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prestressing support units therefore appears to be beneficial in many ctrcumstances,
and needs to be evaluated in detail.

The second issue concerning support spacing in certain ground control districts in
shallow mines is the prevention of large blocks sliding out on inclined planes, result-
ing in prop type support units being pushed out and failing in toppling mode. A sim-
ple method to reduce the possibility of such a failure is to ensure that at least three
support units will support an unstable block, and that the centre of gravity of the
block lies within the area defined by the support units. However roofbolting,
designed with adequate pretensioning and shear resistance, is the more conventional
way of ensuring stability in such situations.

In deep mines where the hangingwall is intensely fractured and may be subjected to
seismic deformations, it-might appear that the need for better areal coverage or sup-
port interaction would be significantly greater than for shallower situations.
However, the clamping forces to the predominantly sub-vertical slabs running paral-
lel to the stope face in the hangingwall, provided by the dilation of the fracture zone
ahead of the face, mitigates this to a considerable extent. The problem therefore is
similar to the shallow situation in that blocks of unfavourable geometry are of main
concern. The difference is that the Size of the critical blocks will, in general, be
smaller and their occurrence will be more frequent. Also under seismic deformation
and subsequent differential decelerations across the spans betwéen support units, the
stability situation is much more complex. Thus superior area coverage is needed in
typical deep mining situations.

It is clear, therefore, that to improve safety, and to reap the immense economic
benefits of 1reducing fallout dilution and stoping widths, improved support inter-
action and areal coverage specifications designed for specifi¢ geotechnical con-
ditions are required. Such improvements can most readily be accomplished by con-
sidering higher-density lower-force support systems, and systems utilizing head-
boards or other load-spreading configurations. [As an example, a strong tape mesh.
attached to a framework and suitable for use with prop-based support systems to pro-
vide almost 100% areal coverage for rockfall conditions has recently been developed.
This system is unproven, but is currently undeérgoing field trials and a positive eval-
uation is anticipated.]

4.3.3 Support Resistance And Support Spacing

Support resistance is the concept whereby the force generated by a support unit or
the smallest representative séction of a support system is averaged over the tributaiy
area of hangingwall to be supported by that unit or portion of a system. Support
resistance is expressed in kN/m?2 and is used in the setting of design criteria and the
evaluation of support systems for rockfall conditions. The force generated by a sup-
port unit at a particular distance behind the stope face is determined from the
force:deformation curve appropriate to the rate of closure and the amount of com-
pression (closure) experienced by that unit in its curren! position. Assuming that the
closure rate for the situation illustrated in Figure 4.3.1 is 10 mm/day or 20 mm/m of
face advance (corresponding to a two day cycle), then the force generated by the units
in the area of interest is gained from Figure 4.3.2. '
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Figure 4.3.2 Forces generated by individual units for calculation of support resistance
SUPPORT RESISTANCE CALCULATION: FORCE
Mechanical prop - installed that day; prestressed; closure 3 mm 200 kN
6 x RYHP at slow yield force of 200 kN 1 200 kN
First row eJongate - installed previous day; closwre 13 mm 250 kN
Second row elongate - installed for 3 days; closure 30 mm 310 kN
1960 kN

Tributary atea2 mx 7m = 14 m?

Suppott resistance = 1960/ 14 = 140 kN/m?2
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The criterion for rockfalls is the deadweight of rock that coutd potentially fall out
per m? of hangingwall. In effect this is pgh, where p is the density of the rock and h
is the potential thickness ot tall-oul. The SDA program quantifies the support resist-
ance for each row of support and conmpares the result to the criterion; the procedures
are discussed more fully in section 4.4.

The support resistance concept is a first step in the design process and ensuyes that
the support elements, taking into account their yield characteristics, are never over-
loaded as a whole, and are always capable of carrying the deadweight of potentially
loose rock in the area where required to do so. In effect, tributary area is an over-
stmplification of the situation tn a highly discontinuous rock mass. Support forces
are notevenly distributed over the tributary area but are less concentrated in the zones
between the support elements depending on the specific design, and on the orienta-
tion and spacing of fractures and joints. The occurrence of fallouts between support
units 1s evidence of this. Careful consideration therefore needs to be given to the
strike and dip spacing of support units, with the objective of ensuring adequate over-
Jap of their interaction with the rock mass:

{ Extenston Shaar 1
Fraciures Fracure “ |
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Figure 4.3.3 Numerically modelled force trajectories generated by
support units. Upper diagram: no clamping stresses;
lower diagram: 0.5 MPa horizontal stress present.
When horizontal stresses ate present and face fractures
dip steeply, hangingwall stability is enhanced.




4: Stope Support

Currently, support spacing is based on local knowledge and the requirements to meet
the overall support resistance criterion. In general, because stress fractures are par-
allel to the stope face, the requirement-should be to have the sivike spacing less than
the dip spacing. Unfortunately, all too often the strike spacing is dictated by the need
1o scrape between rows of support. When this occurs to the extent that it appears that
the interaction between units is sub-marginal, steps should be taken to spread the load
by the use of headboards or other devices. [Research into this problem is ongoing
and clearer guidelines should become available shortly. Figure 4.3.3 is a numerical
simulation of how support forces may be distributed in a regularly fractured hang-
ingwall bounded by a weak bedding plane one metre up. It is seen that the support
forces are strongly channelled into the fracture-bounded slabs irimediately above the
support units, while the stability of the intervening rock is barely affected. However,
in the lower diagram where dilationary horizontal clamping stresses are present, sup-
port forces are transmitted across the fractures and into the hangingwall beam.
Preliminary calculations show that stability is considerably enhanced when the dip of
the face fractures is steep, but that there is a negative influence of combinations of
shallow dipping fractures.]

4.3.4 Energy Absorption

The energy absorption concept is based on the principle that, during dynamic defor-
mation of the hangingwall; kinetic energy is imparted to an ejected block which ust
be absorbed by the support units without undergoing undue deformation:
Ex= 12 m,vz, where m is the mass of the rock loading the support units (again tribu-
tary area is assumed), and v is the peak velocity towhich the rock is accelerated by
the seismic event. At present, the value given to this critical parameter is 3 m/s - ¢.f.
discussion in Chapter 1.4.4.

During deformation, the support units rmust also absorb potential energy given by
mgh, where h is the dynamic closuré. The E, energy therefore corresponds to the
extra component of support resistaice required to absorb the kinetic energy of the
ejected block - see figure 4.4.13. These issues are discussed in section 4.4 and, again,
the SDA program (section 4.4) is available to help carry out the necessary calcula-
tions.

44 DESIGN AND EVALUATION OF SUPPORT SYSTEMS

In this section, currently accepted procedures for setting stope support design crite-
ria are introduced, and methodologies are suggested which allow support systems to
be designed and evaluated against these criteria.

4.4.1 Setting Of Design Criteria

The first step in support design is to set criteria against which the support system must
be evaluated. The initial decision is whether the support has to cater for rockfalls only,
or rockbursts and rockfalls. Then the height of potential fallout needs to be deter-
mined. This involves careful analysis of the near hangingwall stratigraphy, geologi-
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cal structures and stress tracturing to determine potential release surfaces and the loca-
tion of the highest of these relative 1o the stope. Importantly, this needs to be corrob-
orated by investigations of underground collapses from which all relevant data should
be stored in a database. This can then be inlerrogated and the height of falls plotted
in cumulative percentage format. These data need to be examined to establish if they
comprise more than one population. For example, the larger falls of ground could be
associated with faults, indicating a higher value for the criterion in the vicinity of
faults but conversely a lower valué for normal conditions. By engineering judgement
of all these data, the height of polential unstable strata should be established and the
suppolt resistance or energy absorption criteria calculated. These procedures, suitable
for 'rockfall’ and ‘rockburst' support designs, are dealt with below.

For pure rockfall control, the support resistance of the support system has to be suf-
ficient to carry the deadweight of the strata involved in a potential fall:

SRz(pt;)g [N/m?

where p is the density of the hangingwall rock (2750 kg/m3 for quartzite), g = 9.8
m/52, and t, is the thickness (m) of the potential fall. This approach is relatively
conservative, in the sense that cohesional and frictional forees on the surfaces bound-
ing the potential fall are deemed negligible and are ignored.

The thickness parameter t needs to be set for each ground control district under con-
sideration. Tt is besl defined as the distance fo the furthest known unstable parting
plane in the hangingwall. Analysis of a (sufficiently large) set of current actual rock-
fall thicknesses can give useful information here - Figure 4.4.1.
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Figure 4.4.1 Cumulative rocktall thicknesses for a particular
ground control district

Judgement needs to be exercised as to which percentile on such a cumulative fallout
thickness graph should be used, and the cases comprising the top 10% should be
examined. If the majority of these heavy falls occur in a particular area, then this
could be delineated as a separate ground control district with its own more stringent
support standards. Alternatively, if they are associdted mostly with identifiable
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features such as favlts or rolls, then this could be catered for under the mine stan-
dards, where appropriate local increases in support resistance would be specified.
If in the example of Figure 4.4.1 it were accepted that the standeard support system
should prevent 95% of all observed fallouts, the thickness of strata to be supported
would be t,= 1.4 m, and t?he coiresponding support resistance criterion would be
2750 x 1.4 x 9.8 =38 kN/m".

Two important issues need to be borne in mind with this approach:

(i) A database of fallout thicknesses reflects actual falls of ground which took place
in the past, but obviously in the presence of support installed at the time.

(ii) Unless the database includes at least about {00 instances of significant falls
(unlikely in the case of small, or recently exploited, ground control districts), the crit-
ical upper tail of the allout distribution may be missed or greatly under-estimated.
For these reasons due caution needs to be exercised, and consideration given to the use
of appropriate factors of safety (section 4.4.3), dependent on an estimate of the relative
variability of geological and other weaknesses in the hangingwall. For example, if large
falls associated with difficult to recognise hazards (such as 'domes' on the platinum
mines) are thought to be possible, a particularty conservative approach is indicated.

In the case of rockburst prone areas, the avatlable support resistance must not only
be able to carry the deadweight of a potentially ejected block, it must be able to
absorb its kinetic energy Ex. The requirement is that the support has to bring to rest,
within a specified distance, a detached block of thickness t; and mass m = pt,, in the
hangingwall, which has been accelerated to a peak velocity v by the strong ground
motion from a seismic event - Figure 4.4.2. The kinetic energy involved is given by

Ex= Y, m v (J/mz).

Impacting seismic
wave, ground
velocity v

| |
| Y
I Support | —T
| i
|

Figure 4.4.2 The role of support in rockburst conditions

The controlling parameter - the likely maximum thickness t; of an ejected block -
can be defined as the distance to the highest (dynamically) unstable parting in the
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hangingwall. Again, useful imformation can be gained from analysis of actual ro¢k-
burst ejection thickness data - Figuve 4.4.3.
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Figure 4.4.3 Cumulative percentage of éjected block thicknesses for
Carbon Leader Reef.

From this figure the (overall) 95 % percentile thickness for the Carbon Leader Reef
was 2.2 m, while the maximum observed thickness was 3.0 m. The actual Carbon
Leader ejection thicknesses appropriate for a given ground control district will vary
across the ore body, depending largely on the distance between the reef and the Green
Bar. Again, due caution should be exercised, for similar reasons to those discussed
under rockfall criteria above.

Assuining an estimated block ejection thickness of 2.2 m, i.e. a mass of 6050 kg/m?,
the minimum kinetic energy absorption requirement per square metre of stope

hangingwall that a support system should be able to provide to stablhse the stope
hangingwall, assuming an ejection velocity of 3 m/s, is E, = 1/, 6050 3% =27000 J/m?
=27 kJ/m2. This is a representative E, criterion for the 'average' Carbon Leader Reef.

A further important consideralion in rockburst support system design is the maximum
deformation dmax Which a support unit can be allowed to sustain before bringing a rock-
burst-ejected block to a standstill. To avoid serious danger to life and litnb, the open
height in a stope after a rockburst should, if at alt possible, not be permitted to fall
below about 0.6 m. Thus dmax should not exceed (Sw - 0.6), where Sy is the stope width
at installation of the support unit concerned. Furthermore, after assumed arrest of the
falling block, the (static) resistance of the support unit cannot possibly be less than the
deadweight mg of the block, else further unlimited collapse would occur. Thus

dmax = Minimum of: (Sw - 0.6); or d such that SRgaic(d) = mg

Finally, the acceptable spacing of support units and areal coverage requirements
need to be estimated, as discussed in section 4.3.2.

Itis necessary that thése procedures be carried out for each geotechnical region. This
highlights the need of not relying too heavily on accident data, as for each region the
quantity of data available is likely to be sparse.
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4.4.2 Establishment Of Closure Rates For Ground Control Districts

Stope closure rate js an important input parameter in the support design procedure
(sections 4.4.3/4) and is a vseful and simple measurement indicating rock mass
behaviour. The rate and aimount of closure after mining is dependent on several fac-
tors, most of which are included as parameters in the delineation of ground control
regions. It is likely that closure rate will vary from region to region and therefore
these rates need to be established.

Where the rock mass is fractured and deforming inelastically, it is not currently pos-
sible to model the rite of closure realistically because of the many and varying fac-
tors involved. It is thus necessary to measure these rates underground for each
region. The detail of measurements can be considered as an evolutionary process
with the end objective being a well-populated database of measurements.

If no actual closure measurements are available, quick estimates can be made by visit-
ing each region and assessing the compression of support units at various distances
behind the face. Dividing by distance to the face will give closure rates in mm/m of
face advance, or by examining mine plans to determine how long it took to mine that
distance would give closures in mm/day. To validate these estimates, a few simple clo-
sure meteys should be installed in each region. Initially these need only be read month-
ly, for example when production measuring is carried out, and the data analysed.

As tiuné passes or resources are made available, more detailed and sophisticated
measurements should be taken (Chapter 10.3). In particular, if rates of face advance
vary within a region, the effect of this on closure rate needs to be determined.
Continuous recording of closure will help elucidate thie time-dependent component.

Where roofbolting is used, the dilation in the roofbolted area needs to be determined
to assess whether yielding tendons are required. This can be done by installing
extensometers into short holés drilled into the hangingwall.

4.4.3 Stope Support Design Methodology For Rockfall Conditions

The proposed design methodology compares the actual support resistance of the sys-
tem to the criterion at any distance from the stope face; taking into account the effects
of stope closure. The methodology thus ensures that both the face area and perma-
nent support within the working area meet the criterion, It also caters for support sys-
tems cotnprising several types of support units, including tendons used to support the
hangingwall in suspension mode. Using the methodology, different support systems
can be evalnated, and the most cost-éffective one chosen which both satisfies the
support resistance (safety) criterion and best integrates with the chosen mining
method.

Any support units installed in a stope are immediately acted upon by stope closure.
Depending on the force-deformation characteristics of the support unit, this closure
could either degrade or increase its ability to génerate load. In order to take this into
account, it is necessary to répresent a support system as a support resistance-defor-
mation curve which is a function of stope closure and thus of the distance behind the
stope face.
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Figure 4.4.4 A support resistance-deformation design chart, which allows stope
closure and distance behind the stope face to be taken into account

Figure 4.4.4 is a graphical representation of the design method. The upper section is
the support resistance-deformation graph for the proposed system being evaluated. The
lower section is a nomogram that converts distance behind the face to compression of.
the suppoit uiits for various rates of closure expressed in mm/m (mm of closure per
metre of face advance); or equivalently, if the face advance rate is specified, in terms of
mm/day. The method also takes into account the distance behind the face that the sup-
port is installed by starting the closure rate lines on the y-axis at this distance.

The graphs can be used to determine the support resistance for any distance behind
the stopé face and for any closure rate. In the example, the support is assumed to
have been initially installed 3 m from the stope face and the stoping is on a 2-day
cycle. Considering point A some distance behind the stope face, a horizontal line is
traced until it intersects the line representing the stope closure rate at point B. From
B a vertical line is traced to intersect the support resistance-deformation curve of the
siipport system at point C. From C a horizontal line is traced back to the y-axis at
D, where the support resistance of the support system at that particular distance from
the face for the specific closure rate can be read off.

The graphical representation may be further extended by separating the face and per-
manent support areas, and plotting the support resistance-deformation curves of the
support systems used in both these areas. This is shown in Figure 4.4.5, where a mine
pole system and a mechanical prop support system are shown in the face area for com-
parison. In the permanent support area, a timber pack system is compared with a
yielding timmber prop support system. This allows the support resistance of a specific
support system to be tested against the support resistance requirement of a particular
ground control district as determined in section 4.4.1 (38 kN/m? in the example).
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Figure 4.4.5 The support resistance-deformation curves of support systems for
both the face and permanent support areas

It ts significant that some of the support systems in Figure 4.4.5 fail to meet the cri-
terion of 38 kN/m* under certain conditions. For example, for a closure rate of 20
mm/m (10 mim/day, assuming a 2-day cycle), the mine pole support system will fail
to meet thé criferion once a row of the support units comprising the system is 4 m or
more behind the stope face. For a closure rate of 10 mm/m (5 mm/day on a 2-day
cycle), the equivalent distance is 6.5 m. The mechanical prop support system will
fail to meet this criterion, and the props would suffer damage, at 3 m and 4.5 m
behind the stope for closure rates of 20 mm/m and 10 mm/m respectively. The pack
system also appears not to meet the criterion in the working area where the closure
rate is 10 mmi/m. However, a small additional arnpunt of compression of the packs,
due to the weight of a potential fall of ground, would (probably safely) generate suf-
ficient resistance in the packs to cairy the extra load.

A computer program, SDA, is available- which automatically performs all the steps in
this design evaluation process. At present the program accesses a rather limited data-
base of support unit load/deformation curves, but properly determined performance
curves of units not in the database can easily be added. [The program is currently being
enhanced to cater for more complex support systemns such as those discussed below.]

Two different support element types used in conjunction can be evaluated by a
slight extension of the methodology described so far. An example is a combination
of hydraulic and profile props, where there is overlap of the two support types. Of
importance here is determining the combined suppoit resistance of the two support
types for a given distance behind the stope face. The support resistance-deformation
curves are plotted in the normal manner, but a closure rate curve is required for each
support type as they are installed at different distances from the stope face. This is
shown in Figure 4.4.6 where, by adding the two individual support resistances deter-
mined as in (C) and (D), the total support resistance of the system can be determined.
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Figure 4.4.6 Multiple support types installed at different distances from the face

If this process is undertaken a number of times for different distances behind the stope
face, then the change in support resistance from the face aréa int6 the back area can
be plotted (Figure 4.4.7), and compared with the required support resistance criterion.

Ciiterion

Support resistance (kN/m°)

Distance behind the stope face (m)

Figure 4.4.7

Total support resistance of multiple
support types at various distances
from the stope face

Support systems which incorporate rockbolts or tendons can be evaluated by
assuming a constant support resistance contribution of such tendons, irrespective of
stope closure. In order to ensure predictability and relative long-term stability of
rockbolts, it is recommended that they not be loaded beyond their yield point, which
is at about 70% of their ultimate strength - Figure 4.4.8. Thus the calculated support
resistance should be based on 70% of the failure strength.

Faifure force

70% of final failure force

Elastic

Force

Daformation

Figure 4.4.8
Force-deformation behaviour
of a steel end-anchoreéd rock-
bolt
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It is very important that tendons be anchored deepeér in the hangingwall than the esti-
mated t, fallout thickness; failing this the tendons cannot bé assumed to contribute
at all to support resistance requirements, but only to improving areal coverage and
general hangingwall integrity.

A support system comprised only of rockbolts can be a viable solution (Figure 4.4.9),
provided always that the following requirements are met: (i) the tendon spacing is
acceptable in terms of local joint/fracture spacings and orientations, (ii) the anchors
pin through the t; beam into the solid above, and (iii) the estithated support resist-
ance exceeds the criterion.

Support resistance of rockbolt system
—————————— Suppor resistance critarion

Deformation Figul'e 4'4 9
\ Application of the stope

Closure rate support design methodol-
ogy to evaluate the sup-
port resistance of rock-
bolts

Suppont
resistance

Distance behind
stope face (m)

Alternatively, a hybrid system made up of rockbolts in conjunction with other sup-
port units can safisfy the support resistance criterion over the full working area -
Figure 4.4.10. The methodology is illustrated in Figure 4.4.11, in which the contri-
bution of the rockbolts is added to that of the props.

Beam representing 95%
—_—— of_cumu!ative fallout
Beam thickness

Figure 4.4.10 Hybrid support system comprised of rockbolts and props
to meet support resistance requirements
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4.4.4 Stope Support Design Methodology For Rockburst Conditions

The design/evaluation of a stope support system required to absorb energy with the
objective of reducing rockburst damage depends on a number of variables, the most
important of which is the ability of the support system to yield during rapid defor-
mation and so absorb energy. Other variables which affect the ability of stope sup-
port systenis to absorb energy have been discussed previously, and include the spac-
ing of the support units, the expected velocity of dynamic stope closure, and the rate
of normal stope closure which affects the support resistance and energy absorption
capacity of support units as their distance from the face increases. Figure 4.4.12
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Force-deformatton curve

loading rate adjustment

/

Force-deformation curve

support unit spacing

N/

Support resistance-deformation curve

area under support
resistance-deformation
curve

Energy absorption-deformation curve

Figure 4.4.12
Process for estimating dynamic
support properties |
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gives a flowchart of the processes involved in estimating the dynamic-loading sup-
port resistance and kinetic energy absorption curves of a given support system.
Figure 4.4.13 illustrates how the kinetic energy absorption capacity of a suppoit sys-
tem is derived (excess area under the dynamic support resistance curve, calculated
from any prior stope deformation d up to limit defined by d_,,, c.f. section 4.4.1 and
Figure 4.4.13). Figure 4.4.14 illustrates typical energy capacity curves for a number
of common support systems, and shows how these capacities diminish as prior defor-
mation (due to normal stope closure) increases.

(Potential energy component)

Kinetic energy absorption
capabllity = Ek(d)

S. R. of deadweight = mg
7" =(ptwg

Dynamic¢ loading
rate S.R. curve

Support resistance S.R. (kN/m?)

S,- 0.6
= Min.
n SRgtatic (dmax) = M3

Figure 4.4.13 Derivation of energy absorption capacity of given
support system
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Most support units and support systems have a finite amount of energy that can be
absorbed during deformation, the main exception being backtill. Based on laborato-
Iy tests, pack support systems might appear to have a continually increasing support
resistance and unbounded energy absorption capacity with increasing deformation.
However, it is estimated that the useful energy absorption ability of pack support sys-
tems is limited to about 50% compression, since most pack types clearly do lose
structural integrity after large deformations in underground conditions, particularly
under dynamic closure. These considerations aftfect the determination of the maxi-
mum deformation d,,,, parameter (defined in section 4.4.1), which plays an impor-
tant role in the calculations illustrated in Figure 4.4.13.

Once energy capacity curves similar to those in Figure 4.4.14 are available, a process
similar to that introduced for rockfall design (section 4.4.3) can be followed, except
that now behaviour is tested against the kinetic energy criterion E, defined in section
44.1. An illustration is given in Figure 4.4.15.
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Figure 4.4.15 combines the graph of energy capacity with a nomogram in the lower
half of the diagram which relates the amount of stope closure experienced by a sup-
port unit installed a specific distance behind the stope face for various rates of clo-
sure. In this example curves of closure rate expressed in mun/m of face advance are
used. The negative y-axis is agatn distance behind the stope face, and the closure rate
lines intersect the y-axis at the distance behind the stope face at which the support is
installed (3 m in this example).

Figure 4.4.15 illustrates how the graphical representation may be used. Consider
some distance behind the stope face, point A. A horizontal line is traced from A until
it intersects the line representing the stope closure rate, point B. From B a vertical line
is traced to intersect the energy-deformation curve of the support system, point C.
From C a horizontal line is traced back to the y-axis at D where the available energy
can be read off and compared with the kinetic energy criterion Ek: 27 kJ/m?2 in this
example. Only at point E (corresponding to about 25 m behind the face) does this par-
ticular support system fail to absorb the energy of a 2.2 m thick, 3 m/s ejected block,
while still retaining sufficient support resistance to carry the deadweight of the block.
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Tigure 4.4.16
Rockburst design charts
for various support sys-
tems

Figure 4.4.16 shows some typical support systems made up of timber packs,
hydrautic props and profile props plotted in the way described above, This graphical
representation may be further extended by separating the face and permanent support
areas and plotting the energy-deformation curves of the support systems used in both
the face and permanent support areas. This is shown in Figure 4.4.17 where a mine
pole support system and a hydraulic prop support system are shown in the face area
for comparison. In the permanent support area a timber pack suppott system is com-
pared with a profile support system and with an RSS grout (foamed concrete) pack
support system.

Again, the SDA computer program is available to assist in this design evaluation process.
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Figure 4.4.17
Typical design
charts for face
and back areas.
A: mine poles,
B: RYHPs,

C: reinforced
foamed concrete
packs,

D: mat packs,
E: profile props
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Below are characteristics of units constituting comimon support systems, determined
on the basis of typical support spacings used in the industry for rockburst conditions.

Table 4.4.1 Examples of support unit characteristics under dynamic conditions

Support Unit Max.Force Yield Range Spacing
Mine Pole 600 kN 0.08 m 2 m?/unit
Mech. Prop 150 kN 0.05 m 2 m%unit
Yield.Mech.Prop 120 kN 0.25m 2 m?/unit
Hydraulic Prop 400 kN 0.25m 1.5 m2/unit
Profile Prop 500 kN 0.25m 2 m2/unit
Pack 4000 kN 0.50 m 10 m2/unit
Reinforced foamed 1000 kN 0.50 m 10 m2/unit
concrete pack

Two different support element types used in conjunction can, as in the rockfall design
procedures, be handled by first adding the individual support resistance characteristics
and then evaluating the resulting areas representing energy absorption capacities.

Design of Tendon Based Systems for Rockburst Conditions. Where tendon support
is designed into a support system with the purpose of absorbing patt or all of the
energy imparted to the rock, only yi€lding tendons are approprlatc support units. In
the d651g11 the influence of possible shearing on bedding planes in the stope hang-
ingwall is ignored and it is assumed that the energy absorbing capabilities of the ten-
dons are only utilised once a seismic event-occurs. However, where vertical dilation
(bed separation) of the hangingwall beam to be supported is suspected, the amount
of dilation can be determined by installing extensometers in the hangingwall (see
Chapter 10.3). Corrections can be made for the dilation if the magnitude is sufficient
to warrant the modification. As an example of energy absorbing capabilities of ten-
dons, consider the force-deformation characteristics of a cone bolt, which.is designed
to yield during dynamic loading. The area under the force-deformation curve from
dynamic laboratory tests quantifies the amount of energy absorbed by a cone bolt
during dynamic loading. Similar to rockfall support design, it is imperative that these
tendons be anchored at a point deeper than the estimated t,, thickness, and if the
energy absorption capacity is inadequate, either reduced spacings or use of addition-
al conventional supports needs to be investigated - Figure 4.4.18. To determine the
energy absorption capability of a hybrid support system, the individual energy capa-
bilities of the two systems are again added.

Energy absorption capacity of
> combined support system
RS
g&\ Energy absorption capacity of
8 E props
52 Energy absorption
5 — — capacity of rockbolts
S \q or grouted bars .
- . Figure 4.4.18
£E Detormation (mm) Superiinposed
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4.4.5 Cost Analysis, Risk Analysis And Factor Of Safety
Evaluation

Having evaluated several possible support systems for a particular ground contcol
district using the SDA program, it may be found that a number satisfy or exceed the
design criteria. An important issue in deciding which of the options should finally
be selected for implementation is the cost factor.

In assessing the total cost of a support system the initial material cost of the units may
be only a small propottion of the installed cost. Other factors including transport
costs from stores to stope, infrastructure requirements and their running costs, the
cost of accessory equipment required for installation and its maintenance, installation
costs and the cost of damaged or lost units, have to be taken into account and added
to the large labour and supervisory costs assgciated with each of these operations.

It is obvious that reusable units have a huge advantage when considering initial and
transport costs. In a well run RYHP system the expected life of a unit is seven years,
i.e. it is used hundreds of times and transport costs are negligible. However, the
infrastructure and supervisory costs required to keep such a system efficient are rel-
atively high.

It is therefore necessary to carry out a thorough cost analysis to determine which of
the proposed systems is most effective. It may even be found that employing a con-
tractor to run the whole support operation or segments of it is an attractive option.

Having selected a particular support option, a formal risk assessment should be car-
ried out. This should involve all aspects of the system starting at the risk of non-guar-
anteed supply of the units through to the risk of the systein not providing the required
support performance. The risk assessment carried out by the supplier or manufac-
turer of the components should be examined. The on-mine assessment should con-
centrate on the safety risks involved in the installation and removal (where appropri-
ate) of the units, the likelihood of the units being blasted out, or for whatever other
reason not providing-the expected support performance, for example poor installa-
tion, buckling of elongates etc. Table 4.4.2 lists the number of fatal accidents asso-
ciated with the installation and removal of the common types of units for the period
1990 - 1997. Note that it was not possible to normalise these data by the number of
units installed. However, thése fatalities comprise 12% of the total fatal accidents in
stopes. This is a significant proportion, indicating less than adequate training and
supervision in the routine, but hazardous, operations of support installation/removal,

Table 4.4.2 FOG fatalities associated with the installation (I) or removal (R) of support units

Support 1990 | 1991 | 1992 | 1993 1994 | 1995 | 1996 | 1997 | Total
Elements I R|]T R|T R|JT R/ T R|T R|T RJT RIJI R
Hydraulic 1 1 |0 4]0 0|3 3]20 1 33 210 3] 1016
Mechprops [ 2 0 |4 1|9 0[]0 2|41 3 1|1 1|1 0[246
Packs 2 01004 0|4 0|20 [2 0[5 0[]0 0[290
Sticks 7 L |3 L[5 0|6 0|41 2 03 0|1 0313
Backfill 0 0/l 0loo|loo[OO/|OO|OO]O O]1 O

122 | 186 | 180 | 135 | 122 |8 4| 123 ]2 3| 9525
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In order to reduce the identified risks, cognisance should be taken of the results of
the risk analysis in setting the installation standards and the training programme
developed for the implementation of the system.

In addition, the inclusion of a safety factor in the design criterion needs to be con-
sidered. This should be based on releévant findings of the risk assessment and the
uncertainties in estimating the original criterion. Also, the risk and éffect of a sup-
port unit failing prematurely, being poorly installed or being left out of the pattern of
support should be taken into account.

4.4.6 Field Trials

After the selection of the final candidate support system for implementation, it is
advisable, particularly when a radically different support system is contemplated,
that a field wrial be carried out. The trial should take place in a two or three panel
section over a period of about three or four months. Initially, while people are
bécoming accustoméd to the dew system, pressure to achieve high production rates
should be relaxed and only during the final stages of the trial should maximum rates
be striven for.

The objectives of the trial are to evaluate the effectiveness of the system in improv-
ing hangingwall stability and reducing dilution, safety aspects of the installation
procedure, ergonomics, the refinement of standard procedwres, the influence of the
system on productivity, and the overall system cost-effectiveness.

The planning of the trial should involve the developers, manufacturers and suppliers
of the components, to take advantage of their knowledge and experience of the sys-
term. During the trial, detailed monitoring of the system performance should be car-
ried out and work study investigations undertaken. It is at this stage that valuable
input can be gained froin the mining crew and particularly from the people directly
involved. Such inpuf should be solicited by risk assessments duciiig the (rial and
acted upon where appropriate. Suggested modifications to ergonomics and proce-
dures can be expected.

The experience gained and modifications implemented during the trial would then be
used in drawing up a training manual for mine-wide training necessary for imple-
mentation of the systern, the refinement of standard procedures and the setting of
quality assurance standards, not only for the support components but also their instal-
lation.

4.4.7 Implementation

The field trials described above, together with the training programme and docu-
mentation of standard procedures, should be seen as part of the implementation
process. The stope and mining: personnel used in the field trials can then be utilized
as an underground training school for the benefit of other employees required to learn
the system.

The implementation of a new support system should be phased in across the ground
control district. Crews from candidate stopes having been through the training
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course should spend several days in the training stopes to gain hands-on experience.
Tearn leaders from the training stopes could spend some Lime with the novice crews
in their stope to ensure the system is applied safely and efficiently and to assist in
problem solving.

During the systematic implementation, monitoring should continue but in much less
detail than in the field trial, again to assess safety and productivity benefits and cost
effectiveness. Important at this time is to monitor and compare accident rates, stop-
ing widths and face-advance rates before and after introduction of the system.

A valuable contribution to the industry as a whole can be made, following the suc-
cessful implementation of a new support system, by writing up and publishing a com-
prehensive report on the exéicise.

4.4.8 Backfill As Local Support

In South Africa, particularly in deep stopes, backfill is playing an important role as a
local support medium, in addition to its potential contributions to regional support
(Chapter 3.3.5) and to ventilation control. Numerous field studies have concluded
that, where backfill of adequate quality is emplaced, hangingwall conditions and sta-
bility can improve dramatically; to the extent that the frequency and severity of rock-
falls and rockburst damage are significantly reduced. Apart from these safety-relat-
ed benefits, improvements in face advance rates and dilution control have been
reported in a number of instances.

The positive effect of backfill on hangingwall conditions can be partially ‘accounted
for from the results of two detailed in situ rock engineering studies. The first study
compared seismic ground motions in conventional vs backfilled panels. It was found
that both the amplitude and duration of the dynamic deformations, as well as the peak
ground velocity, were reduced significantly in the backfilled panels - leading to a
reduction in susceptibility to rockburst damage. There are several possible reasons
for this: damping of surface waves and consequent reduction of site-amplification
effects, better transmission of seismic energy through the stope, and reduction of res-
onant unsupported hangingwall beam length.

The second study in a particular set of panels showed that, with backfil present, the
measured horizontal stresses in the hangingwall near the face increased from low
compressive or mainly teénsile values (in conventional panels) to compressive stress-
es in both horizontal directions. The hangingwall beami is strengthéned by these con-
fining stresses and thereby made more intrinsically stable. [A known exception
would be the case where the hangingwall is laminated, where backfill may over-gen-
erate horizontal stresses and thereby cause buckling failure of the strata; and the dia-
metrically opposite strategy of 'cave’ mining would be indicated - c.f. Chapter 3.5.5.]

Generally speaking therefore, the use of backfill together with good conventional
face area prop support is a preferred medium of local support in deep mining, and in
high stope width mining in general. An important proviso, however, is that, to real-
ize the potential considerable benefits, the backfill has to be kept close to the face at
all times (preferably < 6 m). Fairly stringent quality controls, particularly of densi-
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ly and porosity which contribute to shrinkage control, has also to be exercised
(Chapter 10.3.4).

Details of some of the aspects of backfill quality and placement technology were
given in Chapter 3.3.5. As far as the choice of backfill type is concerned, an empir-
ically-based methodology has been formulated in recent years. Figure 4.4.19 shows
a flow chart for the identitication of design criteria in the selection of a suitable back-
fill for local support purposes.

The methodology is as follows:

The expected in situ stope width and closure rate should be deleymined, from
which the applicable strain rate can be calculated (See sections 4.4.2 and
10.5.1).

Uncemented backfill with the Jowest achievable porosity should be selected for
all high to moderate strain-rate situations, particularly with respect to. narrow
stopes where self-standing capability is not required and always where
cementitious bonds would be damaged. The division between the strain-rate
categories is not clear-cut, and it may be necessary in some cases to carry out
laboratory tests to clarify the situation regarding damage to cementitious bonds
(c.f. note | of Figure 4.4.19).

In the case of moderate strain rate conditions, it is possible {0 use either
cemented or uncemented backfill depending on whethier or not darmage occurs to
the cementitious bonds. A laboratory test should therefore be carried out, at the
in sito strain rate determined, in order to clarify this. Cemented backfill should
not be selected if the cementitious bonds would be damaged, except as a means
of reducing drainage water in stopes where this is considered to be a problem
(c.f. note 2 of Figure 4.4.19).

For narrow stopes at shallow mining depthis (i.e. low strain rates) when a high
carly stiffness is required, e.g. in multi-reef mining, and the extra expense is
justified, cemented backfill should be considered. However, if for example,
backfill is required for the purpose of regional and/or ‘deadweight’ support, an
uncemented backfill may be sufficient (c.f. note 3 of Figure 4.4.19).

Where stope widths exceed about 2 m in deep or shallow mining situations,
cemented backfill should be considered because the strain rates are likely to
be low with no dainage to the cementitious bonds, and free-standing and low-
shrinkage characteristics are required.

The mining cycles should be designed to ensure that the backfill is kept within
6 m of the stope face and that appropriate rockfall or rockburst face-area support
is installed (depending on prevajling conditions) to ensure the attainment of
effective local support at the face.
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Figure 4.4.19 Design methodology for the usé of backfill as local suppoit

A further criterion which should be used for the design of backfill as local support is
the percentage of backfill placed in a mined out area. Two surveys were carmried out
in 1990 and 1994 to investigate the effectiveness of backfill to reduce rockburst and
rockfall accidents. Data was collected from mine case studies covering 1088 rock-
burst and reckfall-rélated accidents that had occurred during the mining of
3.3 million m? of backfilled and conventional mining. The results of these surveys
are given in Figure 4.4.20. What the graph indicates is that the accident rate due to
hangingwall instability in backfilled stopes is greatly reduced compared to the acci-
dent rate in conventional stopes, provided a significant proportion (60 - 70%) of the
mined out area is backfilled. The graph also shows that in panels where only small
areas (10 - 30%) had been filled, the rockfall accident rate actually increased over
that in conventional stopes. Further investigations of these instances showed that the
distance between the stope face and the fill was excessive (10 - 12 m), resulting in
large spans of poorly supported hangingwall.

Thus, this work indicated that to obtain consistent local support from backfill, at least
60% of the mined out area should bé filled and that the fill front should be kept as
close to the face as possible, preferably 6 m or less. It is important to note that the
percentage backfilling used in this assessment was based on the area of backfill
placed in backfilled panels over the area mined in those same panels for the same
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time period. This should not be confused with an average percentage filled figure for
all the mined out areas at a shaft. The correct way of calculating the percentage of
backtilling should involve only those stopes where backfill has been placed.
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Figure 4.4.20 Effect of percent backfill placed on
accident rates, two different time periods
A and C. The zero line represents the
accident rate in unfilled stopes.

An immportant aspect of backfilling, which maximises its benefits, is the design and
implementation of support for the area between the fill front and the stope face.
Apart from meeting the support resistance or energy criteria, the practical and logi-
cal integration of this support into the backfilling cycle is vitally important. To
achieve this, the strike spacing of the lines of support should preferably be equal to
the advance per blast or a multiple of this, using two or three rows of working area
support together with the necessary temporary support. In theory, reusable RYHPs
together with mine poles are the most cost-effective units to use with backfill. There
are, however, some practical difficulties with the use of RYHPs (section 4.5.4), par-
ticularly with long load spreaders. More expensive pre-stressable elongates are
increasingly being used; these are convenient for confining and securing the backfill
bags. They give the added advantage that, wherever poor backfill placement occurs
allowing excessive shrinkage to occur, they provide continuous support to the hang-
ingwall beam until back area closure generates normal support resistance in the back-
fill.
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4.4.9 Gully Support

Gully support systems at shallow depths should be stiff, and gully spans should be
kept to a minimum conumensurate with prevailing hangingwall and geological con-
ditions. In competent ground conditions, the use of sticks or cluster packs alone may
be adequate. Stift packs such as sandwich packs, grout packs, clongate support $ys-
tem (EPS) packs, and/or rock tendons may be required in less competent conditions.
Tn conumon with gullies at greater depth, the gully-stope face area is particularly haz-
ardous and requires sound temporary support. In relatively shallow mines where in-
stope pillars are used as part of the support system, low-inclination stress fracturing
or induced parting of stratification planes can emanate fron the pillar and extend
over the gully. Instances of well-bedded sedimentary hangingwall strata, or the
pyroxenite hangingwall of the Merensky reef, or chromitite seams immediately
above the UG2, can be prone to such problems of hangingwall instability; which
arise only at depths greater than a critical value, and where crush pillars are not
eniployed. The fracturing does not usually extend deep into the hangingwall, and can
be controlled by roofbolting, designed using the suspension principle.

In deeper stopes, where gully geometry is correct, there should be no difference in
hangingwall condition between the panel and the gully, and the gully sidewalls
should also not present much of a support problem provided no detrimental jointing
systenis are present. The most effective gully packs are rectangular in outline, with
the long axis perpendicular to the gully. This shape constrains sidewall dilation and
accommodates a degree of sidewall failure without coflapse of the pack. Gully packs
must be stiff, yet be able to yield sufficiently to accommodate the anticipated closure
in the stope without developing forces high enough to cause failure of the gully side-
walls. A compromise between initial stiffness and yield load must thus be reached.
A pack constructed from light reinforced concrete bricks has been designed to meet
these requirements; having a high initial stiffness and an appropriately low yield
foad. Timber matpacks may be particularly suitable where large amounts of closure
are expected. Specially-designed end-grained packs or composite packs can also ful-
fill the requirements but, tike most other gully support systems, can still be prone to
premature failure by buckling.

Ideally, gully packs should be installed as close to the face as possible, in conjunc-
tion with more active support such as hydraulic props near the face. Use of props is
particularly desirable in cases where gully pack installation is delayed so as not to
interfere with stope cleaning.

Rock reinforcement tendons provide active support for keyblocks in both the hang-
ingwall and sidewalls of gullies - Figure 4.4.21. They should be installed as closé to
perpendicular as possible to the fracture and bedding planes, thereby increasing the
friction between blocks and enhancing the capability of the rock surrounding gullies
to be self-supporting. Where deformations are expected to be large, yielding tendons
should be used. Rock tendons can be used in conjunction with mesh or strapping to
increase the area being supported. Serious consideration should be given to rein-
forcing the sidewalls when the gully is subjected to high stresses; and to reinforcing
the hangingwall when the gully width exceeds the normal unsupported spans of the
in-stope permanent support system. Where fall-out of the hangingwall between
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packs remains a problem, a chequerboard arrangement of packs on the sides of gul-
lies may be tried to overcome the doming of the hangingwall.

----Tendons

Figure 4.4.21 Gully support in high-stress conditions.

The gully support principles and considerations outlined above apply equally to
trackless roadway support, though with greater emphasis where large spans (> 3 m)
are involved; in particular, hangingwall reinforcement is normaily a requirement.

In very deep workings where fracturing is intense, and seismicity levels and stope
closure rates are high, considerations such as pack yield load and tendon/fabric rein-
forcerent assume increasing importance, though drilling and grouting operations
also become very difficult. Special aftention needs to be focused on the critical
face:gully area. In particular, gullies sitéd next to s6lid abutrients, stabilising pillars
or substantial leads, require permanent and temporary support with high initial stiff-
ness and areal coverage properties: tendons and lacing on the hangingwall and side-
walls, and hydraulic props or elongates near the face area. The influence of adjacent
backfill on gully support requiréments has been found to be beneficial, especially in
rockburst conditions. [In fact, current studies are underway to eliminate gully packs
altogether in favour of placing backfill up to the edge of the gully. The backfill here
needs to have its stiffness increased by the use of internal weldmesh reinforcement. ]

In a recent study of the requirements for the stable layout and support of gullies in

very deep mining, the following recommendations were made:

e Lay out the gully on a plan, in¢luding local geology. Envisage sidings of at least
6 m against abutments. Create sufficient gully depth for travelling and bunkerage,
without making the sidewalls unnecessarily high. Ensure ¢orrect positioning and
alignment by the provision and extension of survey lines, and by the use of
painted guide lines underground. Optimise the disposition of blast holes and
explosives used to advance the gully.

e Footwall [ift the gully as a secondary operation once the gully shoulder support
has been installed. This support must have a relatively stif initial performance
(prestressed packs, for example), but must not later develop excessively high
reaction forces sufficient to damage the gully sidewalls.

e Support the gully hangingwall, including open areas between gully shouldeér
supports, with reinforcing tendons and areal surface support. Evaluate the
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geotechnical characteristics of the gully sidewalls, and consider the need for
shilar support here.

e [fthe area is likely to be seismically active, select support units which will
perform satistactorily under dynamic loading conditions.

Problems of bulk movement of the sidewalls of dip gullies or hangingwall buckling
failures in more ductile rock masses can be inhibited by cutting slots in the footwall
or hangingwall adjacent and parallel to the gully - c.f. Chapter 3, Figure 3.4.19.

4.4.10 Application Of Rapid Yield Hydraulic Props and
Prestressable Elongates

A rapid yield hydraulic prop (RYHP) system comprises a pneumatic pump deliver-
ing fiuid at 15-20 MPa via high pressure hoses to a setting pistol which is used to
pressurize the cylinder/ram steel props. Early props used a 5% emulsion as the
hydraulic fiuid, but current props operate on water alone and can thus be easily inte-
grated with hydropower systems. The props can be remotely set and released.

RYHPs were a South African innovation to cater specifically for the high velocity of
closure experienced in some rockbursts. The critical component was thus a control
valve which would open at a predetermined pressure, allow rapid expulsion of
hydraulic fluid at closure rates of > 1 n/s, and then close off whilst maintaining almost
the original pressure as the rapid closure ceased. This developinent, which occurred
in the late 1960s, gave rise to a group of competitive manufacturers of these sophisti-
cated props, and there have always been at least three suppliers in the market.

TIimportant accessories supplied with the props are extension pieces which, together
with a range of prop lengths, allow RYHPs to be used successfully in stoping widths
of up to about 1.8 m. An essential component of a prop system is a headboard (load
spreader). These are supplied in lengths of up to 800 mm, and not only significantly
increase the effective areal coverage of the support but also provide enhanced stabili-
ty (o the prop aud blast resistance, as well as allowing the prop to be effective in areas
of friable ground. In addition, the props can be used o hang or support blast barri-
cades relatively close to the stope face, thus improving the muck cleaning operation.

As part of the development iu the early 1970s, field trials and research were carried
out on how best to implement and organize hydraulic prop systems on a mine.
Comprehensive guidelines were issued covering such issues as organizational suuc-
tures, maintenance requirements, repair workshops and testing, other infrastructural
requirenients, control methods and training of support crews. With these guidelines
in place and pood operator acceptance of the new system, implementation spread rap-
idly through the industry and those mines adhering to the guidelines achieved uti-
lization factors of over 80%, and an operational prop life of about 7 years. The pop-
ulation of props on the mines péaked at about 250 000, implying that at that stage
approximately 100 km of stope face was supported on props.

In 1988 the original prap specifications were reviewed in the Light of a better under-
standing of rockburst support requirernents, and to introduce some desirable practi-
cal improvements. These included the ability to run the system on pure water, to
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reduce the mass of a prop from 50 kg to less than 37 kg (a figure based on ergonom-
ic research), and to develop improved load-spreaders and extension pieces. In addi-
tion, the props were (0 be blast-resistant in so far that they could be installed less than
2 m from a stope face without suffering significant damage or being blasted out, and
should be capable of resisting closure rates of at least 3m/s.

All these requirements were achieved and verified through extensive field trials, dur-
ing which a highly effective face area support system design was developed and
implemented. This involved the integration of water jet assisted face scraper clean-
ing, diagonal/overlapping blast barricades and the use of props with improved load-
spreaders and extension pieces where necessary. The outcone of this trial was
significantly improved stope width control, more accurate shot-hole drilling and
better face advance - c.f. section 4.5.6.

Figure 4.4.22 compares the performance specifications of the original and current
hydraulic props. The main differences include the lower slow yield force, and the
more stringent rapid yield force. This performance had to be achieved at a compres-
sion rate of at least 3 m/s, compared to the original | m/s.

Load (kN)
SLow RAPID SLOW
500
400 - 500 kN
400 Pl
___ _|4s00-460kn F < 300 - 400 kN
1300 ~"400 kN -
300 |/
I
200 A 170 - 200 kN
[170 200 kN
100 _ || —— 20/40 ton Prop
\SET | = — 40 ton Prop
o ! —

Deformation

Figure 4.4.22 Comparison of performance specifications of original (40 ton) and
current (20/40 ton) RYHPs.

The main purpose of the lower slow yield force was to lessen the stress on accesso-
ry components during the great majority of the props' installed life; to easily provide
a support resistance of 50 kN/im? sufficient to prevent the majority of rockfalls; and
to minimize damage t6 the hangingwall by not applying too high a force. These
props became available in 1992, since when over 200 000 have been supplied to the
mines. They can be set less than 2 m from.the stope face, and are able to provide safe
and cost-effective face area support for stopes, especially in those using backfill.
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Unfortunately, in order to realise these advantages of the use of RYHPs on a mine, it
is essential that a number of special control structures be in place and operate effi-
ciently (failing which large nmmbers of props can very rapidly go ‘missing’, or fail to
deliver adequate levels of safety or mining performance):

® Prop maintenance facilities (underground or on surface) to provide periodic
maintenance according to manufacturer specifications.

e An effective training programme for operators.

e Regular prop installation imonitoring, on a 'random' but controlled basis, to ensure
adherence to in-stope usage standards, as well as to confirm the physical existence
and location of sets of props.

e Occasional laboratory rapid-yield testing of batches of older props, to ensure they
continue to perform according to specification.

e A (computer-based) prop control system, in which the physical location and
maintenance history of each individual prop is recorded and updated, in order to
coordinate, expedite and monitor the above activities.

These facilities are not only fairly costly and skill-intensive, they are foreign to the
normal activities of production mining. Recent years on the mines have seen a con-
sequent growing disenchantment in the in-house use of RYHPs. Rather - and not
unlike similar trends in shaft-sinking or backfill placement - mine management are
increasingly seeing RYHP deployment and control as the province of specialized
outside contractors. These organizations have been able to achieve efficiencies at
least equal to. the best in the past (a successful innovation, for example, has been the
use of transponders to automate the identification of specific prop units under-
ground), and it is claimed the stopes in which they operate have an enviable safety
record.

At the same time that these trends were evolving, a new generation of yielding
elongates became available for in-house use in deep mines. These prestressable
elongates (PSEs) provide a viable alternative to RYHPs; their fundamental advan-
tage being that they do not have to be removed for reinstallation, nor do they
require maintenance or geographic control.

There are, nevertheless, two technological disadvantages of most current PSEs
with respect to RYHPs: these have to do with areal coverage and consistency of
performance. Firstly, no loadspreader for PSEs approaches the strength and
dimensions of those available for hydraulic props, and the potential to develop
significantly improved areal coverage by solidly linking props appears limited
with PSEs when considering rockburst conditions. Secondly, as the majority of
PSEs are based on timber props, their consistency of performance cannot
approach that of hydraulic steel props - Figure 4.4.23. This issue is currently
being addressed by a substantial testing programme and statistical analysis of
results, which will provide a performance characteristic for each type of PSE
guaranteed to some probability level of achievement. This ‘nominal' load/defor-
mation characteristic can then be used by the support design engineer with some
confidence.
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Figure 4.4.23 Variable performance of a particular type of timber-based elongate.
[Steel clad PSE's exhibit lower variability].

A final {econoinic) aspect has to be considered when deciding on whether to use
RYHPs or PSEs. Properly managed, RYHPs deliver the best face area support avail-
able in deep rockburst-prone stoping. Where backfill is being placed (or else, with a
few extra rows of RYHPs togéther with the cheapest form of permanent support elon-
gales), more than adequate face and back area support can be realized. Since RYHPs
can be re-installed more than 200 times, the cost indications of such a suppott sys-
tem would appear to be extremely favourable.

It is true, nevertheless, that running an efficient hydraulic prop system on a mine
requires efficient and specialized maintenance, training, monitoring and control
structures to be in place. If there are deficiencies in any of these aspects, the effec-
tiveness of the system will decline. Thus, the option of using contraetors to supply
a cost-efficient service in the use of RYHPs should be catefully considered by any
deep mihe confronting a significant incidence of rockbursting.

4.5 EXAMPLES OF PANEL SUPPORT SYSTEMS

In this section a number of support systems that have been nsed on gold and plat-
inum mines are depicted in the figures, and the advantages, potential deficiencies
and variations are discussed. The final two (‘cave mining' and 'RYHP diagonal
blast barricades’) are examples of innovative systems which promote close-in
face arca support; maximizing safety along with excellent productivity perform-:
ances.

4.5.1 Reef Pillars with Simple Timber Prop Panel Support

These systems are used in shallow mines, with no stress fracturing ahead of the stope
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face and tensile stresses in the immediate hangingwall. Potential failure mechanisms
include major backbreaks, large panel collapses (beam or plate failure), and the fall
out of individual unstable blocks or keyblocks. All the above mechanisms are usu-
ally associated with geological structures of unfavourable geometry, but in some
instances mining spans that are inappropriately large for the conditions can also con-
tribute to instability.

Backbreaks and, to an extent, large collapses are prevented by the design of appro-
priate in-stope pillar systems. At depths shallower than about 500 m, depending
on geotechnical conditions, the most effective design ensures that the pillars are
not subjected to stresses that exceed their elastic range. Where barrier pillars are
not used, the in-stope pillars, together with unmined geological loss areas such as
potholes, fault losses and dykes, must bear the full cover load. At greater depths
crush pillars can be used to good effect - Figure 4.5.1. The dimensions of these
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pillars should be such that when cut at the stope face, they should be thoroughly frac-
tured and at their residual strength. The hazard associated with not complying with
these design criteria is possible violent failure of the pillars in the stope. The span
belween pillars or panel length is often dictated by mining requirements and past
experience. This bears the risk of unexpected changes in geotechnical conditions,
particularly the intersection of a persistent strike-oriented joint or fault, which, with-
out the inclusion of additional pillars, could lead to a panel collapse.

Adequate in-panel local supporl is commonly provided by timber props. A disad-
vantage sometimes encountered is that, as the support cannot be installed close to the
face, falls of ground in the face area can occur in unfavourable conditions, such as
‘domes’ in.the hangingwall or near potholes. This problem can be overcome by the
installation of roof bolts close to the face or by prestressing the props or elongates
such that they can be installed 2 m or less from the face. The problem of premature
failure of props caused by footwall heave, resulting froni pillar punching, can be
overcome by installing yielding elongates.

Large scale toppling or ride-out failure of props leading to collapses is ditficult to
anticipate. Where the likelihood of such a failure is suspected, the collapse can be
prevented by substituting rows of props by packs or grout packs on a regular basis.
The use of cluster sticks is also a partial solution by providing greater support resist-
ance and enhanced yieldability. Use of these types of support is recommended for
stoping widths in the range 1.8 - 3 m, as the risk of prop buckling is increased at high
stoping widths. For stoping widths greater than about 3 m, roof bolting is usually
necessary with reduced inter-pillar spans, or backfill can be used.

4.5.2 Timber-Based Elongate Support Systems

The large family of elongate support units, introduced in the gold and platinum mines
over the years, was developed to accommodate stope closure rates in excess of those
tolerable by normal timber props. Yield capabilities of 200 mum to over 400 mm are
typical. These systems are used predominantly in medium to deep stopes where the
rockburst potential is moderate - Figure 4.5.2. However, they also find application in
shallow stopes where the rates of closure are abnormally high for these depths.
Often, steel clad elongates (‘pipe-stick' type) can be used successtully in stopes where
the risk of rockbursts is relatively high. Currently, about a third of all stopes are sup-
ported by these cost-effective systetns.

The main function of elongate support systems is to prevent rockfalls in stopes where
the hangingwall is highly fractured and the closure rates are moderate to high.
Nevertheless, they are also required to contain rockburst damage. To fulfil those
functions the systems must provide:

(1) Adequate support resistance and energy gbsorption - these are readily achieved at
spacings of approximately one prop per 3 m”. These spacings must however be care-
fully considered by taking into account the often high variability in performance
between different units, and a reasonable factor of safety should be employed. [A
current research programme is underway to establish standard load/deformation
curves and appropriate safety factors for each of the many variants of elongate on the
market]. Energy absorption capability is enhanced in timber-based units, because the
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resisting force increases at high rates of closure (rockburst conditions). The opposite
is, unfortunately, the case for types where frictional resistance is used to control the
yield force.
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(1i) Adequate arenl coverage. A perceived weakness in prop-based systems is the relative-
ly low direct areal coverage provided by the system. [However, as a better understanding
of the interaction of etongates with the hangingwall strata and each other is gaited and the
concept of ‘area of influence’ is quantified, this reservation. may be relaxed.] Thus, an
empirical derivation of stable spans between units needs to be determined for different
geotechnical conditions. The comunon practice of having the strike spacing greater than
the dip, to accommodate scraper cleaning in the back areas, is strongly discouraged on the
basis of the dominant discontinuity direction being (usually) stress fractures parallel to the
face. Attempts to improve the areal coverage provided by eloigates by means of head-
boards have met with limited success. The mode of yield failure 6f most elongates is not
conducive to the attachment of effective headboards, particularly for dynamic loading.
Nevertheless, any effort to improve areal coverage is beneficial and should be pursued.

A recent significant innovation in the field of elongate support has been the develop-
ment of pre-stressing devices and elongate designs which allow the support units to
be installed within 2 m of the stope face without the risk of being blasted out. This
addresses the very important issue of having good support in the face area where the
majority of accidents occut, especially the problem of inadequate support in the face
area during cleaning operations. An added benefit is that these units are installed as
face area support, and then act as both working area and back area support. Thus,
only one type of support (apart from temporary face aréa suppout) is required, sim-
plifying infrastructure and training requirements and eliminating the complications
of integrating a second type of permanent support.

The disadvantages of pre-siressable units are their limited area coverage, particular-
ly under rockburst conditious, when compared to RYHPs- with adequate load spread-
ers; the variability in performance of most of the types available; and the relatively
high cost of the units particularly when used with backfill. It is nevertheless consid-
ered that the development of this type of support unit was an important advance in
support engineering, giving practitioners the opportunity of providing improved sup-
port designs in many geotechnical conditions.

An interesting aspect of elongate support systems is the observation that in areas of
high closure rates (i.e. ‘deep’ mining conditions), the majority of units fail complefe-
Iy some 30 m behind the face, without any apparent detrimental affect on stability.
This poses the question of how necessary is the presence of high-quality high-cost
back area support in these conditions?

4.5.3 Pack Support Systems

A large variety of pack types are available, with widely diverse load-deformation
characteristics. The options range from relatively soft and weak skeleton packs,
through mat and solid timber packs, combinations of concrete blocks and timber
(composite and sandwich packs), grout packs with the grout gravitated from a sur-
face preparation plant, combination of elongates and a framework of timber slabs
(EPS packs), to the more recent innovations of combinations of end-grained timber
blocks with parallel-grained slabs and lightweight foamed concrete, reinforced with
either annealed steel mesh or wood fibres. These latter two types are supplied in
modular sections, which interlock and can be engineered to provide a wide range of
combinations of initial stiffness, yield force and strength. Thus, the challenge to the
design engireer is to define the support requirements, and then to choose the appro-
priate pack type to match the requirements in the most cost-effective support system.

Packs are used as panel support in many geotechnical conditions and almost univer-
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sally, except in some shallow platinum mine stopes, as gully support. They comprise
about 60% of support used in gold mine stopes, but play a relatively minor role in
platinum mines where stiff low-yieldability support is generally required. The char-
acteristics of packs, which account for their widespread usage are: high strength, at
least 50% yieldability in most cases, structural infegrity when subjected to eccentric
loading, and relatively large direct areal coverage compared to prop Lypes.
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The benefit of the areal coverage is somewhat offset by the relatively targe pack skin-
to-skin spacings often employed, leaving unsupported spans of 2 m to 4 m. The other
disadvantage of the wide spacing of packs is that they cannot at all times be kept close
to the stope face. Where two or more rows of hydraulic props are used ahead of the
packs in the face area to overcome this problem, the disadvantage is converted into an
advantage. Roof bolting the hangingwall close to the stope face is another effective
means of overcoming this problem in certain geotechnical conditions, and particular-
ly in higher stoping widths. 1n blocky or weak hangingwall conditions, closely-spaced
stiff pre-stressed packs are the preferred suppoit. Packs are also probably the most
effective way of stabilizing weak geological structures cutting through a stope.

Figure 4.5.3 shows an example of a pack support design for average hangingwall
conditions where there is little expectation of rockbursts. The stage in the mining
cycle that'is depicted is when the new line of support is due to be installed. Two rows
of labour-intensive temporary support are required in the face area. In the prior stage,
particularly during cleaning and barring operations, the face area is subjected to an
increased rockfall hazard and strict adherence to standards is required. The use of
hydraulic props in advance of the packs would greatly reduce this hazard, as would
the installation of rodfbolts as depicted in the upper half of the diagram. The addi-
tional support required adjacent to faults is also shown - note the substitution of tim-
ber props for mechanical props in the face area to eliminate the hazard caused by
removing the mechanical props prior to the blast in this potentially unstable situation.

4.5.4 Backfill Systems

The sele¢tion of backfill type and issues concerning the placement of backfill were
dealt with in sections 3.3.5 and 4.4.8. In this section, discussion is centred on the
working area support used in conjunction with backfill. The requirements for this
support are no different to those needed with any other permanent support types. The
key issue for a successtul overall systemn is the precise integration of the working area
support with the backfill placement cycle requirements. This involves both the spac-
ing, and the timing of installation and moving, of rows of support.

Important parameters, which have to be decided first are:

(i) The maximum and minimum distances that the backfill front will be kept from
the face. An absolute maximum, after the blast, of 7 m is indicated if three rows of
support are to be used and proportionately less for fewer rows.

(it) The average face advance per blast achieved in the aréa under consideration.
(i) Whether backfill is to be placed after every blast, or after every second blast. The
accumulated experience gained since the reintroduction of backfill into the mines using
modern technology is that, for low to moderately high stoping widths, the placement of
backfill in geotextile bags is the preferred option. [The use of paddocks is appropriate
for high stoping widths, and is also indicated for situations where large areas peed to
be backfilled in one operation (e.g. the filling of an up-dip panel after holing into the
panel above or achieving the stopping distance)]. This third parameter, together with
the stoping width, will determine the size and width of the filled bag. The bag size
selected should take into account the maximum expected combination of stoping width
and face advance per blast to ensure complete filling to the hangingwall at all times.

The maximum distance of backfill to face will define the number of rows of support
required. This decision can, however, be taken in reverse order. The average advance
per blast will define the strike spacing of rows of support, and hence the width of the
backfill bag.
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It is clear that some iterative modification of the above parameters will be required to
arrive at the optimurn design. It is important that some flexibility be allowed in the
strike spacing of the support. This should equal, or be a multiple of, the day to day
advance achieved, othernwise the first row of support will be forced either too close or
too far from the stope face. The key to a successful and safe backfill system is this close
integration between support spacing, face advance and consistent backfill placement.

The most cost-effective working area support to integrate with backfill is a hydraulic
prop system, as the units are reused. However, there are a number of practical diffi-
culties. The valve cannot be ideally oriented away from the blast, as it would be
buried in the backfill when in the back row; current headboards tend to become
trapped in the backfill; and there is the potential for increased wear rates of props
from backfill entering valve housings and seals if flushing procedures are not strict-
ly adhered to. These problems can be alleviated if the timber props, used to support
the backfill bags, are placed not in line with the hydraulic support but some 200 mm
to 360 mm behind them - see Figure 4.5.4.
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Figure 4.5.4 A backfill support system employing three rows of hydraulic props.
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Apart from the ubove considerations, the design of the support follows the same
guidelines as discussed elsewhere in this chapter.

[Modifications to gully support in backfilled stopes is presently under investigation.
Currently, standard designs ot packs on gully shoulders and roofbolts in the gully hang-
ingwall are employed. It is likely that significant stability and logistic benefits would be
gained by eliminating the gully packs, and bringing the backfill to the edge of the gully.
At present, some field trials of such a system are underway 1o identify problems and 1o
assess benefits. In these experiments. mesh reinforcing of the backfill adjacent to the
gullies to improve stiffness and reduce bulging into the gully, is being evaluated.]

4.5.5 Cave Mining Support Systems

Successful cave mining is restricted to well beddéd strata with low-friction bedding
planes - section 3.5.5. The system comprises a well-supported working area with no
back area support except along gullies. It is important that at least the furst féw hang-
ingwall strata cave on a regular basis behind the support. The design of support for cave
mining has to achieve a balance between two requirements - sufficient support resistance
10 prevent Joosening of strata to a height determined by local geological conditions, yet
a resistance not so high as to prevent sliding of the strata. This horizontal shearing has
the effect of relaxing the horizontal stress which otherwise could cause buckling and
other deleterious effects to this type of hangingwall. As even a distiibution as possible
of the support resistance across the supported area needs to be achieved, implying that
the first rotv of support needs to be placed as close to the face as possible.

Cave mining has been carried out using both timbér props and hydraulic props der-
ated to yield at 300 kIN. With the former, four rows of props are used, the fifth being
blasted out if not failed, to keep the cave front about 7 m behind the face - Figure
4.5.5. The hydraulic prop layout employs only three rows, but at a wider spacing.

It is important to the success of cave mining that the cave occurs regulaily as, even
under these relatively thin-beam conditions, the hangingwall can be self-supporting
and quite often it is necessary to blast the hangingwall to induce a cave. This initial
collapse is only required to extend a metre or so into the hangingwall. The cave occa-
sionally can over-run part of the back Jine of support but is invariably stopped by the
next line. There have been virtually no instances of the cave over-running the gully
support, which comprises two rows of stiff packs arranged in chequerboard fashion
together with roofbolts in the hangingwall over the gully. The installation of gully
packs must be kept ahead of the cave line. Indications that conditions are deterio-
rating are given by difficulty in drilling shot holes, an increase in closure rate and
change in fracture orientation. Often this is caused by a cave that is hung up, and
conditions can be relieved by inducing the cave and ensuring a regular face advance.

The cave mining system not only provides relatively safe mining, but the discipline
required for its implementation and the indicators of when remedial action is required
are conducive for high efficiency and productivity (Chapter 3.5.5). Cave mining is a
good example of how a thorough understanding of the rock mass behaviour around
a stope can lead to a successful design of not only the support, but also the whole
mining system.
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Figure 4.5.5 A support system for cave mining

4.5.6 Rapid Yield Hydraulic Prop System With Diagonal Blast
Barricades

This innovative and quite sophisticated integrated system was designed to cater for
all rock conditions, including dyifamic loading. The objectives of the design were to
provide a safer working environment, improved stope width contral (reduced dilu-
tion), and increased productivity. To achieve these objectives, the principal require-
ments were to enable the first row of support to be installed no more than 1.5 m from
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the face, and to provide nearly continuous areal coverage in the direction normal to
the stope face, thus maximising support of the face-parallel fracture set.

The system comprises four rows of 200/400 kN rapid-yield blast-on props equipped
with 800 mm load-spreaders (headboards). The props in adjacent rows are offset
such that they delineate an angle of 70° with the face (the design angle for drilling
shot holes in the face). This has the consequence of improved drilling accuracy with
resullant greater advances per blast. The prop rows are spaced at a distance on strike
equivalent to the advance achieved per blast, and the props are spaced at 1.5 m in the
rows - Figure 4.5.6. The load-spreaders are angled at 20° above stiike, to face into
the throw of the blast in order to reduce the area subjecled to fly rock. This layout
ensures that drilling and other face activity takes place under the protection of active
support with good areal coverage.

Face support system Permanent support system

1.0m

70°
b5

Qx5 Hydraulic props
o Profile props
* Shepherds crooks

Mat pack 1.1mx1.1m

Figure 4.5.6 Layout of rapid-yield hydraulic prop system with diagonal
blast barricades
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Another essential component of the system is overlapping diagonal blast barricades,
which are attached (o props in adjacent lines in the second and third row back from
the face. This innovation makes the system viable, as barricades parallel to the face
on the first row of props would result in choking of the face after the blast, and, if hung
from the second row of props, would make it difficult to clean the broken rock from
between the props. The diagonal bairicades allow cleaning to take place by means of
water jetting between the gaps in the barricade, flushing the rock into the scraper
path. Inn addition, the water jetting efficiently performs the task of sweeping simuita-
neously with the cleaning. A fines barricade is kept on the fourth row of props.

Where this system. was used, the casualty rate dropped by over 35%, the stoping
width was reduced by 10-17%, and the face advance rates ranked in the top [0% in
the area.

The motivation for using such a-system is clear. It can be implemented with any type
of back area support strategy from backfill to caving. This system also demonstrat-
ed that successful implementation requires effective training and teamwork of the
mining crew, and good supervision of standard procedures which evolve through
experience gained by supervisors and operators alike.

4.6 STOPE SUPPORT IN SPECIAL MINING SITUATIONS

Definitions and layout procedures related to special areas (remnants, geological haz-
ards, etc) were given in Chapter 3.5, and should be referred to.

4.6.1 Remnant Support

Remnants are hjghly stressed blocks of ground, and the density and quality of stope
support must be upgraded trom that normally used, in order to cater for increased
hangingwall fracturing, rates of closure and the likelihood of rockbursts. This may
be achieved in one or more of the following ways:

(1) reducing the strike and/or dip spacing between support units (both stope and gully support)

(i) reducing the support-to-face distance 1o an absolute minimum

(iti) increasing the density of temporary face support units

(iv) using headboards, and/or umbrellas 10 achieve greater areal support coverage

(v) pre-stressing permanent support units

(vi) installing stiffer support units with higher support resistance

(vii) introducing rockburst-resistant support types such as RYHPs, PSEs and/or barrier props

(viii) employing backfill to improve hangingwall strata conditions and reduce the
etfects of rockbursts.

Remnants should be identified on stope sheets and mine plans to ensure they are
given adequate attention during mine planning and operational meetings.

4.6.2 Support of Stopes near Geological Structures

Faults and dykes constitute geological weaknesses in which the potential for falls of
ground or rockbursting is enhanced, and special support precautions in excavations
situated in or near them are often required.
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The principles governing stope support near geological structures are relatively simple:

(i) additional support is required adjacent to and within geological discontinuities
and dislocations; in particular weak zones should be vecognised and adequately
supported

(i1) both sides of such structures should be supported, but particular attention should
be given to supporting the weaker side of hangingwall discontinuities; in general,
the possibility of the formation of unstable keyblocks should be recognised and
countered

(iii) particularly high standards of areal coverage of permanent support should be
used in high risk areas such as travellingways and gullies, and of temporary
support in the working face area wherever geological structures are encountered.

Geological structures should be identified on stope sheets and mine plans to ensure
that adequate attention is paid to them during planning and operational meetings.

4.6.3 Stopped Panel Support

During normal stoping activities, panels are advanced on a regular basis and stope
closure takes place at a rate determined by the stope depth, mining geometry and rock
properties. This closure is accommodated in the stope face area by support units
which have been designed to meet these normal conditions.

However, stope closure is highly time-dependent, particularly-in deep stopes where
movements of a stopped panel can persist for some weeks before finally stabilizing
(Chapter 1, Figure 1.3.10). Hangingwall conditions in stopped panels can deteriorate
as a result of the prolonged relaxation of discontinuities in the surrounding rock mass
(bedding, fractures, jointing, etc.). This unravelling is generally not marked in shal-
lower workings, but can be a serious problem if faces are not advanced regularly at
depth. In addition to the general deterioration in ground conditions, support-units can
stiffer damage. This is particulacly serious in the case of rapid-yield hydraulic props,
which freeze solid when their travel is exhausted, punching into and further damag-
ing the hangingwall and footwall. To avoid this damage and the dangers associated
with the retrieval of props under.these conditions, it is good practice to replace them
with stiff support (for example, solid packs, or a pack/elongate combination) if a
panel is to be stopped for any reason.

Thus, if a prolonged stoppage is anticipated, additional stiff support should be
installed close to the face to contain deterioration and facilitate access for re-start-
operations. This applies to prop-suppérted and pack-supported panels alike. These
support measures will, however, not reduce or stop the time-dependent closure, and
may only marginally limit the associated unravelling of the hangingwall. The for-
mation of an intensified fracture zone ahead of stopped panels will also continue, and
due care must be taken when such panels are subsequently re-started (see following).

4.6.4 Support while Re-Opening Panels

Once a panel has stopped for any period of time, a zone of intensified fracturing is
formed ahead of the face. The extent and intensity of this zone increases with
increasing depth, and also with the period for which the faces were allowed to stand.
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During re-slart operations, due caution should be exercised and additional support
installed while this zone (which can extend up to 10 m ahead of stopped faces at
depth) is being negoliated. Support-to-fuce and inter-support spacings should be
reduced, and it may be necessary to increase support stiffness. In extreme circuni-
stances, short rounds should be drilled when advancing the stope faces through these
zones so as 1o minimise additional blasting damage. In general, deterioration and
resulting hazards increase with increased standing time. Tt follows that, if panels are
stopped for any reason, they should be re-started as soon as possible, particularly at
depth.

Re-establishmeunt of collapsed panéls may be achieved within the confines of the
existing excavation (open-raising) or by re-raising in solid ground, with or without
re-development. Support requirements for open-raising in collapsed areas tend to be
ad hoc and dictated by the prevailing circumstances. As a general rule, intensified
support densily and stiffness of support units is required. Pack height:width ratios
should not exceed 2:1, and pre-stressing of pack support should be considered.
Where the remaining hangingwall is blocky, some type of umbrella support is advan-
tageous. Particular attention should be paid to temporary support while clearing
operalions are in progress.

If re-raising is carried out, it is generally good practice to carry wide-ends, particu-
larly in intermediate and deep mines. Support-to-face and inter-support distances
should be kept to a minimum, and it is generally good practice to use stiff support
units in these circumstances. Support of strike and dip gullies within the wide-ends
should similarly be at least as intense as that required for conventional gullies in the
vicinity.

4.7 STOPE SUPPORT FOR SPECIAL OREBODY
GEOMETRIES

Unconventional mining methods which arise as a yesult of the nature of the orebody
itselt include wide-reef, multi-reef, and steeply dipping operations.

4.7.1 Wide-Reef Stope Support

Wide-reef mining is generally accepted as thal in which the stoped reef width
exceeds 2.5 m. Mining heights can be very large, sometimes requiring massive min-
ing techniques.

Three principal types of mining methods are used to exploit wide-reef orebodies:
conventional mining, pillar mining, and massive mining. Support systems employed
vary depending upon the mining method used.

In conventional mining, normal timber-based support units become increasingly inef-
ficient with increasing height, particularly in terms of stiffness whiclh decreases
inversely with the height of the support unit. There is also a greater potential for
these units to buckle with increasing height; packs for example should not be con-
sttucted with a height: width ratio exceeding approximately 2:1. For mining heights
in excess of 2.5 m and up to 3.5 m, use of packs larger than 1.1 m x 1.1 m, or of clus-
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ter elongates, should be considered. Large grout packs have also been successfully
used at these mining heights, though particular attention has to be paid to filling the
potential gaps between the top of the grout and the inclined hangingwall surface. In
shallow and intermediate depth wide-reef conditions, prestressing of support ele-
ments becomes desirable to overcome the effects of low stope closure rates and
decreased support unit stiffnesses.

Wide-reef partial extraction (pillar mining) is not generally practiced deeper
than 1500 m, due to unacceptably low extraction ratios with increasing depth. A
primary consideration for this type of mining is the support of the rooms or bords
between the stope pillars, usually by some form of roof-bolting system. The
support density and length of the roof-bolts are important factors in the design;
these are mainly governed by the mecharical properties of the hangingwall rock,
the room or bord width, and the existernice of geological discontinuities such as
joints, faults or bedding planes in thé hangingwall. The density of roof-bolts
should increase in relation to the frequency of vertically orientated joints in the
hangingwall, and pre-tensioning of the bolts may be required to induce friction
between unbonded strata layers. If a fault plane is present in the hangingwall,
the bolting pattern should be altered to support the loose wedge formed below the
fault plane, and additional long reinforcement anchors should be installed if nec-
essary.

Support requmrements for massive mining methods vary with the tyf)e of mining and
fall beyond the scope of this book.

The usé of backfill as support has application in wide-reef mining. The main advan-
tages of backfill are its good areal coverage properties, its ability to serve as a region-
al as well as local support medium, and its potential to permit increased percentage
extraction in pillar mining systems. The stiffness of the backfill sed is of crucial
importance and, as a general rule, the stiffness requirement increases with increasing
mining height and with decreasing closure rates. High initial stiffnesses can be
achieved by the addition of up to 10 % cementitious binders to conventional tailings
Or aggregate mixes.

4.7.2 Multi-Reef Stope Support

The variables that influence the choice of stope support for multi-reef mining are
similar to those considered in multi-reef layouts (Chapter 3.6.2). These include the
mining depth, the distance between reefs, the effect of pillars and remnants, the influ-
ence of the surrounding rock type, and the effect of fracturing induced by previous
mining. Thus, the support requirement for each multi-reef situation should be
regarded as a unique problem with a unique solution.

When two reefs are mined, a middling is formed and it is important to assess the
potential stability of this middling prior to the choice of stope support for either of’
the two reefs. At present, the determination of middling stability can best be
achieved by a combination of back analysis and local knowledge. As a general rule,
middling stability decreases with increasing mining span if total closure has not
occurred on either of the reefs.
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The mining heights of multi-reef stopes are subject to the same support limitations
that apply to single reef mining, namely that, beyond a mining height of about 2 m,
conventional pack or stick support systems become increasingly ineffective and dit-
ficult to install. In the range 2 - 3.5 m, backfill, cluster sticks or grout packs may be
used, and beyond 3.5 m, pillars may be used in certain circumstances.

Two basic situations are encountered in multi-reef mining: the second and successive
reefs are mined subsequent to the extraction of the first, or, two or more reefs are
mined simultaneously. The considerations appropriate to these two situations are
first reviewed below, and then individual guidelines for shallow, intermediate and
deep conditions are presented.

When subsequent extraction is practiced, pillars and remnants will often be present
on the first mined reef horizon and these must be taken into consideration when defin-
ing the support requirements in the second and subsequent reefs to be extracted; rem-
nant precautions are typically required when mining within about 50 m of such struc-
tures. If total closure has occurréd over much of the first mined horizon, stresses will
be regenerated and may approach or even exceed the original virgin stress; from this
point of view it may be desirable to record on stope planning sheets the stoping width
used on the extracted horizon. Where total closure has not occurred on the first mined
stopes (in shallow mining conditions, for example), the extraction of the second reef
will occur in partially destressed conditions. This will limit the amount of closure.that
will occur during the extraction of this reef and for this reason sfiff support systems
(for example, backfill or yield pillars) should be used. Middling stability is always a
major consideration. Finally, mining a second reef at depth can reactivate seismicity
and therefore support may have to cater for the possibility of rockbursts.

When simultaneous extraction is practiced, important considerations include mid-
dling stability, the tailoring of support to the differing stress conditions expected on
the two horizons, and the possibilities of seismic activity. The use of backfill great-
ly assists in addressing these problems. Unmined ground, such as pillars or remnants
left on either of the reefs, can result in stress problems on the other stoping horizon,
requiring additional layout and support precautions:

(i) Subsequent extraction (shallow mining conditions)

At shallow depths, complete stope closure is rare. [f the reefs ave sufficiently far
apart, middling instability will not develop and the operation may be treated as the
mining of two separate reefs for the purposes of support. At the other extreme
(beyond span:middling ratios of about 3:1, but very dependent on local conditions),
the stope support system of the lower reef has to ensure middling stability by having
the capacity to bear the full deadweight of the middling strata.

If a lower reef is to be mined and middling instability is anticipated, stabilization can
be achieved by the use of pillars which limit mining spans, or by means of stiff high-
yield support systems such as backfill or sandwich packs. It is important that the full
height of the unstable middling be supported.

If an upper reef is to be mined, re-support or prior backfilling of the lower stoped
horizon should be considered in order to avoid sag of the middling and loss of sup-

187




188

port reaction in the upper workings. Roofbolting of the upper reef may also have to
be resorted to in this particular scenario.

(if) Subsequent extraction (intermediate depth conditions)

At intermediate depth, total stope closure can occur over large areas of the extracted
reef horizon, particularly in longwall mining, leading to the regeneration of the vir-
gin state of stress. If pillars, remnants, geological losses, localized waste filling or
narrow Stoping widths are present, stresses in excess of virgin stress can occur and
may affect mining conditions adversely during the extraction of the second reef, This
would take the form of excessive closure and stress-induced face fracturing, and pos-
sible sigificant seismic activity, and it is important that these factors be considered
when selecting a suitable support system. In severe cases, the extraction of the sec-
ond reef may warrant the use of remnant support precautions (section 4.6.1). If the
stope. middling is less than about 20 m, stoping on the second reef may intersect the
stress fractures formed during the extraction of the first reef (see section 3.6.2). The
density and orientation of these fractures should be considered when selecting a sup-
port system for the extraction of the second reef. If seismicity occurred during the
extraction of the first reef, it is possible that the mining of the second reef can reac-
tivate this seismicity; consequently, rockburst-resistant support systenis may have to
be used in places.

If a lower reef is to be mined, support considerations are similar to those in shallow
mining conditions: the middling stability should be evaluated and if necessary the
full height of the middling should be supported, using backfill, grout packs or sand-
wich packs. Stress-induced fracturing, formed during the extraction of the first reef,
can be intersected during the extraction of the second reef. This necessitates the use
of a support system having good areal support capability, particularly in the stope
face area. If pillars are to be undermined, remnant precautions (section 4.6.1) will
often have to be implemented.

If an upper reef is to be mined, severe difficulties can be expected if middling insta-
bility is a possibility. This is the case if the span:middling ratio is several times
greater than unity and the lower reef is not totally closed but is unavailable for back-
filling prior to the mining of the second reef. Instability will take the form ot foot-
wall sag with loss of support reaction of the upper reef support system. To counter
this problem, use of high areal coverage support (roofbolting, high density packs) is
advocated for the upper reef mining.

(iii) Subseqitent extraction (deep mining conditions)

In deep mining conditions where total extraction was practiced, remnants and pillars
are rare and total stope closure is coimmon over large areas of the extracted reef hori-
zon. Stress levels approaching the original virgin stress magnitudes are regenerated
through these closed areas, and in these circumstances the extraction of the second
reef will presen( problems no worse than those experienced during the extraction of
the first veef, though in nacrow-middling situations (<30 m), increased aréal coverage
support may be required to cope with stress fracturing associated with the first reef.

However, as in intermediate depth mining, if localised waste filling or local areas of
narrow stoping widths were present on the first reef, stresses in excess of virgin stress
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can occur and tliese may affect mining conditions adversely during the extraction of
the second reef. Even more severe conditions will exist if pillars were left on the first
mined reef; stress and seismicity levels in the vicinity of these pillars can be extreme-
ly high. If it is possible to extract portions of the second reef under these conditions,
then rigorous support requirements will apply and the use of remnnant support pre-
cautions (section 4.6.1) will normally be warranted.

If seismic activity was present during the extraction of the first reef, it will often be
remobilized by subsequent mining activities. Support designs should therefore in
general take the possibility of rockbursting into account.

(iv) Simultaneous extraction (shallow mining conditions)

Middling stability between the two reefs is a major consideration; if instability is
adticipated then the support system on the lower reef must be capable of sup-
potting the full deadweight involved. Closure in these stopes will be reduced due
to the overmining or undermining environment and, as a result, stff support
should be used. For éxample, if the top reef leads the lower reef, then pillars are
often the best support option for the lower reef, patticularly if the mining width
is high.

Three lead/lag strategies of simultaneous extraction are possibie and ae discussed
individually below.

If the two reefs are extracted with approximately in line faces {neither leading the
other), the support used must be stiff to cope with the low closure rates encountered;
for example, yielding timber props, grout packs, sandwich packs or cemented back-
fill.

If the upper face leads the lower; the lower reef will be destressed and here attention
must be paid to using particularly stiff support such as cemented backfill.

If the lower face leads the upper; backfill ¢an be used on both reefs; and if the lower
face leads by a farge amount, closure over this backfilled horizon will partially negate
the effects of destressing when the upper reef is mined (advantageous in terms of
strata control).

In all cases, if a middling stability problem is anticipated, the support system in the
lower reef horizon must be capable of supporting the full deadweight of the mid-
dling; this can generally be achieved by the use of in-stope pillars or backfill.

(v) Simultaneous extraction (intermediate depth conditions)

In intermediate depth conditions, it is desirable that one of the reefs should lead the
other at a distance such that the abutment stresses from the leading reef do not affect
the face of the trailing reef, In these circumstances the trailing reef will be
destressed. Stress-induced fracturing will occur on the leading reef and the trailing
reef can intersect these fractures if the middling between the reefs is small. Because
the trailing reef is destressed, the blocks bounded by these fractures can be loose and
the support in the stope face area of the trailing reef should supply good areal cover-
age. Blasting problems may also occur and special blasting precautions may have to
be implemented.
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If the upper fuce leads the lower; support in the lower reef must be stiff with a high
areal support capability, particularly if stress-induced fractures are intersected from
the upper reef mining. If this is the case, remote-release mechanical props or
hydraulic props with suitable headboards may be used. Permanent support in the
lower reef should be stiff and, if necessary, be capable of stabilizing the middling;
backfill in conjunction with elongates will fulfil these roles. Support requirements
are less rigorous on the upper reef and should be evaluated in terms of normal inter-
mediate depth mining conditions.

If the lower face leads the upper by a substantial distance and backfill is placed in
this horizon, a narrow middling will be stabilized ready for extraction of the upper
reef. If backfill is not used in the lower reef and a middling stability problem is anlic-
ipated, the support in this reef must be capable of supporting the full deadweight of
the middling; crush pillars are the best practical option under these conditions.

As a general rule, the principle of mining the upper reefs first (‘top-down') offers
very considerable advantages in terims of both safety and productivity; and this needs
to be considered very seriously in the early stages of mine layout and design.

(vi) Stmultaneous extraction (deep mining conditions)
Although no examples exist in practice, the considerations discussed for simultane-
ous extraction at intermediate depth should also apply to deep mining conditions.

4.7.3 Steep Stope Support

Several mining methods can be used for the extraction of steeply dipping reefs. These
include variations of walled shrinkage and sub-level shrinkage with overhand, breast or
underhand configurations. They mainly use mat or sandwich pack support in the face and
back areas and along accessways; elongates are also used successtully. Use of face tem-
porary support such as timber sprags or lightweight mechanical props is advocated; these
should be orientated perpendicular to the reef and may be overlain with planks to form a
drilling platform and 'umbrella’ protection against falling ohjects. Heavy support units are
themselves potentially hazardous and neéd to be provided with appropriate safety meas-
ures to prevent their falling down the stope, for exaimple, tethering by means of chains.

Tn situations where the dip angle lies between 35° (the threshold of 'steep' mining) and
about 50°, most of the support considerations of sections 4.2-4.4 continue to apply. For
dips steeper than about 30°, fiiction alone is sufficient to render keyblocks in the hang-
ingwall self-stable and thus falls of ground, in the normal sense of the word, are relative-
ly infrequent even in the absence of conventional support. Under these conditions,
shrinkage provides good permanent rockburst support. Consideration should also be
given fo the use of lightweight rapid-yield hydraulic props or timber elongates in the face
avea for control of potential rockburst damage. When backfill is intended to be placed
concurrently with normal stoping operations, the dip of the reef and shear angle of the fill
material should be considered, and adequate precautions should be taken to reduce the
possibility of the fill material slumping into the downdip panels and gullies of the stope.

In gullies not protected by sidings, serious consideration should be given to provid-
ing tendon reinforcemenit to the gully hangingwall and down-dip sidewalls.



4.8 STOPE SUPPORT - QUALITY CONTROL

The implementation of a sound quality control programme, covering standards of
installation and integrity of support elements used, is necessary to ensure the maxi-
mum safety and productivity of ongoing stoping operations.

The integrity of support elements may be checked by carrying out random sample
testing (in the case of timber units, which are susceptible to drytng-out, both on
receipt and immediately prior to being sent underground), along the lines described
in Chapter 6.5.3. Particular attention needs to be paid to hydraulic prop control; spe-
cial procedures need to be set up for the éfficient testing, maintenance and deploy-
ment of props. Similar requirements apply to backfill quality control.

The importance of standards covering making-safe procedures, as well as quality of
installation of temporary and permanent stope suppott units, cannot be over-empha-
sized. These standards will vary considerably according to local conditions, but
appropriate ongoing management attention to aspects of standard setting, training,
discipline, and supervision will pay significant dividends in terms of enhanced safe-
ty and productivity achievements. The unpopular but necessary aspect of monitoring
should also not be overlooked: the checking on a vandom basis that standards are
being adhered to, that inappropriate short-cuts are not being followed, and that con-
tingency support units are available and being used where necessary.
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chover & TUNNEL LAYOUTS

5.1 INTRODUCTION

The South African gold and platinum mining industry develops an astonishing 800
km of new tunnels annually, and approximately [0 000 km of tunnels are in use at
aiy one time. These excavations form the vital link between the stoping excavations
and the shaft systems, for transport of personnel and material, ventilation and the
removal of ore. From a safety point of view their stability is important with regard
to personnel utilising them, as well as for effective ventilation of the mine. The main-
tenance of operational tunnels through good design practice becomes crucial in the
deep South African mining environment, where failure of the rockwalls can lead to
poor ground conditions and unacceptably large deformations.

Analysis of accident data shows that approximately 16% of rock-related fatalities in
the South African mmining industry occur in tuniels. A high proportion of these fatal-
ities occur less than S m back from thé face, during development (Figure 1.2.7); how-
ever, a substantial number occur in operational tunnels where rockwall stability
should have been established. Of the rock-related fatalities in tunnels, about 40%
overall are associated with rockbursts and the balance with rockfatls. In the deeper
mining districts, this propottion increases to approximately 50%.

The stability of tunnels is controlled by the efficacy of the suppert system in use (the
subject of Chapter 6), but also (o a considerable extent by the field stréss and rock
mass environment, and the interaction of the excavation with this rock mass. By
appropriate design of the layout of tunnels (their size, shape, orientation and excava-
tion technique) within a particular geotéchnical environment (rock mass strength and
stress), the intrinsic stability of tunnels can be maximised, and support and rehabili-
tation costs kept to a minimum. These layout design considerations are the topic of
this chapter. The aspect of tunnel location associated with different mining layouts
was discussed in Chapter 3.4: shallow mining access in 3.4.1(e), mediuin depth (scat-
tered mining) access in 3.4.2(c), deep longwall access in 3.4.3(b) and deep ‘sequen-
tial grid’ (SMDP) access in 3.4.4.

5.2 ROCK MASS ENVIRONMENT

In most cases the stoping layout dictates the general location and orientation of tun-
nels, and only limited flexibility is available for modifying this location.
Nevertheless tunnels should be sited in the most favourable rock mass environment
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available, in order to minimise the degree of fracturing and/or rock mass deforma-
tion. This is determined by the relationship between the level of stresses acting on
the tunnel site and the immediate rock mass strength characteristics. Furthermore,
tunnels should avoid running parallel to seismically active structures at distances of
less than about S0 m. Where necessary, they should traverse such dykes or faults (as
well as any particularly weak or jointed formations) as close to perpendicular as pos-
sible, in order to minimize the length of tunnel exposed to the hazards involved.

5.2.1 Rock Mass Strength Characteristics

The strength of a rock mass is determined by the intact rock strength, and the dispo-
sition of discontimdities within the rock mass. The lower the iitact rock strength and
the greater the density of discontinuities, the weaker the rock mass strength becomes.
For a given stress state, a low rock mass strength implies a greater potential for frac-
turing, rock mass deformation and excavation ingstability. An estimation of the rock
mass behaviour may be determined by the application of rock mass classification tech-
niques (Chapter 10.3.5). These provide a rational basis for the downgrading of intact
rock strengths (established from simall laboratory-scale testing) in tenms of the num-
ber, spacing and properties of joint sets and other discontinuities in the rock mass.

In principal, tannels should be sited in strata with the highest rock mass strength in
order to maximise their stability in relation to the stress envitonment. However, cer-
tain mining methods allow only limited flexibility with regard to the positioning of
tunnels and it may be necessary that excavations traverse zones with poor rock mass
characteristics. The increased likelihood of fracturing and rock mass deformation
inay be accommodated by the correct design of support systems for these poorer antic-
ipated conditions. However the length of tunnel which may be exposed to adverse
rock mass characteristics should be minimized by (raversing zones of weakness at
high angles of incidence, i.e. close to perpendicular (Figure 5.2.1). In addition, reef
extraction layouts should avoid the leaving of pillacs or abutments that would expose
off-reef excavations to elevated stress levels, particularty in poor rock mass conditions.

/ Competent rock mass

e .4
/ Incompetent
rock mass,
Competent rock mass
Poor layout with respect to Good layout with respect to
rock imass condition rock mass condition

Figure 5.2.1. Considerations of tunnel layouts with regard to poor rock mass
conditions.
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Typical areas where special attention is required for the layout of tunnels include the
negotiation of faults, fault zones and dykes. where a much more intensely jointed and
altered rock mass may be encountered. Highly-laminated strata with a tendency for
unravelling can also pose problems.

Tunnels in close proximity to the mining horizon may also be influenced by fractur-
ing associated with the stoping, resulting in a more discontinuous rock mass struc-
ture. Follow-behind haulages in deep level longwall mining should be located not
closer than 30 m below the reef in order to avoid interaction with stope fracturing.
However to enable crosscuts to be broken away as close to the stope face as possible,
such that boxholes will be operational reasonably close to the face, footwall drives
are often positioned closer to the reef than 30 m. In this situation support design must
cater for the increéased blockiness of the strata. Crosscuts developed for access to the
reef horizon will inevitably intersect fracturing running sub-parallel to the crosscut
due to the stoping operations and thus may require additional suppott. These issues
are discussed further in Chapter 3.4.

In areas of poor rock mass stability, the size of tunnels should be kept to a minimum
and any layout complexities avoided, in order to reduce the problems likely to be
encountered (Figure 5.2.1). For example, breakaways, double-width tunnels, loops
and waiting places should nof be sited in such conditions if at all possible.

In certain platinum mines, areas can be highly serpentinized. Jointing is intense and
cohesion or friction across interfaces is low, with the result that the rock mass is high-
ly discontinuous. Developing and supporting in such areas is particularly difficult,
and even pre-grouting ahead of the face has not proven very effective. Prior geolog-
ical exploration is of prime importance, in that development can be planned to min-
imise the length of tunnels which have to traverse such ground.

5.2.2 Stress Environment

Tunnels should ideally be located where the stress énvironment, both current and
future, will result in minimal fracturing of the rock mass surrounding the excavation.
A suitable criterion to apply for this purpose is the Rockwall Condition Factor (RCF)
— Chapter 3.2.9. Visible stress-induced fracturing of the peripheral rock mass (in
good-quality quartzitic environments) will typically initiate at an RCF of about 0.7
(i.e. an absolute maximum rockwall stress of about 0.7 times the uniaxial compres-
sive strength of the intact rock), and will be oriented parallel to the maximum prin-
cipal stress. The development of an excavation will resulf in stress concentrations on
the boundaries of between 2 to 3 times the local field stress, dependent on the shape
of the excavation and the k ratio (ratio of horizontal to vertical stress).

Where the maximum principal stress is vertical, stress-induced fracturing will occur
predomiinantly in the sidewalls of the excavation — Figure 5.2.2. However, tunnels
located close to abutments or in steeply-dipping orebodies (where the major princi-
pal stresses can be sub-horizontal) tend to exhibit fracturing in opposite corners or in
the hanging and footwall of the excavation. Similarly, where high virgin horizontal
stresses are experienced (in some platinum mines, for example), ground control prob-
lems may be associated with the hangingwali of the tunnels, and what is locally
termed ‘Gothic-arch fracturing’ will occur.
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Figure 5.2.2. Typical rockwall fracturing and deformation in tunnels

These fracturing processes result in dilation of the surrounding rock mass and defor-
mation of the tunnel rockwalls. A major objective of the layout of tunnels is to niin-
imise these deformations so as to maximise excavation stability. Where high field
stresses are anticipated, planning should aim to maximise the distance.from stress-
concentrating pillars and abutments, to keep the size of the excavations as small as
practical, and to avoid complex geometries and interactions with other excavations,
in order to maximise the integrity of the rock mass.

Many tunnels are subjected to stress changes over their operational life. A substan-
tial stress increase may tesult in either the initiation of stress-induced fracturing, or
further development and deformation of a pre-existing fracture zone around the tun-
nel, depending on the current state of the peripheral rock mass. Case studies have
also indicated that a réduction in the stress field will often lead to further deforma-
tion, often in the hangingwall, of the rock mass around a tunnel. It is thought that
this deformation is due to relaxing shear and dilationary movements within the dis-
continuous rock mass surrounding the tunnel. Excavations should thus also be sited
S0 as to minintise the degree of stress change to which they may be exposed.

Overstoping is an effective method of protecting off-reef excavations from the
effects of large mining-induced stress changes. It should be noted however that
where field k-ratios are high overstoping of an excavation may, dependent on the
aclual scenario, be detrimental to its stability (as has found to be the case in ‘Gothic
arch’ situations).

Thus in designing tunnel layouts it is desirable to estimate the magnitude, and poten-
tial changes, of the stress fields due to mining. These may be determined with the
aid of numerical modelling (Chapter 11.4), and evaluated in terms of the selected
criteria for excavation stability or support requirements (Chapter 6).

5.3 EXCAVATION SIZE AND SHAPE

In general the size and shape of a mining tunnel are détermined by operational con-
siderations such as the equipment to be moved through the excavation; the require-
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ment to cany services such as water and compressed air; and the important require-
ment for transmission of sufficient ventilating air. However, particularly in prob-
lematic or high-stress ground conditions, consideration must also be given to rock
mechanics design principles with regard to the size and shape of the excavations.

5.3.1 Excavation Shape

The shape of a tunnel determines to a considerable extent the magnitude of the
induced stress levels on the rockwalls, and thus the potential for stress-induced frac-
turing. In order to minimise the induced compressive stresses on the periphery of an
excavatiomn, the theoretical optimum shape is an ellipse with the long axis parallel to
the major stress direction (Figure 5.3.1). This practice, which can help prevent any
sidewall fracturing in low-stress environments, is commonly utilised in large civil
engineering chambers. It is rarely used in deep mining applications due to (i) exca-
vation difficulties; (ii) the important fact that in high-stress environments where the
major stress is near vertical, heavy fracturing is inevitable and in a high sidewall, is
in fact dangerous. Paradoxically, under these conditions, the most stable shape is the
reverse of the above: stability is maximised for an ellipse with long axis normal to
the major stréss direction. High-stress tunnels should be designed with this type of
elongation in mind.
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Figure 5.3.1 Influence of tunnel shape on stress levéls and extent of fracture
development. Stress concentrations (multiples of vertical field
stress q,) are indicated on the periphery of tunnels in an elastic
(low-stress) environment, for a k-ratio of 0.5. In a high-stress
environment where the sidewalls can fail, relative depths of
fracturing are illustrated.

Theé geological structure of the rock mass being traversed = the bedding and jointing
orientations — also play a role in determining the most appropriate cross-sectional
shape of a mining tunnel. In low stress envirommnents the appropriate shape may be
fully determined by a dominant geological structure within the rock mass; e.g. the
development of a ‘lean-to’ profile in highly bedded strata. The profile then conforims
to the dominant structure and minimises the potential for the creation of isolated
unstable wedges in the immediate hangingwall. In highly-jointed rock masses, the
adoption of an excavation profile already conforming to the ‘naturally stable’ shape
may similarly improve safety and minimise support requirements (Figure 5.3.2).

197



198

Muttiple joint
. Set

Potentially

7 unstable block
/
/

Figure 5.3.2  Use of tunnel shape to minimise instabilities within the surounding
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“Where the stress environment is such that extensive stress-induced fracturing around

the tunnel cannot be avoided, mining practice has shown that an elliptical shaped
excavation, with the long axis normal to the maximum principal stress direction, will
minimise the extent of the fracturing (Figure 5.3.[¢). This shape allows rapid gener-
ation of confining stresses and thus triaxial stability of the rock at a short distance
into the rockwall of the excavation. In addition the small height of the rockwall par-
allel to the maximum principal stress is considered to result in a far more competent
rock mass structure that limits deformation and thus provides resistance to further
development of the fracture zone, as well as effectively reducing sidewall support
requirenients. :

An elliptical shape may be difficult to excavate in practice (though an equivalent ver-
tically oriented profile is utilised in the platinum mines of the Bushveld Complex
where ‘Gothic arch’ tunnels are developed in areas of high horizontal stress). In gen-
¢ral, an effort should bé made to reduce the radius of curvature of the rockwall par-
allel to the maximum principal stréss direction if problems are envisaged with the
stability of an excavation in a high stress énvironment. Altliough this shape may be
advantageous, it should be born in mind that the creation of a large span in the min-
imum principal stress direction can pose inherent problems it the excavation is to be
subsequently overstoped and stress-relieved. Thus ideally, the influence of the full
stress history of a given excavation needs to be considered prior to its development.

5.3.2 Excavation Size

The size of an excavation does hot directly influence the magnitude of the induced
stresses, as these are purely a function of the shape. However, the size of an excava-
tion does influence the volume of exposed rock and associated discontinuities, thus
potentially influencing the effective strength of thé peripheral rock mass. The size
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will also determine the depth into the rock mass which s subjected to a given ele-
vated stress state. Thus a tunnel twice the diameter of a comparable tunnel, in the
sanie rock niass environment, will experience potential stress-induced fracturing to
twice the depth. This will result in correspondingly larger deformations of the tun-
nel rockwall (Figure 5.3.3). Consideration of this increased deforination 1s important
in the assessment of the required support capacity and rock mass stability limits.

Exposure of large
rock mass volume
to high induced

( I b, b ) stress

Deformation D > d
Exposure of small

' rock mass volume
«((( ) to high induced

siress

Figure 5.3.3. Influence of excavation size on extent of fracturing and rock mass
stability.

In addition, the size of an excavation may limit the ability of the support (unless
longer reinforcing tendons are used) to interact with the rock mass to create a com-
petent reinforced rock mass shell (section 6.4.1.3); and thus the ability to restrict rock
mass deformation to within stable and operational limits.

An example of the influence of excavation size and alternative excavation profiles is
furnished by the development of reef raises in high-stress environments. This is often
problematic due to the poor rock mass conditions on the reef horizon and the tem-
porary nature of the support installed. The use of wide raising is thus sometimes

practised under these conditions, involving the mining of a reef slot in advance of the

raise or centre gully excavation. The principle of this methodology is to expose a
small sidewall profile to the high abutment stresses and thus maximise the face sta-
bility due to its limited height (Figure 5.3.3), while the main access development,
comprising the centre gully excavation, is developed in dé-stressed ground and the
fractures developed ahead of the slot will intersect the gully at high angles, thus
increasing gully shoulder stability. However a disadvantage of this scheme is the
development of shallow dipping fractures over the heading which then requires addi-
tional, preferably tendon support. These comnments also apply to “T” shaped tunnels
which have been tried for flat development and shown to bé viable under very high
stress conditions.

As a general rule, the size of any service excavation should be made as small as pos-
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sible for the anticipated operational requirements. This is particularly true in adverse
rock mass environinents, but due allowance must be made for the inevitable dila-
tionary deformations that will occur ovér a period of time.

5.4 EXCAVATION POSITIONING

The positioning of any excavation relative to external factors can play an important
role in the behaviour of the peripheral rock mass, and ideally a layout design should
place the excavation in the most favourable conditions. In many instances however,
even though adverse rock mass conditions are anticipated, the layout of a given tun-
nel may be fixed by external considerations such as infrastructure requirements or
simple mining economics. Under such conditions, upgraded support systems need to
be implemented in order to accomniodate and control the anticipated additional rock
mass deformations so as to maintain excavation stability and operational safety.

Given more freedom of action, factors which need to be considered include the orien-
tation of tunnels with respect to geotechnical structures within the rock mass, and the
major principal stress direction. Tunnels may also be influenced by adjacent excava-
tions, either other off-reef service excavations or stoping. Consideration must also be
taken of the risk of exposure to seismicity associated with geological structures or
major stoping abutments. These factors are discussed in the following sections.

5.4.1 Orientation

The layout of a tunnel or service excavation may have some flexibility with regard to
orientation, either over its whole length such as a major chaimber, or over a portion
of its length such as a tunnél negotiating a hazardous rock mass environment. The
principle consideration of excavation orientation is in regard to a dominant, and
potentially unstable, geological structure within the rock mass. This may be a ubig-

uitous structure such as a weak joint set, or an isolated structure such as a fault or

dyke. Under these conditions it is recommended that the long axis of the excavation
be oriented perpendicular to the strike of the dominant plane(s) of weakness. This
orientation limits the length of intersection with potentially unstable structures creat-
ed by the dominant planes of weakness, and thus maximises the stability of the exca-
vation. However as the most comunon orientations of development in mines are,

either on strike (drives) or on dip (crosscuts), one or other of thése will be exposed

to a less favourable orientation of the geological structure. This needs to be taken
into account in the design of support.

In certain adverse environments in which a damagingly high sub-horizontal field stress
operates, it may be desirable to adjust the orientation of an excavation in order to minimise
the degree of resulting stress fracturing. In these environments it is recommended that the
tunnel be oriented parallel to the major horizontal stress divection, where possible.

" An extreme example of the influence of the orientation of the virgin stress field is the

design of crosscut profiles in some of the platinum mines of the Bushveld Complex.
Here the high horizontal stresses oriented along the strike of the orebody résult in
poor hangingwall conditions, and main crosscuts from the shaft infrastructure (o the
footwall haulages servicing the reef horizon are pre-developed with a ‘Gothic arch’

R
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p}oﬁle. Ordinary crosscuts 1o the reef horizon are not used because of these prob-
lems, but inclined travellingways and orepasses are developed as a viable alternative.
The advantage of not utilising ordinary crosscuts is both to minimise the length of
excavation oriented perpendicular to the high horvizontal stress field, and also to min-
nmise the sjze of the excavations to access the reef horizon (Figure 5.4.1).

High stress concentration

Gothic Arch Profile
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Figure 5.4.1 Example of tunnel layout in a high horizontal stress environment.

. A second example of excavation orientation relative to the stress environment is the
use of vertical dam and settler chambers at the bottom of deep shaft systems. With
the vertical stress field being approximately twice that of the horizontal stresses, the
fracturing around the excavations is primarily a function of the two sub-horizontal
stresses which are normally of significantly lower magnitude.

5.4.2 Excavation Interaction

Any excavation generates a localised stress concentration around its boundary, which
(in a low-stress, elastic environment) has a peak immediately adjacent to the excava-
tion and decays to the field stress value at a distance of approximately two diameters
from the centieline of the excavation. As discussed previously the degree of stress
concentration is a function of the shape of the excavation. [n addition, the peak stress
concentration, and thus the profile of induced stress decay, can be shifted out from the
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1mmediate excavation rockwall due to fracturing around the excavation (Figure 5.4.2).

Induced stress on sidewall §

of tunnel (elastic)

Induced stress profile in
sidewall of tunnel with

/fracturing
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Tunnel diameters
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Figure 5.4.2 a: Induced stress profiles b: positioning of tunnels to avoid stress
interaction (high-stress conditions).

Even in a low-stress (RCF < 0.7) environment, to avoid deleterious interaction
between adjacent excavations, they should be sited (centre-to-centre) no closer than
twice the sum of their diameters apart. However, when the RCF is larger than about
1.0, or if Jarge seismic events are a possibility, the excavations should be positioned
(centre-to-centre) not closer than three times the sum of their diameters apart to take
into account the effects of fracturing of the excavation rockwalls. For particularly
sensitive excavations, the necessary spacings may best be determined with the aid of
non-linear numerical modelling codes (Chapter 11.4). If practical considerations do
not allow sufficient separation, then interactions must be taken into consideration
with regard to the potential for increased deformation and the requirement for addi-
tional support installation.

Where one tunnel is broken away from another, a pillar or ‘bullnose’, is created
between the two excavations. This results in significant induced stress interaction
and frequent failure of this pillar in the immediate breakaway area. In order to min-
imise the extent of this failure, the angle of breakaway should be as large as possible.
The general design rule is that this angle should not be less than 45°. Again, if lay-
out or equipment limitations do not permit this, additional bullnose failure must be
anticipated with an associated increase in support demand. The interaction of exca-
vations around a breakaway will also create a general increase in induced stress lev-
els. In layouts where several breakaways are required in series, such as in shaft sta-
tion layouts, these breakaways should be sited not closer than six fimes the tunnel
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diconeter upart in order to prevent increased interaction (Figure 5.4.2).

Excavation interaction should be assessed with due regard to the relative magnitude
of the field stresses acting within the plane of analysis. Thus where the horizontal
stresses are say approximately half the vertical stress level, the induced stresses and
level of interaction of a vertically-stacked set of excavations would be move than pro-
portionally reduced, thus allowing closer proximity of adjacent excavations in this
plane for comparable levels of rock mass loading. Complex layouts, in general,
require analysis by numerical models to assess the relative interaction of the excava-
tions.

The design rules indicated above are based on the prevention of interaction of the
induced stress fields between excavations. In some layouts it may not be possible to
comply with these recommendations, in which case it is important to give consider-
ation to the requivement for upgrading of the support in order to maintain the relative
stability of the excavations involved.

Tunnels in close proximity to stoping excavations should be sited so as to minimise
their exposure to abutment stresses, with regard to both stress increase and possible
subsequent reduction, Thus major development to access stoping blocks should be
sited sufficiently far from the orebody so as to maintain their long-term stability by
minimjsing the potential for damaging stress changes associated with the stoping
operations. Tunrels located too close to pillars or large-span abutments on the stop-
ing horizon will experience high stresses and stress changes, and will expérience cor-
respondingly high deformations which will be difficult or impossible to contain.
Numerical modelling and use of criteria such as RCF should be used to avoid such
situations. :

5.4.3 Seismic Hazards

The location of excavations in close proximity to areas of potential seismic hazard
should be avoided, so as to minimise the potential for rockburst damage. Areas of
potential risk need to be pre-identified by means of appropriate analyses of seismic
data and by other geophysical means (Chapter 9). Areas of elevated risk typically
include zones running parallel to and less than 30 m — 50 m from seismically-active
geological structures such as faults and dykes, and major stoping abutments such as
pillars and longwall stope faces. How far tunnels should be sited from such features
should be based on the ability of the support system to maintain excavation stability
under the anticipated seismic loading and on past experience in similar ground con-
ditions. These guidelines should be periodically reviewed with changes in support
and design technology.

If a seismically hazardous area has to be negotiated, the excavation should be orient-
ed to expose the minimutn length to the potential hazard and the support system
needs to be upgraded, patticularly in poor ground conditions. Typical support sys-
tems may include the usé of long anchors in addition to the standard yielding rock
bolts with mesh and lacing. Consideration should also be given to the reinforcement
of the lower sidewall and footwall of the tunnel as these have been shown to be areas
of weakness in current-support system designs.
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5.5 EXCAVATION TECHNIQUE

The metbod and sequence of development will influence the relative stability of the sur-
rounding rock mass dependent on sensitivity to stress-induced fracturing and disruption
due to the excavation process. Examples of these mechanisins, particularly visible in large
chambers developed by sequential extraction, include the orientation of stress fracturing
relative to the excavation profile and associatcd deformation history. The fracturing and
damage to the excavation periphery due fo blasting practice; or the sensitivity of the rock
mass (o exposure to water associated with the excavation process, can be impoytant issues.
The aspects of excavation sequence are covered under design considerations for large
excavations (Chapter 7.2), and the following section is thus concerned primarily with exca-
vation techniques associated with blasting practice in tunnels.

5.5.1 Blasting Practice

The action of blasting generates and propagates fractures within the rock mass as a
function of the initial shock energy, subsequent gas emission and the ammbient stress
environmert. Thus the damage to the rock mass will be a function of the rock mass
characteristics and the blasting design. Mechanical excavation techniques generally
result in minimal damage to the surrounding rock mass and thus rock mass damage
is limited to stress-induced fracturing.

The direction of propagation of fracturing due to blasting will be controlled by the
local stress environment, As with sidewall-parallel stress fracturing, blast-generated
fractures will preferentially propagate in the direction of the maximum principal
stress (Figure 5.5.1), the distance being determined by the energy available to con-
tinue the fracture propagation process. Energy is lost by creation of fresh fracture
surfaces, or by escape of explosive gases along parting planes or fractures whichi
intersect a free surface. Thus the degree of blast damage may be limited by either
major partings within the rock mass or by the parameters of the blast design itselt.

a. Influence of stress on blasting b. Specialised blasting
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Tigure 5.5.1, Considerations of blast design in tunnéls taking into account orientation of
field stresses
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The most important parameter of the blast design is the burden of the shot holes,
which is controlled by the hole spacing, the firing sequence, and the occurrence of
misfires. As the burden of the holes increases, particularly in the direction perpendi-
cular to the principal stress direction, so the depth of damage away from the excava-
tion into the surrounding rock mass increases.

The principle of specialised blasting techniques is to take advantage of re-adjust-
ments in the [ocalised stress field in order to propagate blasting fractures in directions
which enhance the stability of the excavation. Post-splitting involves the extraction
of the central portion of an excavation prior to creating the final excavation profile;
by these means the induced stresses on the periphery of the excavation are parallel to
the rockwall (Figure 5.5.1). The blasting fractures generated by the post-split blast
will thus preferentially form parallel to the boundary of the excavation creating less
damage to the final excavation peripheral rock mass. Smooth wall blasting is known
to reduce the combined effect of field stress and blast-induced fracturing in the rock
peripheral to excavations. This is confirmed by significantly improved rock condi-
tions around a bored raise compared to adjacent raises developed by conventional
blasting. Serious consideration should therefore be given to introducing smooth wall
blasting in situations where rock fracturing leads to excessively poor ground condi-
tions which are difficult and expensive to support. In ulira-deep tunnelling situations,
smooth wall blasting would provide significant benefits, and could well become
essential in weaker rock horizons.

The blasting of unconventional tunnel profiles, such as elliptical or ‘lean-to’ shapes,
may require some initial input from blasting experts as well as monitoring of early
blasted profiles.

In general, the correct blasting techniques will improve both the stability of the
resulting excavations and the effectiveness and cost of thé support systems subse-
quently required.
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chiptes 6 TUNNEL SUPPORT

6.1 INTRODUCTION

[deally, the intrinsic stability of any service excavation should be maximised by suit-
able selection of its location, orientation und developmenit profile (Chapter 5), so as
to minimise the demand on the support system required. However, this is not always
practical and support systems have to be designed for the prevailing conditions. High
quality support needs to be installed wherever hazardous conditions exist, even if
these extend for no more than a few metres along the tunnel.

Tunnel support systems may be made up of reinforcing elements, (such as end-
anchored rock bolts, grouted tendons, Split Sets or injected grout) that act directly
with the rock mass to increase its inherent strength; and support elements, fabric
support or coatings (such as steel sets, mesh and lacing or shotcrete) which act to
contain the inheréntly unstable rock mass between the reinforcing units.

In Chapter 5, the stability of a tunnel was evaluated with regard to its optimal siting,
geometry and development. In conjunction with such strategies, support systems
comprised of support elements of appropriate spacing, length and type provide pro-
tection against the hazards of rockfalls and rockbursts.

The fundamental purpose of tunnel support is to maintain the integrity and stability
of the rockwalls under static and possibly dynamic (seismic) states of stress. In the
first instance, the support system must control slow stress-driven deformations of the
rock mass, which could otherwise disrupt the normal functions of the tunnel over its
operational lifetime. A correctly chosen support system accomplishes these func-
tions not only by supporting dead-weight, but by increasing inter-block frictional
forces and resisting buckling of rockwall slabs; thereby constraining movement of
key blocks in the rockwall and preventing unravelling and differential movement of
the rock nass. In the case of dynamic loading the support system must absorb the
kinetic energy imparted to the wall rock while maintaining the integrity of the dis-
continuous rock structure.

The sequence, and type, of support installation needs to be evaluated in relation to
the anticipated deformiation of the tunnel, thus taking into account differént rates of
deformation and the maximum expected deformation. A large percentage of acci-
dents associated with tunnels occur within 10 m of the development face - See figure
1.2.7. Thus, high standards of temporary support, such as mechanical props with
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canopies, need to be installed during the development stages. Where exiremely poor
ground conditions occur in the immediate face area, consideration should be given to
the immediate application of high areal coverage support systems such as shotcrete
or other sprayable iaterial which can form a continuous membrane of sufficient
strength. Temiporary support is used to maintain safety in the face area during the
early stages of the development cycle, including the installation of primary support
tendons. This primary support is intended to maintain adequaté protection to the
development crew during further operations. The temporary support shouid only be
removed once the primary support system has become fully effective. The design of
the primary support should consider the factors detailed in the following sections.

To enable rapid development progress, the primary support needs to be designed
only to cater for the current, short term, rock mass conditions. This will usually have
to be upgraded with the installation of a secondaty support system to cater for the
longer term rock mass environment (stress changes, seismicity, time dependent
deformations, ete.). At this stage, the function of the primary support is sometimes
discounted; but, where appropriate, the contribution of the primary support can cost-
effectively be integrated with the secondary support to comprise the final support
system.

6.2 SUPPORT SYSTEM CHARACTERISTICS

Support units may be classified as being €ither active or passive types. Active (pre-
tensioned) support types immediately apply forces resisting rock mass deforrnation,
whereas passive support types require rock mass deformation to take place prior to
the support system developing significant resistive loads. In general, it is advanta-
geous to minimise the degree of rock mass deformation and thus maximise its inhet-

-ent strength by the use of dctive support systems. However, the support system must

also be able to accommodate the anticipated future rock mass deformation (yield)
and associated loading of the support units.

A combination of (usually) several different reinforeing units and support element
types, acting in concert with one another, comprises a suppeort system, in which the
contributions of the indjvidual units may be appropriately added to give the overall
support system characteristics.

In this book, the term tendon is used as a generic term to describe all reinforcing bars
and cables; such as rock studs (often colloguially called rock bolts or roof bolts),
grouted shepherds crooks or rebars, cable anchors, Split Sets, etc. The terminology
for tunnel support is very inconsistent, not only in South Africa but world wide. As
a consequence, the ISRM (International Society for Rock Mechanics) has established
a committee to formulate a standard terminology to be used internationally in the
future. The term ‘rock stud” will probably disappear, and thus the common term
‘rock bolt’ will be used in this text. [Further details of supporl system terminology
can be found in the ‘glossary of terms’ at the end of this book.]

Key support characteristics are summarised in Figure 6.2.1, and are discussed further
below.
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Figure 6.2.1. Key support characteristics.

6.2.1 Initial Stiffness

The action of rock mass reinforcement is to stabilise potentially unstable blocks and
thus 1maintain the integrity of the overall rock mass structure. The initial stiffness is
the rate at which load is developed within the support system with deformation (of
the rock mass). In general, a high system stiffness is desirable. This is particularly
true in low-stress environiments, where activating deformations, are small and where
the stability of the rock mass suritounding the excavations tends to be controlled by
geological structures. Pre-tensioning of rock bolts and other support elements great-
ly improves the ability of the support system to inunediately do work against rock
mass deformation. In higher stress environments where significant rock mass defor-
maltion occurs, the stiffness of the support sysiem (usually of limited yield capabili-
ty) must be compatible with the amount of rock mass deformation to be expected.

Examples of support elements with high initial stiffness include grouted bars and
cables, pre-tensioned rock bolts, and shotcrete. Low initial stiffness systems include
steel sets or arches with timber cribbing, and mesh and lacing areal coverage support.

6.2.2 Yieldability

Where significant rock mass deformation is anticipated due to a high stress environ-
ment, Jarge stress changes or dynamic loading, the support system must be yieldable
enough to accommodate this deformation. The yieldability of a support element is
the total amount of deformation (normally well beyond thie design peak load level)
that the support can undergo prior to total failure. This yieldability can be expressed
simply in units of mm, and also in terms of energy-absorption kI units (see below).
Interestingly, it has béen shown that the shear capacity of a tendon is ilnproved with
increased axial yieldability.
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Special yielding tendons are available, which have greatly enhanced yieldability
compared to conventional tendons and which therefore stand up far better to seisinic
and other large-deformation loading. Cable anchors have also been shown to accom-
modate large deformations.

Yieldability is an important consideration for the elements of a support system which
provide areal coverage (e.g. mesh and face): but this must be considered in relation
to the acceptability of differential deformations between the tendons and the areal
coverage supporl.

6.2.3 Energy Absorbing Capacity

The yield capability of a support element in conjunction with its yield load will
essentially define the amount of energy the support can absorb, particularly under
dynamic loading conditions. This nust be evaluated in relation to the volume and
mechanism of dynamic loading of the potentially unstable rock mass with which the
support element interacts.

It is commonly the case that the rock deformation benveen tendons in highly frac-
tured tunnels is substantially greater than that immediately at the tendon (causing
bulging of the mesh). The explanation is that there is limited interaction between

- tendons, with the result that the fabric support becomes overloaded. A further impli-

cation is that the tendons are imperfectly pertorming their function of rock rein-
forcement, and -are not subjected to the loads and stresses of the full tributary avea
as is genevally assumed. This also explains why a proportion of tendons with lim-
ited yieldability survive in rockburst conditions, and this fact is often used to justi-
fy not always using yielding tendons in rockburst prone areas. Where support sys-
temns are designed to ensure effective interaction between adjacent tendons, these
will be subjected to most of the load or energy associated with ils tributary area.
Under such conditions, use of yielding tendons is essential - see section 6.4 on sup-
port desigi.

6.2.4 Length of Tendon

The length of tendon will determine the extent of interaction with thé fock mass
(Figure 6.2.2). .In moderately stressed tunnels, support design philosophi€s in the
South African mining environment are based on the concept of anchoring the
potentially unstable rock mass around an excavation to the deeper, more compe-
tent, stable rock mass. The length of the tendon must be sufficient to accommo-
date the depth of instability and provide suitable anchovage in excess of this depth.
The depth of potential instability may be derived from analysis of tunne] failure
data or empirical guidelines. Empirical guidelines are based on an évaluation of
the geotechnical structure of the rock mass for low-stress environments, and for
high-stress environments on an analysis of the depth and stability of the fractured
rock mass.

If the depth of rock mass instability is estimated to be greater than the practical ten-
don length, then the length of tendon to be used should be evaluated on the basis of



6: Tunnel Support

Design of rock bolt ¢_
reinforcement to I
creale structural —_— .
beam \ - | - Design of support
P \ based on rock
7 \ * mass containment
/ I General \
>J differenal
/ delormalion s \
s | profile - N
S~ e]r:era | (dependent 1\
/ \I unl Om on '\ R P
\ o delorm_ahonl compatiblity = . l
N / —l:r profile o
\ \)(\ _ rock o / /
N ~ : i boft py
! p— yie'dability) N -
< -

Estimated extént of S~
rock mass instability

Figure 6.2.2 Illustration of two design concepts. Right - anchoring of unstable peripheral rock
to competent rock mass. Left - creation of a structurally stable shell.

the creation of a reinforced rock mass shell of adequate shape and dimensions.
Design methodologies are under development which attempt (o evaluate the strength
of this reinforced structure against the anticipated loading conditions. The method-
ology described in section 6.4 calculates the extent of interaction of the rock tendon
reinforcements within the rock mass by taking into account the orientation and spac-
ing of discontinuities in the rock mass.

6.2.5 Spacing of Tendons

The spacing of tendons within a support system will determine the loading of the
tendons as a function of their interaction with the rock mass. Under static loading
conditions, the loading of the support system may be expressed in terms of its sup-
port resistance requirement. Under dynanmic loading conditions, this is best
expressed as the energy absorption requirement of the support system. The loading
of individual tendon elements will be a function of the spacing of the tendons and the
depth of anticipated rock mass instability.

In highly discontinuous rock mass structures, it has been observed that the spacing
of the tendons will also strongly influence the degree of loading of any areal cover-
age support between the tendons (Figure 6.2.2). Design methodologies need to con-
sider the influence of the rock mass characteristics and the loading environment (stat-
ic or dynamic) on the interaction of the tendons within the rock mass, and thus the
necessity for areal coverage support requirements.

6.2.6 Areal Coverage

In order to maintain the overall integrity of the excavation, the potentially unstable
rock mass between the tendons needs to be confined by areal coverage support sys-
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terns (Figure 6.2.3). The requirement for areal coverage support is dependent on the
stability of the rock mass between the tendons and is different for static and dynam-
ic loading conditions. As the rack mass becomes more discontinuous, or the dynam-
ic loading within the rock mass becomes greater, the direct interaction between the
tendons and the rock mass is reduced. Thus the capacity and Joad-deformation
requirement of the areal coverage support will be determined by the loading condi-
tions on the rock mass, the extent of instability between tendons, and the allowable
deformation Limits of the excavation rockwalls.

(c) Double 2 m square pattern (diamond) (d) Double 2 x 1.6 m pattern (diamond)

Figure 6.2.3 Typical tendon reinforcement and lacing patterns, giving different
degrees of support resistance and areal coverage (mesh present but
not illustrated). Dashed lines indicate basis of terminology: basic
pattern (non-overlapping), double/diamond pattern. Lacing
patterns are not restricted to those illustrated.

The design of a support system involves the matching of the strength, yieldability,
length and particularly spacing of tendons to the yieldability, strength and stiffness of
the fabric support for each geotechnical condition. In the past, little attention has
been paid to the engineering design of fabric support, with the result that some sec-
tions of tunnels are in fact probably ovel‘-supporied, while others may be under-sup-
ported with compromised safety.

6.2.7 Typical Support Element Design Characteristics

Table 6.2.1 indicates typical design characteristics of support elements utilised in the
South African mining industry. However, it should be noted that the peiformance of
a support element within a support system is also highly dependent on the interaction
betwecen the support element and the rock mass. An example is the often-observed
survival of rebar tendons within a mesh and lacing support system after significant
rockburst damage in highly stressed tunnels. This is due to the low degree of direct
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interaction between the tendons and the rock mass, caused by the highly discontinu-
ous nature of the rock mass. The large displacement of the rock mass and associat-
ed deformation of the relativély low stiffness mesh and lacing system either results
in the absorption of the dynamic energy and stabilisation of the excavation without
significant loading of the tendon anchorage, or failure of the mesh, if of insufficient
capacity, and spillage of the fractured rock mass prior to any significant loading of
the tendons.

Table 6.2.1 Support element design characteristics

Support clement | Initial | Yield Load Shear | Comments
stiffness | capacity | capacity | capacity | (applicability)

Friction tendon:

Split Set/Swellex fair fair low fair/poar | Simple installation, corroston a
problem, Primary support only.

End Anchored

pre-tensioned:

Rock stud v good poor med. fair Used under low stress
conditions. Cables used for

Cable anchor v good fair high good |large excavations.

Fully grouted

Smooth bar good fair med. fair Easily debonded, requires
good grouting.

Rebar v good | poor med. poor | High initial stiffness, requires
good grouting.

Drill steel vgood | poor high poor | High shear resistance.

Yielding tendon fair v good med. | fair/good | Good yieldability.

Cable tendon>4m fair  |fair/poor | high good | Yieldability + flexibility, may

Wire loops <3m fair  |fair/poor | med. good | require good grouting.

Sets

Arches + cribbing | poor fair high Areéal coverage in poor areas.

IFabric

Mesh and lace poor good low Areal coverage + flexibility,
labour intensive.

Reinf. s/crete good |fair/poor | med, Areal coverage + limited

(50 mm) deformability.

Rejnf. s/crete good good good Areal coverage + fair

(50 mm) & lace , deformability.

Un-reinf. s/crete good poor med. Areal coverage in areas of low

(50 mm) deformation.

Figure 6.2.4 depicts the results of a programme of shéar tests carried out on a selec-
tion of tendons which were installed in a 40 mm diameter hole drilled in rock and
encased in a steel pipe. The initial shear stiffness up to a load of approximately 50
kN is similar for all types except for the Split Sets. Above 50 kN the results are quite
variable, with the 16 mm steel rope offering the greatest shear resistance of the types
tested. The yielding cone bolt tolerated significantly more shear deformation than
the other tendons.
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Tigure 6.2.4 Behaviour of tendons under shear

6.3 DESIGN CONSIDERATIONS

The design of a tunnel support system mast cater for the anticipated mechanism of
rock mass instability and the interaction of the elements of the suppott system with
the rock mass. This intéraction will be controlled by the rock mass characteristics,
and the loading conditions.

6.3.1 Geotechnical Controls

The structure of the rock mass and the conditions of the discontinuities will govern
the extent of instability around an excavation (consequently choice of tendon length),
and also the interaction of tendons within the rock mass (tendon spacing). The struc-
ture of the rock mass is determined by the relative spacing and orientation of the nat-
ural discontinuities (jointing and bedding) and any superimposed fracture patterns,
which together create the blocky nature of the medium. The condition of a disconti-
nuity is a function of the roughness of the surface and the presence of any alteration,
in-filling or water within the discontinuity. Together these influence the effective
friction and cohesive properties of the discontinuity.

The more incompetent the rock mass (high frequency of discontinuities, low effec-
tive friction) the greater the potential extent of instability and the poorer the interac-
tion between support tendons and the rock mass. Thus, the presence of abnormally
poor ground conditions, due for example to the proximity of high-stress mining abut-
ments or the travérsing of faults/dykes/joint-swarms, will necessitate a careful eval-
uation of the design of the support system.

The orientation of the tendon installation relative to the orientation of the disconti-
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nuities within the rock mass will also influence the extent of interaction between the
elements in the support system. In particular, it is found that dominant structures
sub-parallel to the axis of tendon installation result in a significantly reduced extent
of support interaction. This will resutt in increased instability between the tendons
and a weakening of the overall reinforced rock mass structure unless addressed by
reducing the spacing between tendons. Examples of this behaviour incfude tunnel
sidewalls in a highly bedded rock mass where argillaceous layers are associated with
the bedding planes. Under these conditions good areal coverage support is an impor-
tant requisite.

6.3.2 Stress Environment

The stress environinent determines whether the stability of an excavation will be con-
trolled mainly by geotechnical structures or by stress-induced fracturing. Case stud-
ies in deep South African gold mines in generally competent ground have indicated
that the onset of fracturing may be anticipated at an RCF value of about 0.7. This
equates to an absolute tangential stress level of approximately 0.7 times the uniaxial
compressive strength (UCS) of the intact rock, equivalent to a field stress level of
approximately 0.3 times the UCS. This fracturing will be accompanied by dilation
of the rock mass, thus increasing the necessity for yield capacity within the support
systems.

At RCF values in excess of about 1 in strong brittle rock, ‘strain bursting’ can occur
on the development face. Consequently the necessity arises for improved areal cov-
erage support in the immediate face area to protect the development crew, ar consid-
eration of the use of tunnel preconditioning techniques under these circumstances.

In very low-stress environments, such as shallow excavations or excavations devel-
oped immediately above or below mined-out areas, the low clamping stresses may
result in lposening of the rock mass in the immediate rockwall of the excavation. The
use of very stiff or active support elements is therefore required in these énviron-
ments.

A change in the stress field acting on an excavation will also influence its stability.
This may result from an increase in the extent of fracturing around an excavation due
to a stress increase, or induced shearing and dilation within the rockwall due to a
large relative reduction in one of the stress components. Case studies in deep gold
mines have indicated resulting dilations of the ordér of (.7 mm per metre of unstable
sidewall rock mass per MPa increase in vertical stress, or 0.5 mm per metre of unsta-
ble hangingwall rock mass per MPa reduction in vertical stress. These deformations,
whose magnitude may well differ in different geotechnical areas, will define the
required yield capacity of the support system for the excavation over its anticipated life.

6.3.3 Seismicity

The influence of seismicity on excavation support design will be dependent on the

mechanisim of interaction of the dynamic-stresses with the excavation peripheral rock
mass. This may vary from seismically induced falls of ground due to the develop-
ment of tensile stresses within the hangingwall or upper sidewalls of the excavation;
or dynamic expulsion of blocks due to the direct incidénce of high ground velocities;
or the initiation of failure within the peripheral rock mass due to induced dynamic
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stresses. In the South African deep level mining environment, the rockburst damage
to service excavations is generally due 1o seisniic events occurring on rajor mining
abutments or fault/dyke structures. Large events can cause sporadic damage to tun-
nels over a widespread area. The damage is often concentrated in areas of
unfavourable geotechnical condition where an upgrading of support should have
been instdlled or where the condition of support has deteriorated due mainly to cor-
rosion. Serious anomalous damage can also occur in short portions of a (unnel,
where conditions and support designs appear to be completély uniform and of a rea-
sonable standard. This demonstrates current deficiencies in understanding of rock-
burst mechanisms and the complexities of transinission and reflection of seismic
energies through the rock mass.

Design of the support system should consider the extent of interaction of the support
elements with the rock mass and their load-deformation capacity, as these will need
to take into account the degree of dynamic loading and deformation to be expected
as well as the overall rock mass condition.

6.4 DESIGN METHODOLOGIES

The design of support systems for tunnels must consider the rock mass environment
in which the excavation is to be sited to ensure the desired level of stability.for the

required utilisation of the excavation. The analysis of the support requiremients will

depend on the availability of data and the degree of understanding of the potential
rock mass failure mechanisms to ensure adequate interaction of the support eléments
with the rock mass. As the level of confidence of understanding of the rock mass
characteristics decreases, so the design process may shift from a complete structural
analysis, to the use of classification systems, to simple empirical design rules. At
each stage, greater a priori assumptions of the rock mass characteristics need to be
made and thus the design process needs to become more conservative and costly, in
order to accommodate the uncertainties involved.

6.4.1 Structural / Mechanistic Analyses

Design of a support system based on structural analyses considers the detailed prop-
erties of discontinuities and the mechanisms of potential rock mass failure, as well as
the physics of the support/rock mass interaction,

(a) Key block analysis. In relatively simple rock mass structures (generally in low
stress environments where individual joints can be analysed to determine potentially
unstable blocks), a tendon system can be designed based on static analysis of the
support capacity in relation to the unstable mass. Generally it is assurned that sim-
ple fall out, or sliding, of the block will occur under gravity loading and the tendons
are uniformly loaded. However, complex block rotations may result in sequential
loading, and failure of the support units under these conditions. A.suitable factor of
safety thus needs to be used, even in this simplest of design procedures.

(b) Containment of unstable peripheral rock mass. As rock mass complexity
increases, the instability of an excavation tends more towards a general unravelling
of the rock mass than the fall out of individual key blocks. Where anchorage of the
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tendon elements is in excess of the depth of the potential instability, then 1he support
design may be based on uniform confinement of the unstable rock mass volume. The
majority of design procedures assume ‘tributary area’ loading of the tendons, and the
results are cxpressed as the required support resistance (kN/m?) of the suppaort sys-
tem. Under dynamic loading conditions it is the energy associated with this tributary
area rock mass volume that must be contained by the support system.

However in highly discontinuous rock masses, there is still a tendency for unravel-
ling of the rock mass between the tendon elements. Areal coverage (fabric) sup-
port systems need to be designed to minimise this unravelling process and thus
maintain the overall integrity of the rock mass. Design of the suppoit system
should consider the extent of potential instability between the rock bolt units and
thus the demand on, or necessity for, the fabric support. This will depend on. the
defined rock mass characteristics and the anticipated loading environment (static or
dynamic).

The energy absorption requirement E (kJ/m?) of the support system is given by
Hangingwall E=Y,mvi+mgh
Sidewall E=1,myv2
where m is the mass/m? of potentially ejected rock based on the defined unstable
rock mass thickness (taking into account the extent of interaction with the rock mass
and the rock mass density); v is the anticipated peak ejection velocity; h is the allow-
able yield in the support element, or yield capacity at a given point in time and g is
gravitational acceleration.

(c) Design of a reinforced roek mass structure. In poor ground conditions the
depth of instability of the rock mass around a tunnel may be in excess of the practi-
cal tendon length. The design consideyation under these conditions is to create a rock
mass strzcture (a ‘reinforced shell’) in the periphery of the excavation. The capaci-
ty of this stnicture to carry load and resist deformation must be suitable for the antic-
ipated loading environment. Of critical importance is the interaction of the tendon
elements within the rock mass to increase the inherent strength of the structure. Ina
highly bedded rock mass where installation of the tendons is perpendicular to the
laminations, this may need to include means for the clamping of the individual lay-
ers to create a beam of sufficient thickness, based on beam analysis, to withstand the
loading likely to be imposed. In complex rock mass structures, the interaction
between the tendons to maintain the integrity of the stnicture becomes increasingly
important. The use of high quality, relatively stiff fabric support systems, such as
shotcrete, greatly assist in maintaining the stability of the rock mass between the ten-
don reinforcement under these conditions. The design of support systems for this
environment is implicitly catered for in most empirical design methodologies.
Careful evaluation of the mechanistic interactions between the rock bolt reinforce-
ments for specific rock mass characteristics needs However fo be made. Research in
this avea is nearing completion: the proposed design methodology analyses the load
deformation characteristic, and thus the support resistance and energy absorption,
based on an estimation of the support-rock mass system as opposed to the evalvation
of support companents in isolation. The importance of the rock mass structure on the
interaction of rock bolts in the design of the support system has been discussed under
section 6.3.1.
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6.4.2 Rock Mass Classification Systems

Rock mass classification systems attempl to define the characteristics of the rock
mass based on a simplified assessment of critical rock mass parameters. The fol-
lowing components are found in most classification systems (c.f. Chapter 10.3.5):

- the strength of intact rock samples,

- the number and spacing of natural joint sets in the rock,

- the frictional properties of the natural joints,

- the effect of ground water.
The level of data available is generally insufficient to conduct detailed structuoral
analyses of the rock mass and potential failure mechanisms. The instabitity of the
rock mass is generally assumed to be an unravelling mechanism which necessitates
the implementation of systematic support systems. The structural interaction
between the rock bolt reinforcement and the mechanism of rock mass instability is
generally not clearly defined. The rock mass classification may then be used to
define appropriate support systems based on case studies within the applicable geot-
echnical envitonment. In using classification systems, one must consider the geot-
echnical environment for which the classification system was established, the level
of support technology available, and the required relative safety level of the excava-
tion based on its envisaged utilisation.

Classification systems have been widely utilised in civil engineering tunnelling
exercises (RMR, Q systems), and cater well for low stress environments wheére
geological discontinuities control the instabilities involved. Tn addition, the level
of safety of civil constructions is generally required to be far greater than that
expected in mining applications. This can lead to the definition of (civil engineer-
ing) support requirements that would be considered ultra-conservative for mining
applications. Attempts have been made to relate these (civil engineéring) systems
to mining applications (MRMR) by the empirical evaluation and adjustment of thé
classifications of the rock mass in relation to typical successful mining support
practices.

In deep mining environments, special consideration must be made for large values or
changes in the stress field, and the risk of seismicity with potential for rackburst dam-
age. In such environments a design methodology for the control of tunnel condition,
and the recommendation of suitable support systems, is based on the classification of
the rock mass by the Rockwall Condition Factor (RCF):
RCF = (30, - 6,)/ Fo,

where ¢, and o5 are the major and minor principal stresses within the plane of the
excavation cross section; and F is a factor to represent the downgrading of 6. (the
uniaxial comnpressive strength) for the representative rock mass condition and exca-
vation size. In good-quality quartzites, F taKes on a value of unity. In a highly dis-
continuous rock mass, a suitable value for F is approximately 0.5, and in large exca-
vations (> 6 x 6 m), F may be further downgraded by 10-20%.

The formulation of the RCF is based on a simple comparison of the maximum
induced tangential stress of an assumed circular excavation to the estimated rock
mass strength. The empirical relationships between the RCF and recommended sup-
port systems is based on extensive field studies of Witwatersrand gold mine tunnels
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(3 x 3 m). In general it was found that for RCF < 0.7, good conditions prevailed with
minimum support requirements (Table 6.4.1); for 0.7 < RCF < 1.4, average condi-
tions prevailed with moderate support systemn requirements (Table 6.4.2); and for
RCF > 1.4, poor ground conditions prevailed with special support requiremernts
(Table 6.4.3).

Empirical relationships have been derived between the RCF and the potentially
unstable rock mass thickness for competent rock masses (F = 1) due to fracturing.
It should be noted that this depth represents the potential unstable block height and
will be less than the total depth of fracturing. These guidelines indicate that at RCF
= 0.7, the anticipated thickness of unstable rock mass to be supported is approxi-
mately 0.7 X the radius of the excavation, and at RCF = 1.4 this thickness is approx-
imately 1.2 x the radius. Under conditions of seismic loading, the increased extent
of instability due to the transient dynamic stresses must be considered in the support
design.

[Tt is of interest to note that the above value ranges of the RCF criterion may not
apply in Bushveld Complex mines where the rock mass is igneous as opposed to the
brittle quartzites encountered in the gold mines. RCF values of over 1,4 have been
calculated for tunnels where conditions were good, with very little stress fracturing
observed. Unless experimental error is to blame, the only reasonable explanation for
this séems to be that the Bushveld rocks are better able to redistribute high induced
stress concentrations than the Witwatersrand quartzites.]

The support recommendations in Tables 6.4.1 — 6.4.3 are intended to be indicative
and not necessarily prescriptive. Actual support requirements in specific geotechni-
cal environments vary widely, and may justifiably fall short of, or exceed, the values
suggested here.

Table 6.4.1 Support recommendations for good ground conditions (RCF < 0.7).

Case Primary support Secondary support
(Typical requirements) (Typical requirements)

Static stress | ‘Spot’ support where necessary | ‘Spot’ support where necessary (rock bolts,
conditions (rock bolts, etc.) etc.). Light mesh where ground conditions are
inherently poor.

Stress ‘Spot’ support where necessary | Fully grouted tendons > 1.5 m in length,
changes (rock bolts, etc.) installed on basic 2 m pattern. Support
anticipated resistance: 30 - 50 kN/m2. Rope lacing

(sidewalls only) plus light mesh where ground
conditions are inherently poor.

Seismic Tendons > 1.2 m in length, Fully grouted (pref. yield) tendons > 1.5 m in
activity installed as close to face as length, installed on basic 2 m pattern.
anficipated | possible. on basic 2 m or .5 m | pattern. Support cesistance: 50 kN/m?
Support resistance: Light mesh and lace
30 - 50 kN/m2, (hangingwall and sidewalls)
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Table 6.4.2 Support recommendation for average ground conditions (0.7 < RCF < [ .4).

Case

Primary support
(Typical requirements)

Secondary support
(Typical requirements)

conditions

Statice stress.

Rock bolls or tendons > 1.5 min
length, installed as closc to face
as possible on basic 2 m pattern
Support resistance: 30 - 50
KN/m2,

Steel strapping or: rope lacing integrated with
primary support (endons; or shotcrete.

Stress
changes
anticipated

Fully grouted tendons or steel
ropes > 1.8 m in length, installed
as close to face as possible, on
basic 2 m or 1.5 m patlem.
Support resistance: 40 - 60
kN/m?.

Medivm streiigth rope Jacing and rhoderale
strength wire mesh integrated with primary
support tendons.

Seismic
acfivity
anticipated

Fully grouwted (pret. yield) tendons
or steel ropes > 1.8 m in length,
installed as close to face as
possible, on 1.5 m or double 2 m
patlern (Fig.6.2.3). Support
resistance: 80 - 110 kN/m2

Strong rope lacing and strong, stift wire mesh
integrated with primary support tendons,
plus optional sholcrete.

Table 6.4.3

Support recommendation for poor ground conditions (RCF > 1.4},

Case

Primary support
(Typical requirements}

Sccondary support installed by
specialist crews close to face
(1ypical requirements)

Static stress
conditions

(If necessary) shotcrete 1o face,
then fully grouted tendons or
steel ropes, length > 1.8 m on
basic [.5 m pattern, as close

to face as possible. Support
resistance: 80 - 110 kN/m2.

Moderate strength steel wire mesh usually
with additional tendons bul may be integrated
with primary sapport, optional shotcrete.

Stress
changes
anticipated

(If necessary) reinforced shotcrete
to face, then fully grouted steel
ropes or yielding tendons, length
> 1.8 m on basic | m or double
2 m pattern, as close to face as
possible. Support resistance:
120 - 230 kN/m?2.

Medium strength rope Jacing and moderate
strength wire mesh witly additional tendons
but may be integrated with primary support.
Add integral shotcrete in long life tunnels.
If necessary, additional hangingwall
support comprising grouted sleel ropes.

Seismic
activity
anticipated

(If necessary) reinforced shotcrete
lo face, then fully grouted steel
ropes or yielding lendons, lengtly
> 2.3 mon basic I m pattern,
as close (o face as possible.
Support resistance: 220 - 290
kN/m2.

Strong rope lacing and strong, stiff wire
mesh with additional tendons but may be
intcgrated with primary support. Add integral
shotcrete in long life tunnels. If necessary,
additional hangingwall support comprising
grouted steel ropes.
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