blasting practice leading to additional support, or could even
indicate less competent ground conditions.

With many excavations requiring mesh to the face (for one reason or another), the
impact of blast damage on support elements is becoming more critical. 1f mesh or
hollow groutable bolts, for example, are being regularly damaged by blasting either the
blasting should be investigated or the support should be upgraded to cope, or a
combination of both. Upgrading mesh could resolve the blast damage problem but
cause installation difficulties, as could changing from HGBs to rebars - engineers and
management investigating changes to support items and support systems should
consider all aspects.

7.4.4.1.14 Availability and cost

In some regions certain support items will not be available or will be available at
excessively high costs. In these cases alternative support items should be utilised if
suitable. An example of thisis the use of pumped cement or cement capsules to replace
resin capsulesin hot, remote aress.

Equipment availability should also be consdered — mining companies and contractors
do not always have finances for specialised equipment. Absence of a Rockbolting
jumbo could rule out resin capsules as a first line support. Specidised shotcreting or
cable bolt grouting and tensioning equipment are also items of equipment not held as
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stock by most mining companies. Contractors are, however, usualy available in
Australia to supply and operate al types of equipment, albeit at sometimes elevated
cost. Sometimes increased support costs can mean increased output, safety and reduced
dilution —all aspects should be considered before writing off certain support systems.

7.4.4.1.15Air quality

The installation of thin walled support elements in return/exhaust airway environments
will generally lead to a reduced workable life due to increased humidity. Fully grouted
elements would be more suitable for longer life in harsher return air environments.
Differing grades of stainless steel and galvanised bolts are available, or could be made
up, for long term installations, e.g. in return airways in blocky ground. Other options
could include greasing or other protection of exposed surfaces and shotcrete or polymer
membranes.

75.1 Support Effectiveness

Design of support systems is not the end of the story. Engineers designing the support,
operators installing the support and managers controlling underground mines are all
legally and morally bound to ensure such designs and recommendations are followed
through effectively.

7.5.1.1 Installation procedures

The crews installing support, whether they are contractors or mining company
employees, should have written procedures for the installation of all support elements.
These procedures should have been developed by the contractor, mining company or
support supplier and should have been checked by all parties. The procedures should
also be checked by safety, occupational health or loss control departments.

Regular audits to determine whether written procedures are being adhered to are also
recommended, especially following changes in contractors, management, other staff or
ground conditions. Variances to agreed procedures and required changes should be
communicated as soon as possible - delays could indicate your acceptance of lower or
changed procedures. Difficulties in following set procedures could also require re-
design of support systems to ensure areas are supported effectively and efficiently.
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7.5.2.1 Testing programmes

Regular test programmes are required to determine the effectiveness of material
specifications and installation procedures. This should include regular pull testing
programmes (support suppliers should be willing to assist and co-operate in this regard),
regular testing of grout cubes, shotcrete panels and cubes, and material testing of steel
elements at suitably certificated |aboratories.

If support materials or installation standards are consistently lower than those specified,
changes could be required to support suppliers, elements or systems. Lower shotcrete
strengths could require increased thickness to compensate.

7.5.3.1 Support resistance

The support resistance of a support system can be used to compare the relative strength
of systems. The support resistance capacities of support systems required to retain
specific blocks and thicknesses of rock can also be calculated from individua bolt
strengths. Required installation patterns can be determined from this information.

The attached figure on the function of local support indicates the basics of the support
resistance calculation. Both the rock load to be supported and the support capacity are
rationalised in terms of force per unit area, KN/n.

Example:

A mine has historical dataon fall of ground incidents accidents that indicate that 98% of
falls are caused by slabs/beams of rock with athickness of 0.75m or less. Assuming the
density of rock is 3.0 the support will have to carry a load exceeding the deadweight of
such beams;

= rgh = 30x1000x9.81x0.75 = 22 kN/m?
where r = density of rock (kg/m3)
g = acceleration due to gravity
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and h = thickness of beam
assuming a corporate factor of safety = 2
load to be supported by system = 2X 22 = 44 kN/nf

(i.e. required support resistance)

Assuming the beam is relatively continuous between support elements and that 10 tonne
(100kN) point anchored bolts are the support element of choice;

capacity of bolt = 100 kN
required bolts per m* = 2x2 = 0.44 bolts/n?
100
the area per bolt = 1/0.44 = 2.27m’/bolt
and  ..required bolting pattern = 02.27 = 1.5mx 1.5m

This calculation could have been calculated in reverse order. For example an area is
currently bolted with 190 kN fully grouted rebars on a 2m pattern — is the support
system sufficient?

support resistance of current system = 190 = 47.5 KN/m?
2X2
Thisisin excess of the required 44kN/n¥ so the system is also sufficient.
Support resistance requirements can also be increased to take into account of additional

seismic related forces. The formula for calculating the required support resistance
becomes,

V2
i = 1+ h
support resistance [ 2qd Jpg
where % = velocity of rock

and d distance rock can travel (= yield capacity of support)
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Example:

The same mine as in the previous example, with a seismic velocity of 3m/s and rock
movements of 0.05m, 0.1m and 0.3m (fully grouted bar, mechanical rockbolt and cone
bolt, with load capacities of 170, 120 and 140kN respectively).

32
The required support resistance = (1 + mj3X1000X9-81X 0.75

(1+ %jzz
d

224kN/m? for d = 0.05
= 123kN/m? for d = 0.1
and =56kN/m*ford=0.3

Applying afactor of safety of 2;
the required support resistances = 448kN/m? for d = 0.05

= 246kN/m? for d = 0.1
and =112kN/m?ford=0.3

Assuming mesh is installed for all systems, with a support resistance of 25kN/m?, the
support resistances required from the bolts are;

= 423kN/m? for d = 0.05
= 221kN/m? for d = 0.1
and =87kN/m*ford=0.3

The bolt spacing therefore;

0.63m x 0.63m for the grouted rebar

0.73m x 0.73m for the mechanical bolt

|
N
N
H

1

= — = 1.26m x 1.26m for the cone bolt
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This smplified example illustrates the advantage of yielding support systems — they are
capable of far greater work loads than non-yielding bolts and systems. Good references
for this type of analysis are the South African ‘An Industry Guide to Methods of
Ameliorating the Hazards of Rockfalls and Rockbursts’, 1988, and the ‘Canadian
Rockburst Research Program’ Summary document, 1990-1995. Cone bolts and
Yielding Super Swellex are examples of strong, yielding elements which are suitable for
rockburst conditions.

Various examples for support resistance/pressure are attached at the end of this section,
including typical calculated values for common rockbolts, steel sets, mesh, shotcrete
and concrete.

7.5.4.1 Factor of safety and risk assessments

Factor of safety calculations, probability of failure and acceptable risk categories are all
additional methods of determining whether the support system will be suitable and
acceptable.

Factors of safety and probability of failure are discussed in Chapter 2 of ‘Support of
Underground Excavationsin Hard Rock’. A factor of safety isequal to the strength of a
system divided by the load of the system,

For example, Factor of safety = Strength of bolt
Load required to just prevent wedge from falling

and Factor of safety = Strength of Pillar
Stress on Pillar

The probability of failure isbased on the distribution of strengths and loads e.g. pull test
results and historical data on the height/weight of all observed falls of ground. These
two distributions are then used to build a distribution for the factor of safety (reference
page 17 of ‘Support of Underground Excavations in Hard Rock’). From this type of
distribution the percentage of samples with a factor of safety of less than 1 can be
calculated, hence the probability of failure.

Risk assessment is a subject on its own, involving the building of matrices relating the
probability of an event occurring to the effect and cost if the event occurs.

Sections 7 and 8, Page 27



Australian Centre for Geomechanics Excavation Engineering for Underground Mines
Mike Turner Excavation Support Analysis

8.1 STOPING

In addition to the support and reinforcement elements, previously mentioned for use in
development, there are support systems suitable for use only in certain stoping
operations. These systems include pillars and backfill. Cable bolts and hydraulic props
are also discussed in greater detail.

Stoping excavations are large compared to most devel opment excavations but design of
support systems follows the same format, rules and procedures.

811 Why

In addition to the requirement to enable safe access to orebodies, there is dso a
requirement to limit dilution and alow flexibility with regards to mining method.

Stoping excavations are generaly larger, in at least one dimension, than development
excavations. Short support elements and retaining methods such as mesh and shotcrete,
are only applicable in relatively small sections of stopes. The importance of longer
elements, such as long cable bolt reinforcing, regional support in the form of pillars and
backfill, increases with the size of stopes and total area/volume mined.

The design stage of stoping, including the location of access development, the choice of
mining method and mining equipment and optimisation of the extraction sequence all
become increasingly important due to the difficulty in supporting these large
excavations. The option of using remote access equipment has increased the safety
aspect of some mining methods, but the support and reinforcement design must still be
weighed against the cost of equipment damage, the cost of dilution and the cost of lost
production due to collapse.

8.2.1 Support Types

In addition to the standard support and reinforcement items used in development,
stoping operations also utilise pillars and backfill. These, together with additional
comments on hydraulic props and cables are discussed below.
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8.2.1.1 Tendon, stedl, timber and concrete support

The list of support included in the previous chapter includes all support and
reinforcement items which could be used in stoping operations.

8.2.2.1 Pillars

Pillars can be considered as a passive support system, designed to control or limit
movement in the hangingwall, footwall or orebody (crown or sill pillars) of stoping
areas.

Pillars can function to stabilise hangingwalls, footwalls, crowns, weak structures such as
faults, and to protect underground infrastructure such as shafts, development traversing
orebodies, and surface infrastructure. Regiona pillars can aso function to separate the
effects of one mining region on another. The pillar design formulae described below
are applicable for al pillars, but this section isaimed at internal stope stability pillars for
hangingwall and footwall stabilisation. One of the functions of pillars in stoping
environments is to reduce the hydraulic radii of hangingwalls and crowns. Reference
should be made to the attached section of ‘Cablebolting in Underground Mines' to the
application of the hydraulic radius method.

A few standard empirical formulae are used to estimate pillar strengths. The pillar
strength is then related to the expected pillar stresses and factor of safety determined.
The mgjority of pillar design work has been conducted for coal mines, where room and
pillar mining is used on a large scale. These formulae consider the internal pillar
strength, not the possibility of punching into the footwall or hangingwall. When the
orebody is stronger than the footwall or hangingwall, and small, high stress pillars are
planned, the possibility of pillar punching should be considered.

An example of arule of thumb for pillar stability isacritical stresslevel of 2.5 times the
UCS for regiona pillars in deep South African gold mines, with alevel of 3.5 capable
of causing foundation failure. Another rule of thumb is that pillar with width to height
ratios of less than 2 will yield, of over 5 will be stable and from 2 to 5 require strength
calculations.

Pillar stress levels can be calculated from tributary area calculations for large areas, or
from numerical smulations using 2-Dimensional, e.g. FLAC, UDEC, EXAMINE,
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PHASE2, or, preferably, 3-Dimensiona software e.g. MAP3D, EXAMINE3D, FLAC3D,
3DEC, BESOL, MINSOL. Note that this list of programs only includes examples, and
does not include all available software. The methods of determining applicable stress
levels from the results of numerical analyses depends on the program, element size (if
applicable) and whether 'softer' material properties have been used on the pillar
peripheries. Elastic models for example will generally predict higher stress levels on
the pillar edge than experienced in real life due to the code not taking into consideration
varying levels of confining stresses.

Examples of pillar formulae are as follows. This is not a complete list of available
formulae but is the author's preferred list. For width to height ratios of over 5 the squat
pillar formula should be used and where the width to height ratio exceeds 10 the pillars
can be assumed indestructible. These assumptions and formula are generalisations and
all aspects of local conditions should also be considered when designing pillars. Stiff
pillarsincorrectly designed can fail catastrophically.

Salamon

Salamon and Munro’s study of coal mining pillar behaviour in the 1960s concluded
with an empirical formulafor pillar strength.

WO.46
Q = 72 H 0.66

Where Q = Pillar Strength (MPa)
W = PFillar width (m)
and H=Pillar Height (m)

This formula was derived for the square pillars typically used in coal mines. The
recommended design factor of safety is 1.6 for standard conditions but can range from
1.5 for better than average conditions to 1.7 for unfavourable conditions, e.g. internal
joint sets. These factors of safety were derived from statistica analyses of pillar
performance covering a large number of world-wide coa pillars. Comments from the
study regarding superimposition of pillars concluded that superimposition was not
necessary where the inter-orebody spacing was greater than twice the bord (room) width
and/or if the inter-orebody spacing was greater than 0.75 times the centre to centre pillar
gpacing. These generalised guidelines can be inapplicable for very high and/or
deviatoric stressfields.
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This formula and the recommended factors of safety are probably as good a starting
point as any for the design of pillars.

Hedley and Grant

Hedley and Grant determined their pillar strength formula from studies of pillar
behaviour at the Elliot Lake uranium mines in Canada. These pillars were essentially
rib pillars and the formulais detailed below.

WO.5
Q=133

Note that the factor 133 is site specific and dependent on rock mass strength, with the
mean orebody strength (UCS) from the Elliot Lake study 75M Pa.

The factors of safety calculated during an Elliot Lake study were;

1.1 for unstable rib pillars (trackless mining)
1.3 for stablerib pillars (airleg mining)
1.7 for stable crown pillars

and 2.1for stablesill pillars

Stacey and Page

Stacey and Page refer to the Salamon and Hedley pillar formulae and also a squat pillar
formulafor pillars with width to height ratios of 4.5 or greater. At these ratios the pillar
cores tend to be less affected by stress increases and as the width to height ratio
increases above 10 the pillars become basically indestructible.

A simplified version of the squat pillar formulais asfollows,
45
o -k 28 {0_13{(4_3 _1] +1}

Pillar strength

Where Ps

R = Weﬁ
H
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V = szeff H
Kk = Design Rock Mass Strength (MPa)

and Wett = 4 x pillar area

Pillar perimeter
Thissimplified formulais applicable for W:H ratios greater than 5.

Considerable work has been undertaken throughout the world on pillar design, including
a study by Potvin, Hudyma and Millar (1988). A stope pillar stability graph from the
referenced study is attached (Figure 6). More recent formulae are being introduced
following continued research, including a study by Lunder, Pakalnis and Vongpaisal,
and these require various stress indications from simulation.

8.2.3.1 Backfill

Backfill can aso be considered as a passive support system, used to provide a more
regional resistance to movement in the hangingwall, footwall and orebody rock masses
of stoping areas.

The regeneration of stress levels in backfill is generally below those required to take
meaningful loads away from adjacent blocks of intact rock on alocal scae, e.g. pillars
in an open stope layout. The load due to the height of fill is aso minima compared to
in-situ and mining induced stress levels, e.g. 0.8 MPa maximum for a40m high stope.

Backfill can prevent, or limit, large scale caving type failures and, with cement, can be
used to control inelastic rock movement adjacent to stopes. This is important in open
stoping environments where backfill will act to limit the open spans in the hangingwall
and/or crown.

8.24.1 Hydraulic props

Hydraulic props are only used in narrow, generally shallow dipping deposits where
large or rapid closure rates are or can be experienced. South African gold and platinum
mines and longwall coal mines are examples.
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In coal mines, the rock is weak enough to mine with mechanised cutting and shearing
equipment, with straight faces. This facilitates automated, remote movement of props
as the face advances. In hard rock mines the face of narrow deposits is advanced using
drill and blast mining and the subsequent irregular face shapes and hangingwall and
footwall surfaces lead to a requirement for manual movement of props. This is labour
intensive and would only be applicable, in Australia, where highly stressed, high grade
remnants were being mined. Using props during mining of old pillarsis an example.

Hydraulic props used in South Africa are typically of 400kN and 200kN capacity, with
1600kN units for specialist applications. Headboards, footboards and/or load spreaders
are used to provide greater areal coverage between props. 400kN props would be
pumped to 200kN for example with 150mm minimum yield remaining, with slow or
rapid release, up to 3m/s.

In summary these units are high load bearing capacity, re-useable, blast and rockburst
proof, but expensive, with high labour requirements and only suitable for narrow
deposits.

8.2.5.1 Cablebhoalts

Cable bolts are flexible tendons composed of multi-wire strand, capable of being
installed as reinforcing elements relatively deep into the rock surrounding existing or
proposed excavations. This reinforcement is typically required in larger excavations,
such as stopes, where other, rigid, tendons are of insufficient length. Cable bolts are
discussed in ‘ Support of Excavations in Hard Rock’ and in detail in *Cablebolting in
Underground Mines'.

Cablebolt reinforcing design can be undertaken using rules of thumb, analytical
methods (eg wedges analyses such as UNWEDGE), numerical analyses (eg PHASEZ)
and empirical methods. The rules of thumb are as for development support design, with
the length of reinforcing elements half the stope span, and the spacing between elements
half the length. Thisisvery ssimplified and spacing between the bolts is overestimated.

Analytical methods (including UNWEDGE) are similar to development support design.
Numerical methods such as PHASE?, FLAC, CSTRESS and CABLEBND are also similar
to development support design. Empirical methods, as add-ons to the Q system, are
also available, and are discussed in the support design section.
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Two major additional factors to consider during the design of cable bolt reinforcing are
the drilling and grouting equipment capabilities and the cost of reinforcing versus the
cost of probable dilution without reinforcing. These factors will probably place limits
on the practical length and density of cable bolt reinforcing.

8.3.1 Support Design

8.3.1.1 Rulesof thumb

As explained in the development section some of the most basic methods of design,
used for many years and still good for an initid design estimate, are the rules of thumb
indicating the length and spacing of support element relative to excavation size.

An adjustment to the rule of thumb used for development is that the length of the
reinforcing element should not be less than half the width of the excavation and the
spacing between the bolts should not be less than half the bolt length. For example; a
10m x 10m stope should have 5m bolts on a 2.5m spacing. Thisis very basic, but can
form the basis of adesign, for fine tuning with UNWEDGE and/or PHASE2 etc.

8.3.2.1 Rock mass classification methods

Barton's 'Q’, Bieniawski's RMR and Laubscher's MRMR rock mass classification
systems can be expanded to design the length and spacing of bolts for stoping. Thisis,
however, probably over-extending the initial intended applicability of the methods and
should be used only as an initia guideline.

The Q system can be extended to cover the design of stope stability and cable
reinforcement design. The Mathews and Potvin stability methods are discussed in the
relevant section from 'Cablebolting in Underground Mines by Hutchinson and
Diederichs, 1996, which is attached.

This empirical methodology is discussed briefly below. The first step is to access the
parameters for calculation of Q,
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Q- RQD xJ, xJ,,
J, xJ,xSRF
where
and then to calculate Q’,
RQD
where = &
J, xJ,

The J,y and SRF factors are omitted, with the stress effects being used at a later stage.

The next stageisto determine N’,

where N'=Q'XxAxBxC

and A = Rock Stress Factor
B = Joint Orientation Factor

C = Gravity Adjustment Factor

The method of calculating these factors is more fully described in Hutchinson and
Diederichs, 1996. The next step is to calculate the hydraulic radius of the stope surface
under investigation, ie the hangingwall or crown,

where, HR = FaceArea/ Perimeter

The results of the N’ and HR calculations are plotted against each other to assess the
probable stability of the surface, as indicated on Figure 7. The calculations for Q' and
N’ are typically undertaken for the worst case, best case and expected values. HR
calculations are determined for realistic stope dimensions (strike length, orebody width,
and stope height). This plot indicates the expected stability of the stope surface related
to worldwide case studies. The same values can then be plotted on empirical stope
cable bolt design graphs for single and twin cable bolt spacings and cable bolt lengths
(see attached section). Another example, from Hoek et al, 1995, is also attached, as
Figure 8, for cablebolt designsrelated to the ratio RQD/J,:HR.
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8.3.3.1 Numerical methods

The methods described in the development section are also applicable to stoping,
particularly UNWEDGE and PHASE2.  Stoping excavations are generally large,
however, and the programs should be capable of modelling longer rock reinforcing
elements such as cable bolts. The programs CSTRESS and CABLEBND can also be
used for more detailed performance analyses (reference Cablebolt reinforcement section
of 'Support of Underground Excavations in Hard Rock’).

Rules of thumb and initial guidelines from Rock Mass Classification methods can be a
good starting point for assessing alternative support and reinforcement designs.

8.3.4.1 Holigtic, site specific

As discussed in the development support section, sole use of one of the previously
discussed methods could produce a support and/or reinforcing system which does not
take into account all magjor factors. Ideally the support system should be designed
taking account all of the following factors,

Rock Mass Properties

Excavation Size and Shape

Planned Life and Function of Excavation
Excavation Orientation

Previous Support Performance
Legislated Guidelines

Corporate Requirements

Contractual Limitations

Stress

Rock Mass Deformation

Seismicity

Groundwater (flow rates, pressures and corrosiveness)
Excavation Method

Availability and Cost

Air Quality

These issues were discussed in the development section. In addition, the grade of the
orebody can determine the finances available for support and reinforcement, especially
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when dilution is considered. The cost of loading and transporting waste or low grade
dilution and then treating it can work out very expensive. Prevention of such dilution
using efficient support and reinforcement could easily pay for itself. The funds
available for such dilution control depend on many site specific factors, such as blasting
costs, loading costs, haulage costs, hoisting costs, treatment plant recoveries and the
extent to which waste material fed into the treatment plant has to be treated, including
possible tailings disposal.

One of the major differences between development and stoping is that many stoping
areas have a working life less than that of development. In many cases time dependant
rock failureis not critical after the ore has been mined, and if it is critical the stope can
befilled.

84.1 Support Effectiveness

Monitoring of stope support and reinforcing effectiveness can be conducted as per
development support plus there is the additional scope to measure the overbreak using
survey instrumentation.

8.4.1.1 Stope surveys

Surveying of stopes using remote, laser based equipment such as the Optech Cavity
Monitoring System (CMS) enabl es the effectiveness of stope reinforcing and support to
be assessed. Stope boundaries and profiles can be related to planned mining outlines,
geological boundaries, crown support and cable bolt reinforcing. As indicated in the
examplein Figure 9, the effectiveness of cable bolt reinforcing could be assessed by this
method - there is an unreinforced central area of the crown which collapsed, there are
shallow dipping cables which did not perform and there are hangingwall cables which
performed satisfactorily. There is also an area in the footwall which collapsed but
which might not be reinforceable with available access.
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REINFORCEMENT CATEGORIES

1) Unsupported
2) Spot Bolting, sb
3) Systematic Bolting, B

43 Systematic boltlns%(and unreinforced shotcrete, 4-5cm) B (+9)
5) Fibre reinforced shotcrete and bolting, 5-9cm, Sfr +

6) Fibre reinforced shotcrete and bolting, 9-12cm, Sfr + B
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8) Fibre reinforced shotcrete >15cm, reinforced ribs of shotcrete and bolting, Sfr, RRS+B
9) Cast Concrete lining, CCA

(after Grimstad et al., 1993)
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Figure2
MRMR Design Table
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Figure3

MRMR Support Reference Table
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Figure4

DRM S Maximum Stress Support Graph
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Figureb
DRM S Mining Environment Stress Support Graph
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Figure 6

Pillar Stability Graph
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Figure7
Example Stope Stability Graph
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Figure8
Hangingwall Cablebolt Design Graph
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Figure9

Results of interpretation into Optech Cavity Monitoring System (CM S) survey.
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Various extracted tables and diagramsfor;

Support Function (Ref: Hoek, Kaiser and Bawden, 1997)

Typesof Friction Stabilisers

Support Selection (Ref: Budavari, 1983)

Support Resistance Calculation (Ref: COMRO, 1988)

Support Resistance/Pressure Examples (Ref: Hoek, Kaiser and Bawden, 1997)
Support Pressure Examples (Ref: Hoek and Brown, 1980)

Support Characteristics Under Dynamic L oading (Ref: Hedley 1992)
Support Requirementsfor Rockburst Conditions (Ref: Hedley 1992)
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TARLE 17 - MAXIMUM SIPPOST PRESSURES FOR VARIOUS SYSTEMS.

. tan | Teme ! modi Im _ 2.5m L L
Suppart sugten | i |7, Jia B Site 78 3mnnl"d sabn
A - SHDTCRETE - Sem (0.06m}S | P P P | P

? imches thick shotcrete, | o= s L R
Oc.conc. = 14 NPe/3000 psi 0.65 MPal 9.27 HFa | 0.14 MP | .07 HPs
aftar 1 day. | 35 psi |33 pai | 20 psi | 1D psi
B - SMOTCRETE = Bcmid. 0Gm)/S ]
1 inches thick shatcrete. | 1.63 WPa|O_b8 HPa | 0. 34 MP5 0.17 HPa
Tr cane.= 15 HPa5000 psl | 236 psi |99 psi 50 psi | 25 psl |
aftar 28 days |
C = CONCRETE = AQomid, idmls
1% Inches thick cancrate. | 7.0k HPa|3.55 HPa | 1,9% WPa| 1.00 WPa
“e.cone, = 35 MPaSS000 pel | 1036 psi|516 psl | 279 psi | 146 pai
after 20 davs.
| o= COMCRETE - Stcn(0, S0n)/ " .
; 1%, 5 inchad thick concrete] 9.72 HPa|5.35 BPa | 3.08 MPal 1.6% Hika |
| To.conc = 35 HPa/ 5000 psi | 1L10 psl|77% psi | &hD psil | 236 asi
afrar 28 ﬂu'r'?u
E - STEEL 5ETS% = [& 1 12) space
2nf 19 In.. Blocked F0=F2520 0.61 HPa|0.18 HPa | 6,07 mPal 0.02 MPa
oys = 24EMPaS3E 000 psi. BE pai {27 psi 10 psi |3 esi
. = | I
F - STEEL SETS - (8] 23) space '
Vo 5n/58 In.Blocked 20=2240.( 1.53 MPa|0.50 MPa | 0.18 WPal 0.06 WPa
| O,y = ZOEMPa/36 OO0 paf. | 230 psi [72 psi | 27 p=i |9 psl
G - STEEL SETS = (12 W&5) ar |
Im 18 in. Blocked 20=2240, | T.28 HPa|2.53 MPa | 1.0& HPal 0,38 HPs |
Sys = 2hAMPS/36 000 psil. 1055 psi|3EE pal 180 psi | 66 pai
H - WERY LIGHT ROCKBOLTS - !
Femn/ Sgin. @ ot 2.5n/%80n, | 0,02 WPa|0.02 MPa | 0.02 HPa| .02 HPa
centres, Machanical anchor 2.6 psi |2.6 psi | 2.6 psl | 2.6 psi
~ Thf = O.11MH/25 000 1b. i N
[ I - LIGHT ROCEBOLTS - 15w/ 3" _ _
# at 2.0n/T3In. Mechanlcal | O.045HPa( 0, 045MPa | 0.0LSHPa] 0. 0L5KPS
anchar, Tpf = 0. 1880 %0 000 6.5 psit [6.5 psi | 6.5 psl [ 6.5 psi
lh,
J = HEDIUN BROCHBOLTS - Z5ewe/ 0" -
P at 1.5mf5%0n centres. 0.12 HPa|0.12 #Ps | 0.12 MPa|0.12 HMPa
[ MEchamnical anchor. Tpf = ¥ psi 17 pal iT psi 1T psi
g.z6 FEO 00D (B -~ )
|n - HEAVY ROCKBOLTS = Somm/ 075 "I
| at 1md309in contres. Resin | 0.3% WPal0.34 WPa | 0.10L MPa 0.%0 whga |
anchared. Ty = 345 MM/ 49 pel 49 psic | L5 pel |49 psi
__150 000 1k, | ' =
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Table 7.1 - Fopsible suppert chacactsarimtlos under dymamic leading

Type of Load  Stratech  Sepport Pask Parsisle Enar
Sipsact Cagacity oz Slip ﬁllrlisl'.-m Talpsley AhEa Ed.
kH Es (1] st (2) e [X) kifm® (2]
Eackani-al Balks 1id Fom a3 L IETTY J.6{&)
Flalding bales (5) &3 el H 1] X, 8 5.0
Befadr. Ieguler Lsn ] 104 t.o LN
FebaE, smooch L30 5 B+ 1.k 3.4
Cahla boltx 2%h 1% L&D n.% 1.3
fplit eate 1 100 15 1.4 3.2
Susllenw, asnealad (6] 100 54 ’ 1.6 1.5
Weldied Wita mash (7] an FiH| e L. 2.1
(haln lisk saah (7] 35 170 15 1,8 3.3
Fresl cable, lasslng "Le] p- 1] 6 cabla 0.0 f.9/cablu

Botes: (1} I = lang suppocks:

() bolta fnztalled with 40 ¥¥ censieon azd 10 mw scrarch:
(7} Pik&lols and Azex, 1583

(2) sopports &t 1.2 & (4 Ft) gencres:
£3) from Bgmelons 7,15 or 7,18 wsing a slab thickness of 1 o;

3 Octlepp, 196%; (6) Berran, 19E1;
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Extract from " Cablebolting in Underground Mines
(I'ssued with permission of the authors)
Hutchinson DJ and DiederichsM S

BiTech PublishersLtd,
173-11860 Hammer smith Way,
Richmond,

British Columbia,

Canada V7A 5G1

Fax (0011) (1) 604 277 8125
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Desigm: Appiication o Engimesring Pringipiles 221

2.17 Empirical Design of Open Stopes and Support:
MathewsPotvin Stability Graph Method

Classicad empirical waols such & RMF and 0 were developed from o daabase
compased peimarily of <ivil engpineering tunnels o kow 10 moderaie depth, These
toals heve peowen invaluable to the connelling enginesr, The recommenditions
denved from these systems for demensioning and suppore, however, often resl
i Gomdervative designs for lrge temporary or non-enery mining excavanons.

While these sysiems are spprogriste for bigh wdfic mining rogedeuys,
lunchrooms and squipment soms whens sability mes be paramonnt, they ane
difficult 1o apply w the peoblem of dimensioaimg and support desipn For larpe
OpER Sinpes. Thes: limiged access aress can be dasigned 2% bem Pogiary slreciures
an] in de case of nos-eniry sopes, can tolerate [mited local falloui of small ek
Blocks provided that dilutizn is mimimized and oversll stability is malmised
These crileria parmit & more econiemical dasign ssiuhle 1o mining.

RMFR (Bienizwski, 1989; 1993) allows for design modification basaed cn
feduced stand-up times for mising while 0 (Barion et &, 1974) acempts 1w
include mining applicstioss through the wse of Eguivalent Soppon Ratig
Lavhacher and Taytor (179%6) modified BME and inrodeced a classification
gystem for caving operstioes and for sability of mining excavations. Readess ire
refiersecd to Hoek et al. {1995] for additional discussion of thes methods,

Large scale open sinping methods such a8 Vertcal Craier Retreas, AVOCA,
Loaghods and Blasthols Swoping eely on the selection of 4 limiting sope
demension. Bleally these siopes cam Be designed 1o be self supponing. When
ground conditiens ar the need for karger smpes mandates the use of mIppar,
cablebaliing & the most logical chodoe and has been sucomstully applisd, Mathews
et al. (1961} proposed an empirical method for e dimensioning of apen siopes
bawsed an ° and an three factors accounting for soess, strucceral orienttion and
for grawity effects. The medhod i wed 1w dimension each fice of the mope
woparaiely Basad on a combination of these Seew factors sad on B bydmuolic
radius (caleulated as surface area / perimerer | of the face. The hydraulic radms
aocounts for shape as well as size of the fus,

_ Potvis {1988) modified this original method and calibraced i1 using 175 coae
hastories. Nickson (1992) added cose histries and further investigated Pocvin's
suppor deiipn peadelines. These case hisorics include hangingualls, foorwalls,
ends sl backs from a wide vanery of mining environments. Thher case historiss
can Be found throughour recent literature (Bawden, 1993; Bawden et al. 1949:
Greer, [980). The method has been expanded by the sutioe is ehis Sandbeok In
provide improved suppoet guideSses.
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2.17.1 Modified Stability Number, N'

The classificasion of the rockmass and of te excavation problem ieself i
sccomplished m the Modified Stability Graph Method doough the use of the
Modified Stability Mumber, ¥, as specified by Porvis (198K}, Porvin and Milne
(19492} and Bawden (1993). This parameter is simikar 10 the valoe N propased by
Msthews et al. ¢ 19E1) ket has different factor weightings, Canadian mines nse
Poovin's & while at presesat mines in Aestrabia, for example, wse Mahsws' amalysis
and . Only ¥ (Poovis) will be considersd here. This method has been refered
to as the Ponn methad, the MathewePonin method, the Modified Sabilicy Craph
mishod and the Srafriisy (Fraph method. The latier label will be used for e rest
of this discussion For clarily aad brevity.

N i Based inivally on QF, whene,
g MO0 i

Ju id

and whese;
RFoiniin  is a meacsere of hiock size for a printed rock: mass
Jrta ix a measgre of joim surface strength and stiffacss

Modified Stability Mumber '
Na(FxAdxBxC
where:;
A i% a measure of the mtio of et mock strength 10 indoced soress

Az the maximom compressive stress acting parallel wa fres siope
Eact spproaches the ursaxial strength of the rock, Facior A degrades
b reilect the relatsd mresability doe b cock Fickl,

F i% & measure of the relative onemation of dominant joesting with
respeeel B0 the excavation surface. Joints which feem & shallow
ohlague sngle (L0-M1") with the Eros face are el likely 1o Become
urstable (Le. 1o slip or separaie). Jomnts whichk ane perpendicular o
the fece wre assumed bo hawe the least influenos on sabilioy.

O is 4 messire of the fluence of gravity o the sakiby of the face
heing consideped. Crwerhanging ope faces (hacks) of sirocoural
wizilresses which aps onenles] snfavourably with nigect oo gravicy
sliding hawe a mexsmem detrmenial nflucsce on Satslity.

Tukle 217.1:  Range of vahees [*for baed mck maing
Hanpe salun el A B c

Mavmum [0.5-200 0.025-5 091-1 Q2-1 2-8
' 28-25 04«5 O1-1 02-1 2-8

L)
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2.17.2  Stahility Graph Method - Input Parameters
Compute the value of hydraehc cadius, H8:

- HR = _Areaim® = _wzh funity af m}
Parimeper (m) Hw=h)

where A aad 8 are the tog dimessions defining e slope Gice 10 e analyzad
Compats the modified sibdlity nomber, N

+ Measure or calculate the vabee of KD, fa, Jr and Ja
as desonibed m Section 2. 14,5
« Compure (=R x foila

From the charts that Tollow:

Evaloaio Pock Siress Factor A
Evabayin Joint Orientation Famor B
Evalumie Gravity Adjetsien Facmr C
Ovials MsdF s A x Bxl

- - & o

Flot poine (MR8} on stabidity priph amd detemiise suabiliy and design 2one,

Rock Siress Factor A

Do Pirsh MaadTiuTi indecad fangaslial giees KToiees el acling 3l e oal'p
cane of e shom fadd DEing conSiconed DO unimdal Dompiessien Soongth
strongin for tha inteot sock, Evakale Sicks Fllion, A, uietg D gragh Snice

Fgee 2.17.1:  Rock Siress Facior A (Putvin, 1968} for Stabdivy Ceaph asalysis
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Joint Orientation Facior, B
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Figure 2172 Deierminaton of Joint Onentabion Facior, H,

o Suabilicy Graph anahorm
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Jini Chriemiation Factor, B:
Example Determination

Thi mroe anpl befwesn PG plinss
15 not immedalely grven By the
relartive dips and sl of tie plinss
Tt roes bo cakeulaled] 4 ghown gn the
fullowing page or estmated from a
spefeEandd a8 in this example.

Congider the hangagwall face and
esnciated joint seis (Figore 2,17 Ja).
Dermiration of 8 invalves only the
pole to the foce and the mean pales
Eor each joint seq 1, 2 and 3.

Using & series of small &icclies
(cianes) cenired on the face pole. dhe
anple ([Gone angle) from thig pole o
gach of the joinl &6 paies can Be
espimared a8 i Figure 2.17.3h)
These small circles {ooReg)h can be
generaizd by hand (Goodman, [98G;
Priest, 198%) or they may be
auwmatically genermied by 2
compuier program such as [HPE
{Hoek et al., 1993] as showm here,
Copes drawn at 100 30, 45, 60, ad
S degrees  provide sufficient
méiuizon to deiermine fasior B

The tue angle betwesn plancs is
given by the smallest angle hefwesn
pakes o the planes. Figun: 2,173
illnfiraless b b dilerming thal de
angle feom the Taee o et 1 = 2040
el |l I=Tr.

In Figwe 1.17.3¢), the angle
comtpars  hive Been replaced by
cogresponding  Joinl  Dwichtamon
Factors [ B ). This shoees clearly that
jednt set A i critical and dal the
Factor, B, should be set 0 0.2 for the
Stahility Graph analysis. Fgees 2.17.3; Extimason of toe injemplne

aagls and Joint Fackor B
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Jaint Orieniation Factor, B:
Dhrect Calculation of fnterplene Angle

In is presible o devermine directly S ree inlzeplese angle herwess he Suope

fuce {wall plang} and the joint plane wsesg tie Tollowing simple pencedere.
Given the D and the Dip Direction Toe & plane, the Trond' sad Pluags of e
cocrespandhng pole {(normal vector) can be caloulued:

T
P

Trend
Flange

g Directiom &1 80"
80" - [hp

For & stope wall plane, w, ond 2 joing plane, J, the direciice cosines with respeci
o the global coodinaie grid ( Morth, Easl, Dowen B oars denoted By &, E and D
respectively aad are calculaed as fallows:

For dhe stope wall: Funr the ok plane:

N, = conl T, ) -conl P, ) N, = ensl T ) ensf Py
E. = sin{T,} cosl P, E = sin T ) -cosl F|)
O, = inf F_) O, = sinl P}

Newt caloulate the dof prikloct, wej bemween the wall e and the point plane:

wj =MN +EE +D.D

Finally, the orue interplane angle, @, is given by

T = m;'ll"rj_lz acns| wej )

This calculaiion can sasily b Gl uging & calisdater or an be implesenisd
in & sprexdshesi or compeaber peogras

Once this rue inleplase angle is caleolieed, i iz possble 10 assign & Toint
Crrigntation Faclor, 8.
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Joint (hrieataion Factor, &
Simplified approach (special cases)

B & Imporiaes to rememiber that measorements soch as Dip sad Dip Duwection or
Sirike arc made relative 40 4 glchal codedinae sysiem. They cannot be wsed
direcily o colculate the tus angle berwesn two planes since the applicahle
conndinaie sysem must be changed 5 he relative m ome of e feoes. Therefore the

procedures discussed on the previous pages must be implemenied.

The caloulaton of mterplne angle = simplified. however, when one of the planes
1= approximabely berisstal or aear verucal {Chap = 0 or Dip = 940, In the case of
troe angle cakulatios foe determinacion of Facior, 8, this condition must apply 1a
either the swope face or the jotsr plane (o bodk).

Horizomtal Joing or
Hostzomstal Sope Face
{Backd:

Consides caly the difference n
Dip berween the mope face and
e joint plane esing the gaph
at right 1o determine 8. "When
cne plaas i 2pproximaiely
horzonml, then the differems:c
m Cep approximaies fhe ue
interplane angle.

Near Vertical Joist or
Bear Vertlcal Stope Face:

The diffesesce in Sirse (or s
Dip Daection) st also be
comsidered i the case of
vertacal featurea. Mol that this
relaticnahip a8 peesested by
Potvin (19E8) showhd cnly be
used whes ong of the plancs 15
near wertical

e

g Q6-

Facior 8

fowis ias
=fcrnonad

a IZIEI:IIIJ-I]!IIEI-I]?H-BIJ'EII:I

Cillrence in Cip
Rartwesr Fach wd Jant

e QNS
~srhcal

| = . m—
B 0 30 400 50 B0 TO A S0

Cittedanca in Cig
Between Face and Joint

Pagure 1,17 4; Simglified special cases for

deicrmiring fecior N
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11 Debanrire B most likely mode o
Hhudy uaing the fguras Telce:

Y

Sravity Fall Slabbing

':J_ l} —_———
B
'
TS
E i .
a4 -
E . -_-.!--._.L.--l_--.
=2 T B S
= _._.____E___:.__:_-_a:--..g.-..e._-!..--
¢ od————1-| —
O ¥ 20 30 20 0 &1 ™ B 51
Cip of Stops Face
L" n e e
B
i

e |
L] 1 1
s STELEE SR R

[ 1 1 1
e i aa T RS T LT

20 30 40 50 B3 70 &0 50
Din of Critical ot

H H 1
LT Lt T .?---!--

[ stuchumal lailure in Casa

Sliding

2 ! hext debarming e gravity ad psiman! faglon, O, DEBE O
e ERilure maode waing the Bppropriate chert D lomw.

Flgare 2.175 Delmination of Geavity Adjestmen Factor, O,

for Seatility Craph malyus
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Hydraulic Radiuz

Hefore pmocesding with the
ipplicaton of the Saability Graph, i1
i8 secpssary o understasd B rlung
of the Idraolic rxlius, B8, ks a8,
MR is caloulaged by dividing the area
of a stope face by the perimeer of
that face a5 shoem & nght

Mt claszifcation sydems (6.5
RMR @d N defise sbility and
support rones with respect 1o a single
valuz of span, This &5 hecause dese
methiids are derved from tunmelbng
dalabasrs im which the long ipan can
ke assumed o be infirdke and in
wizich the short spam 13 thenelores he
critcal dimesssom. 1IF this shord span
Is ket congtant and of the long span
is rednced (oo squie Emensions, for
example], the sability indresses &4 0 20 40 B0 B0 WO
remals of e inereased confinemeat Lengh of Long Spas [ m )
and ngsdity peovided by the sxme
two obmmens A Tece with &
dimension mio greater than 10:1 can
be tremied as a (munnel] span
auivalent 1o the shomer dimension, 23080 5000 § Moemm Sheet Sgn |

.

o P
g HRE

]
;
;

LK1
0
B 4ttt
404
2a4-
(]

oF

Hydraadic radius more accuraiely : Pt A =5
accqgunis for the combined infloence
of give and shape om excavation
sublity, It is useful b becuome

familisr with the rasgs of “spase” for -
a given hydrrlic radies. This will -
provide a means of companison witk

other design methods which da nil

uee hydraulic radius, Fipsre 117.6 -
ilbesrates these limils for a Gusd . .
hydeaule radies of § mo Mote that
alchough it ix possible o apply thes o
sicthid v mining nnels, the
iethad has been calibraied for open
sbopes with finite dimensions amd  TURn@l Epan | Wiremam Shor Soen |

with lower pnonty for safety. Fipuwre L17.6: Hydraulic Radis, AR
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2173  Open Stope Case History Database

No-Supporr Limit

176 cose histories by Povein (1983) and 13 by Nicksos (1992 of sasuppansd
apen sopes are plotied on the Subility Graph shown helow, The modited
siability sumber, 87, and the hydraulic rdies. H#R. wene Giliualed for each case
staly &8 oullingd in the previous secdons. Srable stopes exhibited Ettle of o
detenioraton during their service bfe Unsfable sopes exhibited limied wedl
failire sadior hiock falloul @volving less than 0% of the face anca. Caved siopes
suffered upaccepinble fadlune, Povin ploted a Fransinon Zone defined by thee
cases o separaie the Saable gone from the Coweg zone. The upper boundary of
this Foae pepresenes a recomminded se-suppoert limit for desipa. For a caleulated
valoe of A", determine the maximum hydeaals: radios for 2 sinhle stope face

Emlml-rrlﬁmru.- SOUARE S5PANM - mxem
rTLAAEL SFAN) - moxeo
a 2Cec AfLedll L= ) Biben

L I'F.-' l'-iﬂ-" I'Iil.l' el

e

_|_:| P — f| Ef"::f_—
Fr ;“.‘?‘E‘_L e T L

Madilied Stanility Nomier |, N

. !

0 3 Lu) E 20
Face Hydraulic Radius, ArsaFermeter (m )

Figuee 1.17.7:  Duoabase (Poivin, 198E; Nickson, 1992} of uisuppored siopes
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Limirs of Cablebolt Effectivensis

Porvis (1988} and Potvin and Milne (1992) also collected 66 case hisiones of
pes sope in ‘which cablebali support had beem used. Nickson (194%2) added an
Sl 45 cise madies i dus dmabase which = dlosraied below, Cablebolizd
sopes exhisil improved subility leading to larger siable spans (preaes hpdrvalic
radii}. While this dstabase does not ke into acoount Esees soch s gealiny
cuntral, it does provide a reasonable demonstration of cablebolr effeciiveness.

Ponvin plosed a bmit for cablebol elliaztivence: wiach Nickson modified using
suyasrcal methods and additional data. The upper curee plofed below represenis
the limit of rediside cablebolt performiance. Nickson proposed a zone as shoem
telow w0 indicare the maximum sizble hydraolic mdius for cablebolied sinpes
{upper bounding curve) i the reductios in confadencs waiEl eables Gin mo longer
be assumed 10 be providing any degres of useful siope sopport (lower booad ).
Below this 7une caving is inevigahle

Ecuivalant Spars: SOUARE SPAN - maam
[ TUNMEL SFANJ - T nees

Madilied Stanility Mumbar , N-

Faoa Hydrauliy Radius, ArgaPedmetar (m ]

Fare 1176 Chatnbase of cablehollappoeed siopes
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Stabiliey Graph - Stope and Support Design Zonés

The recommended [Emits for snsupporiad and supponied sopes are combined,
slang with the respactive tmnsition zones 0 chixn the desipn chart presenied
heliw. This graph allows the engineer to determine, from a calculated value or
raage of N7, the maxinmmm recommended siope size and shape for am unsupporied
or sepporied case. A siope which ploes well above or oo the left of the uppermost
design curve @@ capable of remaining siable withoot sopport for a reasomable
service ime. (Mol thal pon-eniry condioons are assemed here and that light
panemead rockhal suppon and mesh mey be nagquirsd for persannel safedly m oller
areas) A swope which plots well inio the lewer-right quadrant i= Likely b glTer
major insibility with or without ssppor. The cableboll desipn zone gives the
range in which cablebolis stould be nesdal sd effective. Clearly, the aciual
effectivensss is redoced further right and diren watkan (his Sesign mone As MR g
ircseseed or of W deeriomnes within this zoae, the sk of failure is increased, aad
standop-times wre reduced regeining tighter cablebolt pattems and longer bodts.

[

Emlﬁlﬂﬁplm S0ULRE SPAM - mam
¢ TLAEE B04R 1 = i oo

a By Pl el e ACeR0
riad :.::l.l r.:'l::l.l far i

=i 'f_-.:.-:!::_‘..r r'i'

g S S B

e
|I 'I- -u- ||._I|||l.||| .

: - - - —

I’ O TR ERRERNE RRE

:_:J_Uumamshr'

Madilied Stability Mumber . W°

Faoa Hydaulic fadus (AreaFerimaterl. m
Finee 1178  Design Zmes for Open Si0pss using Siahiliey Grapk Methal
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Cable Support Recommendations - Potvin (T988)

Based om his oripnal dalabase, Poovin (1948} dewersrined crode gmdelines for
the design of pattermed cablehalting. Specifically he proposed design chars for
sahlebolt length ark] Gbkbolt densivy, Cablebolt lengih 36 the Jength of the
individual cableboll {migimum lengdy) and cahlebolt density represents the
msmbar of cablebolle per unil & of goope face,

Foe the design of cablabolf demnity, Poovin selecied as the bey emparnical
parumeizr, (R AR, This represents 2 measure of reladgve hinck st with
feapeit 1o the cxcavalion size. When this nomber was small it wis cxpected thal
an dimeresed cahlsbalt densivy
woild B DECERSERY [0 Snsune
wahilicy. The resaltant design
chan is shown al fight. Now de
CeffanEnl Boies AhoaT hape,

Based nn this deea s=t, Poivin
proposed that cmhlebalis were
meffecive when {(RODVAPHE
was less than (L6 In addStion,
noie that b praciical mEsdeyom
rable density is (L1 comesponding
i a4 square patiern of
approvimaiely Ix3m.  Thme
cabkebolt density desgn [ ars
given which Cormeipoad o
differear degress of ennservatsm.
Non-eniry siopes may require a
lower cablebolting densicy than a

main haslage drift for example.

The cabiebslt femgrh wed in
each case sidy was ploted
against the hydroolic radius. This
follows logic based om classical

Cablabolt Dansity [ boliadm? )

&

:

Catleboit Lergth . L ¢ m )
||||||||_|.E||

rules of thumb relating bolt length
and span. A repressnistive line
hased on cursnt practice & shown =
ﬂwwﬂm}-m— L |||‘IIIII':1I||
Y 1]
Length = 1.9 x HE Hyorauic Radius, HR {m }

o 1 2 peactical maxinvem of 19m  Fipee 117 K Guidelines for cablebol density

a5 bydeaulse radius, HR=10m. aad lengpth for egular patesss
. ' (afier Pofvin, [960)
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Cablebolt Density (Bolxins”® of face) « Local Unraveiling

Potvin (1988] ploed cahledolt densities wsad in case Misiofies &gaing
(RO VPR based on dhe assympion et pelave hlock size was in praciple e
goveming empirical parameter for stope face sability and suppan effectiveness.
Micksom (1951}, however, applied statistical lechaiques in an investigetion of
many possible paramerric combirations. For the comsbhined cahlebolied siope
datobase of Potvin and Nicksca, (ROOMInMAR scuslly gave o very poor
cornclation o csislebalt dersity basnd on carrem practice. This is illusoated by te
scalter in Figure 217000 It & proposed hese that the ohsclote hlock size
representad by ROV should eostrol lecal hlock fellom from the face and
dwmefiore should seoagly influence ulmate stabilicy of e stope. I cahleboles are
spaced oo Car apast, unravelling will oecur between hohs, progressively leading
8 e serioes insabdity, The comesposdiag graph besed on the Porvinickson
datahese is shown in Figore 2.17.01, The despn 2o plottsd provides a coode
secommendad design ranpe o eablehoh density in open siope applications. This
desagn znne should not be applied o parmanest openings of in high sraffic ameas,
whesre safery is a critical issos, unles accompansed by primary support @uch s
rockioles and screen.

Minimum Catlebalt Dengity { bolts f sqm. )

Fipars 2.17.11: Cridelise ﬁ:n'-n:-ﬂ:lh-l:-:lr-:l-ll:tﬂ:f & cootro] local onravelling
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Cableboli Densily or Spaciag - Stape Face Support

E =
% :

19
g g
3 lised
- 1]
: 3
E el ot —r—nmg
gy | [ T[T LTI~

(]| aas  Qa L8 1

N fHR [ ¥m}
Fegure 1.17.12: Guidelines for cable spacing and densy - overall sops face stability

Mickson (1992) showed that the best empirical corelation with mespect %o
cahlebodt density wes obinined by plotting densicy with respect oo B parameter
MNYHR. The logic hepe ks similar o Ponvim's nsage of (RO ¥HR, except that
N comtuizs addithosad informsanion ahout siope inclinacka, swess nelated fraciuring
(frwrartetir A and Tvguralile o usfivourahle gest ooientations. Micksoa dezived
a mlationship based on coment practics withcul considenng the degree of suppon
eiTictivensss. The disign pones propessd above in Rpiee 2.17.12 do relace to this
depr of muccess. While the dla acamer 3 ol ot 1o the mal-amd-==rror naiure
of present design practice, there appears 6 be 2 reasonable Smit o oablebalt
elfecinvenes a3 delinealed by the cluser of ol G in the wpper pomioa of this
pot. The mew-coaserrative zone can be used & a pmde for non-2nmy conditons
of where &ution is not oritical The cowsenvanive 2oee §s applicable w suepe hacks
above drilling honzons and other areos wiere enery 15 parmined. Nobe the two
verucal Akt ussd here, These dlommie the reliGoaship between cablebolr
densily anl the cable spacing of as equivalent square patiern. Use Fiperes 2.17.11
amd 2 17.12 wygeshes 1 determing e critical (maximum recommended) spacing.
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2174 Semi-Empirical Cablebolt Design Approach

T is possiie w combing the information gained from empincal methnds with
meckamistic spumptions and logw: w0 develop a more sound sems-emparical design
mud;{m_ﬁ;mtllll“lumﬁapmmh.m#b-s“mdh;mﬂ
the Lmrepportatic Tome are denved as proviossdy discuised lrom sxassinaien of
cwvar 340 case hisories. Wighin the cahlzbalt design zone {shaded area), however,
il iz possdhle by assume some hasic sapport functions and modify the Gesign
accordingly. The Redsfercament pane imphes that the rockmass is still partially
sahle, paguizing cables o merely hold topether the constilent Blocks 1o foem &
self-supporting anch or hesst Coble spocings and lengths along the upper
tsundary of this soae wre denved directly from the analysis m Secticn 2,18.12
esing o bock caboulaied mockmiss §iffness. [n the Soppars zone. however, the
cables must bear the full load of e fuiled or loosened rockmess. Spacings and
lengths along the lower boundary of s pose are therefore derived from
conservacve civil enginesring experience (Saction 2 16.5). The oarsition berwesn
fhese W0 eirEmes 15 contmmcus a0l the aBaded Eone. Rafesdon
recommendatioss kased on ravelling fallure (Figore 217, 12) are supenmposed on
the ahove resulee The maximum spacng and minimum length nguinad o
effectively carry out all of the seppiont Fectinfs corsedered ere then plonied in the
follrwing charts. The zone marked Raiain in Figure 2,17 .13 is the zone in which
thiz Tunctios is critcnl with respect o spacang of @blebolt mapport. In the ofier
romes, reinforcement and spppoft dictale die muximum elesbe SpAOng.

L L]

B

Modifed Sieodily Numbsr | W
L
1

Fges 2.17.15: Five dexign mnes for cable soppan af ope siopes
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Maximum [esign Spacing for Single Strand Cablebolts

Mm‘tmﬂnﬂ]ﬂﬂ'ﬂmﬂmﬂpll?.]},mmmmm
spacings (Fof an eqeivalen sgeare patizam) Bave tees calcglated for the range of
relnfarswanemd-jupport acrnss the shoaded cahlebolr support zone, Whers the
sanamom pacing s defermaned cacenls the mcommended spacings nnainsd
from Figore 2.17.11. warsweléeg between and amund cahles s assomed o
disenzte salnbty and Fipene I 17,12 Sserefon: conlnods the design. The composie
eraulr i fhe cahlebolr gpacing degign chas shivem beliosw in Figure 3.17. 04,

For & given value of N and BR ploming withss the shaded cableboli design
sonk, il is possible 1o detersiine the misimsm (eritical) spacing of single cublas
in 3 square padiern 10 ensure slability. Nole thal srinimum cablebalt densicy, D,
is relged v maximum egeivalest square spacing, Se, as follows:

Cable Density, I (bole'm®): Pe =S¢ 5c= Cable Spacing {m)

Eguvalen! Soeawy SOUGHE SPAM - mxEm
| fTLNAEL SRdANJ - M x=a
L] e N oK dftadll Bl E=fn
Fdd I'IEI.I |".I'E|E'.i' r'.;llil.l Saal

R ——
1
e s e

Madilied Stabiliby Mumber , N

Face Hydaullc Aadius . ArsaPerimeder (m )
Fger: 1.17.14: Reeomimendsd spacing for snghe suend cables (czpalar paiiem)
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Minimitim Design Lengih for Cablebols ( Singleouble Stramd)

Support design at the ouler limits of the Bnmfrcement and the Suopeer 2ones
illusiraeed i Figoee 2.17.13 am bassd on limiting conditions of archiheam
reinforcemem and deadload estimation respectivedy. Based on parametnc analysis
esing conservaive parameiers desived from M, these analyses yvield the Bounding
valnss for spacing discossed m the previous ssctions and for length as shown
tedow in Fipare 1.17.16.

Recomeeended lenpe lor cemen groeed cablebolls dilfer fmim resin grouted
or mechamical boll rocommisdations in D lendnes. This ig due b the secessary
addition of a relisble anchor length beyomd the z2one of supported reck. In the case
of besrm analyyis and desullnad estimarinn, this cormssgonds in the figure below 1o
2m bevend the sizbilized beam or failed zone nzspectively. Mot t increasing
length does nol always imply increased capacity (coniralled By srand densily).
Thesa: lengths ape bagsed primarily oa cahle coverage of Be sepponial 2one,

! EII.HI'IJI'I:E-I:II-I'EF SOUAPE SPAN - mxm
i (TLAAEY S04 ) = moxoo

a
Face Hydraudic Radhs , AraaParimater (m )
Rgure 1.17.16; Eeommenaled misimmm leagths Er grouled cablebelia
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Cablebolt Specing and Length of Reguler, Uniform Arrays

.::-m'u-ua:p.:-p:lﬁ-l'—ﬂ.
&lﬂ-ﬂ:‘.‘.ﬁlﬂ#ﬂ-ﬁ:l

) /m”[f' lM, ;

Flﬁ-D'EE B tar Ceblabalt

HANGINGWALLS - Rieguia
_ Cabiebolt Pa:

ZIT.17; Regula Paiorsed Suppon

All of the peeceding discussion
concerming the modified mahilicy graph
md mecmmenidations for cablebod
Spacirg and kength apply to & regulss or
patemal aray of cables; & consmac
dEmriition of bolis scross de foece ans
of die siope and an arranpement behind
e face soch that neighbouring cables
are within 4 degrees of buing manally
parallel. The exarsgle cabibeholt patiems
in Figmre 217.17 illusirate the idesd
application of thess guidelines.

Cables should B spaced as closs o
square a= possihle if designed using the
recommendations in g §eclion. For
cxample, paitems such & 1.5m x 2m
(equivalen! sguare = 1.7m x [, 7m) or
dm X 2.5m (= 23w x 22W) ang
acceprahle, whizas a pattem of Im x
5m may e perform as well as the
cqju]u.‘i:nl Wmne patiern (1L7m x
1.7mj].

Cable spacing shoukd alse be uniform
(i spacing should not vary moee than
20H% oreer the siope face), The density af
lighi l.'-]n.'.i!r:-:‘l:ﬂhﬁ.bﬂurdj]‘ h_rFr
amas of unsopponed stope face casnot
Ba: averaped over the wiole area and
egmid W an wverage density o
eqguivalent spacing. The design of this
o of dpsiem = h.ﬂ:!bl:ldll'lhmﬂ;n
sheorwn o6 & [ollowing page.

Cahle lengths are specifled for
cahleboliz which are within  30-40
degrees of perpendicular i the sope
face. Normally the length refers w the
pependiculr distance berwees e Dete
and the end of the cables, Aciml cable
kength wall depend om the cabde angle.
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Line or Podnt Anchor Arrays - Sub-Span Design

In many cases in mining, sediss constrainls do not allow the instalkation of a
e gl unefoem patiers of cablebelts in a back or hangingwall. In adiition, mining
slfuende such s Blesding, mdwssd Aress change or rock relanstion may limit the
effeczivensss of & distribated cable patiemn (Section 16). This &s parsiculirdy the
cacie @ Molisged hangingwalls, Often it m&y be preferable, thersfore, Tross both an
operational and an eagineering viewpoint b insiall line anchors as shown below
at prescribed intervals. These anchors rednforce a loeal walome of rock, limicing
iniemnal displacemencs and preveniing dilaton. This artifcial rockmass hiock or
rh then acts as aa effective ahoiment for adjacem spans (Fuller, 1963).

This sepport systesy should only be used in rockssasse: dominated by o single
lestiralinon parallel to the stope facs or joist sl perpendicalar w0 this Gace [few
otlique: podntsp. Blast coauml is erickal 10 avoid Eamage o the urseppomed span
and displarement rate moniring may be & useful design verification wood Bere,

k I b
AT

Figer: 2.17.18: Line sachor support sysem grometry
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As sach these anchors must bave a locally dende arrangement (<15 m spacing
ai callar] and 4-6 mhlebolts in cach Ang, These cables should then B plased. This
15 10 enswre Bmited internal sovemenl withis this reinforced “abuiment”. The
Modified Smbilicy Graph can then be usad diregily 10 dimésgion the unsuppomed
sub-spans (& x b in Fig. L1718} These sub-spans (unsupporied spans) may be
sroang wgether proveding a huge operational benefit by allowing a moch larger
stope i be ppened withoo immediate backfilbng. There is a limiting relaziarnship,
hiywewer, behwesn the unsupported seb-span and the overall *suppaned® span {or
Bydraalic rdins of wel open sope face) Mickson (1992) compared 13 case
histeres of lime anchored Bangingwals and penposed the crle relationsbap
illustraled im Figure 2.17.19

Maximum Lreapooiind Hydaulic Feadus imd
&
I

i 5 4] 15
f A0 A i A Sepported Hydral ke Fachs dmd

Fgura 2.17.19: Cruda rlEI|.|:|-|:-|;.:]i.|:| relacing oreerall -I;-mp:lru-d;l-lp- Ly ussupperiod
sab-spun. Agplicable w hangingwslls culy (dits fom Nigkon, |59

Moie that the daisbase & exiremely Hmied and so camion must ke sxemcisal
when wsing this prapk. Calibeacion o local conditions will ke necessry.

The reluionsbp sbove should st be applied v shallow dipping hangingwalls
o backs, This medhod is designed for non-entry stopes should not be applied in
soge: [ades in areas where repular buman access is recessary withom addidonal
primary support such as rockbolis and screen io controd small hiock falloar
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2.17.5 Stability Graph - Examples

Consider the following examples of open stope scenarins. These four cases
have been deliberaiely chosen to result in the same bydraolic radii, R and the
game values of Modified Swahilicy Momber, &

Tosle 217.2:  Fouo example epplicotions of the Siabitry Tuapa

| CATEA CASE I CaASE o CASE D

| Fum e (=0 Mg e Back

ot

Chmriplion

| Doy 200 m 206 i 150 = 1050 'm

R Firass 10 M7 20 K a BAFa &0 My

Ao 44 [-21] B =]

S Eals 2 2 = rardiom 2 & mndam 2 & mandom

Joif Surfmce | Smooth Planar, Aough Piugh S b

Slighily Allersd  Usdulaiing. Plandr Lirdulsticag;

| Lira lered Shghtly I B
=2 PR | Al Shnirsed

Hizk T Fodiotad Sobds? Baddedd Cess Eanm
Lerealcns Sulprida

ook Strovgdt || B0 WF6 115 MFa 0 HPa 103 WPy
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These examples are iflustrated in Figore £.17.20 on the following pege. Node
the chyious differences in siope dimensions and in peomermical and gecesechanical
envircamenl, Yt de ploted resoles for de Soer cases wre indistinguishable, This
iustraies hogk o strength eed o weakness of the Ssahiliy Gieaph method, Like o
empirical methods 2 5 a general design method which allows us o formalate
prelimirary degigns i de face af Hmitless varsety s complexity. Other design
rechsigies e drmnadly very pochilim speclfic and Cammod be 'I:mi'.'ﬂ-l‘!ﬁ]]:.' 1|Jl|]|j|t|:|.
Oz e prelimary detipn is established, bowewgr, the method does not provide
fior the fine tuning which mmet accnr to adapd the desigs o the specific prohlems

ericommtered m pach case,

Case A, for example, is a thinly laminsted rockmass with a second
decontinuous joine set m 90 degrees from dhe mals laminstion, Even thouph e
RO is Jow dee o the Eolistion, the siope wall & verseal and & such shoukd be
mherenily sahle unless disturbed by poor besting or excessive span development.
Cahles ane unlikely 1 impeave stahility within economic limdts in this case, The
ez i8 Low companed bo the rock sreagth =0 graviby is likely in be a dominsm
costlrl. This case is suifahle da Voussoir beam amalysis (Secton 2 13.12)

Ciga: B i a compeient Bocky roclbmass above a relatively wide sill spas. The
miin lamisation would suppest beam analyss. The cross joinosg, however, is
abliges Wy the back and is snlikely o allow complete arch development in the
hoeizonital bock. Pattermed roaf bolting will be necessary in this case

Cage € represesls & stoong e with modenie sirectoral densiry, Even though
e hlock Size is small, the jani surfaces are very rough and dghely imerlocksd.
The stneases ane low ot the steep dip of the wall will mainmain compressos and
impeove stabality. Patterned cablebolting from a hangssgwsll drift shoold prove
effective m this case.

Cicie I appesars &5 be the highest guality rockmass as indicated by the larpe
values for RO and Jolla, The stabilicy praph analysis does not cossider the
sheared contact which formes the hangingwall It is likely that thiz contact will
shear due oo stresses in over the Back, These stresses are bigh and chis slippage
may be unstoppehle. The verical jointing will form release planes resulting in &
large fre= full span wid pe which miust be mepported. Cablzs must be degignad o
withsisad birpe displacements or they will sap as the wedae slips,

These examples show that while the Suahility Graph method is an invaluasble
ool fior irdtial dimensioning and seppont design for open sepes, il is not the final
woed, I e smope plots well inim the stable wone o sl int the caving mone. then
the respective result ix fairly refiahle. If tie sope plots close to or witkis the
cablebolt design {suppon sequired} mong, then further mechanistic analysls shosd
be carmiad cut w confiem e validity of critical msumptions and recommendations
of the subility griph method.
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Casa A+ STABLE "'-:-Fﬂ

SLUEPOST
DESIGN = 777
S Foliow LD

MathewsFotvin S S T e
EmnasEmant with = 1

mectanistic £ 1 Dim

reer i, 3

i Examine polertial .J./ | i

Teibre modas and — |.éllIII:jI||
N Hycraulic Radius, S I

Case O CAVED Case O LNSTABLE

PFigure 2.17.700: Four spplication exzenples for the Stablliey Gragh Method, Note that very
dhffereni deelgn probiems can resslt In the sase position on te praph.
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2.17.6 Stahility Graph Method - Limitations

There an: Cenuin  assomptims
imherent in the applicasor of the @  issequans Fill
Siability Craph Method.  Ohwerve the N A
fallowmg limitations when using the I I .

meihod for stope and suppor design. "___|_3":' L —— -

Imadeguate Fill [T &
Saca | AT
_ i b S
The estimation of sable hydraolic ok
rachi detizrmiinid Troen the graph or used —=7

a5 inprat o stabilsty ¢vAluglion assumes
that the span being considersd Is fully
bounded. This ssumpdon is valad For
urdfilled siopes which are somounded by
Gl {45 in abermeie hock ssquencing. for
example), The surmounding fll muost be
light ba the walls and Back of the siopes
in ordier 80 e condidersd supporisg
elements, 1T this is mol the Cose as
fhrwm @& Fig. 2.17.21a), ihe troe
&ffertive spen (or analysis may be much
lafger fhan the somieal stope panel.
The same i e if the fill is highly
eompaessinle.  1n soch a case, the
Suhility Grraph Method is not applicable &

0 the design of e onmined pasel 7 in Mira Dasi il el
Fig 21721k}, for example. P Cewnpamar !

Comery-Desigred aod Accidenial - -

Ag shown in Fig Z.17.21c) comers
or bulges an be crested @ Slope walls
thoogh poor design {"chasig grade”) or
though the upwand cavimg of mined
sinpes below. In either case, the stahilay
graph canmot be meed o evalmile the
siability of either the span above the
corner nar the owerall span. The comer
so orented, will dominaie dhe siabaity of
the entire smppe and will likely canse
reajine stgbality proklems, Suck comers, ;
sither deliberate or asccidental should B e 31921 Limitations for use of
avoided. Modified Sihility Graph

g o

[,
]
i
[
F
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Tnilérseciions

While: the Stability Graph Mechod
wad calibeatiad for npen stopes, itcan be
used for larpe mamng mnnels and sills
provided that & conservative approsch is
mken for safety reasons. The metsod
shoold not be used, boeever, 10 design
intersecions. The sssumption of a
hoonded span i pol valbd  Bere,
[ncracctaciis de normally less sistde
than B asgoizaled somnels. [n addition,
it 5 mot possible in caloulmie an
equivalent K for an imersecion.

IMserere Wedpes

The stabilicy gragh design approach
i applicable i modersely struchumsd
mckmigses  with  distribeted or
uhiquitous srocure. Diserete structural
features soch as larpe wedgi which
may form B sill bocks met be
ooestdered separaely,

Delamiination fores

Larpe itable spans may be predicied
in eased with strocturally sound wall
reck. IT ghis wall mck is bounded by o
widk layer ¢lose (wuhon 2(04% of e
apan) 0 anil pamallel 10 the wall =
sown @ el the sahbility of the
pesdeant bessn will be redoced. Beam
analyeiz  methods may be more
appeoprEle for design.

Discrete Shear Structures

Large scede stracture: (length = shope
dimensions) will control stope stability
ufalizr stress and pravity. Dhscontinuom
andlysis metfods most be wsed for
o the desipa. The Stabilsty Graph resuirs will
mot accorately predice subiliny.

Figare 1,17.22; Limiiatioms
Stabdlicy Graph Meihod
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2177  Stability Graph-Calibration to Local Conditions

The matial database of approsimately 330 ciga: higioricss @ impozssive in size
and scope. [1 ix, howewer, incapable of acuniely predicting stability in every
possible simation. The database, for example, neflecis Canadian practce. This
immadistely implies a bias towards Candian conditions. Is short, de method
provides en sxpeident stanting point for design bui it must be calibrated onesite in
avery naw mining enveanment. This mvolves maintzining an up-oo-dese dasabass
of siope dissensions, rockmess paramesers, and stability sistos.

Bavajen (1993) uses a data set from Geeer (1959) i demonsorae dhis comeipl
as iliustraled in Figees 217,23 below [noo: the runesied axes fe more detaill, In
this case, dee fo unifue oombRions & the mine b, Spmcint civing and
metahility was obsersd in $bopid which the meScd poidicied o be siable.

Madilied Stanility Mamber , M-
o

o g 1
Faca Hydtaulic Racius GreaPerimatert, m

Pigure 2. 17.23: Example of local slie calibration. New design line {dashed) can be wed
fox fubire siope dekign (after Bawden, 19931

If such a Inced deeabase is maimained, then the Swhiliny Graph can be calibralsd
for local conditions. The dashed design ling proposad By Bawden for the above
dars bomds he caviall sid oesta®e aopes. This ks shoeld now be used 2 de no-
guppat Bmit for fulbere masé ddesipn al this de.
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217.8 Parametric Analysis

The quality of & reckmiss @ sever well defined. For overall mine design and
bodgering purpices & & preliminary stage it may be adequase © desipn kased ca
Everage mckmats conditions. Assumang WOl CasE paremelsss say prove
imprncrical from g economic perspective while designing hased on the best
prosihle com®tions would clearly be impraden),

In cetder to enderstand the corsequences of this varisbelity af a given s, t i
usefal o employ & bounded snslysiz for the Sability Graph method by mbalating
reseumable ranges for de mpul parameters (limit reages 0 one abulaizd CAREGNTY
zr une: standard deviacion fur esch parameter and only use variahility as required

' orimpractically lerge sclution ranges will resalt) and then calculating an expeced

range: for W' Conssder the following example input for the kanpingwall of 2 mise
employing a modified AYOCA miring sethod:. #

Tabe 207.3:  Duta ghesi for paramernc design cwenple _
e Ty E05m

ETOME MEIGHT 20

| NCWONAL FANEL  30m
WFILTH

| WALL 0 = 30 MPa
STRESS
il"l'i'l"|'.'-'|'F' BE degreas
| HW oo [Fieasx
| Les 120 - 180 MPa
JONTS Z & randam raugh & planar e -
rdighily alta e
PARAMETER LOWER BOLWD EXPECTED LIPPER BOLMD
| RGO 7o Th Bl
B 2] |

ofr 15 15 14
M 1 2 2 1
A a4 o4 05
& oz (1 o4
L EE __ hs LK
w E2




Australian Centre for Geomechanics Excavation Engineering for Underground Mines
Mike Turner Excavation Support Analysis

250 Cablebalting i Linderground Mines

|.'T' el Clpary SEpe O M_-'.'Fﬂﬂ-—-|

o e e

Figee 21734 AVOCA Siope example - Fill Lag can be up 2 112 sope widih

Doe w opemtional delays and schedoling peoblems, it & expecied thas the
backfill front ac (llestrated im Figure 2.17.24 can lag behind the design position
{relative to the blesting Face) & 28 muck as 102 of the nominal paned wadth. h
rovest be considerad then that the width can vary from 30m t0 45m. The bydraulic
rding, HR, mvost therefore be assumed o vary in the range:

From: 20 M To: Wuds o

i wn: [

AL+ B0 A+090

The combined ranpe of N aad of HE can be plotied on the Siabality Gragph as
shown in Figure 2.17.25. Seppor Ls cleacty pequinsd in this case. When worst case
conditions oocor, significant subility problems may resuli if sopport is inadequate.
The decisiom by enbance suppor beyond wverage regquirements must be based on
risk fo personnel and equipment sad on the coss, losses and delays assocised with
unexpecied dilutios. This medod com be expaaded to involve probabalistic
mathods similar 10 those cutlined in Hoek et al. {1995) and Harr (1987}

Wctibian Sdnedlity M |

|;-.. ._'5””1-_1 " =
Faos Hyorauic Bachus LA Deimatarl, m

Fgee 21725  Exsmele design range and recommesdations
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2.17.9 Prohahilistic Analvsis

Figers 1. I'.'.I:E-: Esample aijrel distribulions cevsiling feom in site varizhiliy

Anoier spproach wo incorparatisg inpec vanahilicy sseo e analysis is theough
the use of & probabilistic approach. Inpet parameners ¢ b assigned discributons
as shown in Figure 2017268, If & single esconded value for any parameser is
sampled st random feom the decahase, dhese histogram distribotions saow the
relative likelihood of the sample sguling 50 & particalar value or range.
Distribotions can he obmined from eeal Pield dsta using statistical chnigees
[Hare, 1987; Purer, 11H12: Roseableuth, 19811 or commersial simulaion softwars
(Hoek et al., 1999; Caner, 192, Disdenchs and Kaiser, 1996}, and can be wsed
in a Mome Carlo style anabysis. In this ssalvsis, & larpe number of caleuletions for
M are gererated from different combarations of vilues for the showe paramessrs
Thi: lreuencies with which each parameter falls within differess ranpes for use
in the alalation are meflecied in the distnbetions in Figore 2.17.26. Saveral
hundred sch calailatons realt in S distnbution for ¥ shows in Figure 2,17.27
al, If dhax: disenibeation is superimposed on the i=sahilizy lmis @ 2 given HR, the
probability of éeriahility or of caving {Figure 2.17 2T.8) is equal 1o relative area
of the distributbon which falls hedow the respecrive limsl,

_m-Ehud-:m:lwnu-

l'l-lgilnl H‘l:lﬂll.-.-m

AEOOARNTH GF Seab AT
kY i S

=d5 I
.l-

o

q 5 L L a0 BE kETEN
Faos Hydraolkc Redl 4 m _-t'_l':'

Fipe 2 17.27: FTﬂI:-ﬁ-I.IIIJH of () imsiabairy I.h:l-:u.-mg hased mm [ujj-:l-:-uu Carlo
arclyyis {alter Dhedericha and Eaiper. 1998)
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217.10  Dilution and the Stability Graph

The imetability and caving limits in the Modifiad Sabilsty Graph ars hesed
loosaly om the spparent srea of mstability acrocs the suepe Tace, 17 the volams: of
falure iz pomgiderad and divided by the volume of the ore in the sope, & value for
dilotion is chiainad (Sectiom 1-2). Por a simple rectangular peometry, and if the
sope thickness dioes nod chesge. It s possible o plot contours of expecied average
dilution on the Stakikity Graph (Figere 2,17 ZE). Note that thess coniours are
likely i be site-specific st depend on the siope thickness (Sm in the example
below). Based on bocal sile experiendces, 4 ditarion vi B relationship for any rock
guality & ¢an he obained and wead in etonomic analyscs W opRimis: sOpe
dimensions (Elbrond, 199 Planeta et al., 199); Diedenchs and Kagser, 1994,

00 o -
= 2.a% S5 0

o 8 © 5 P
race Hydalic Fadis (m )

Fipura 2.17.18; Siie-speciiic sveriage cxpecied &ilutios (dais Som Palalhis eal., 1595)



