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Figure 12—Failure condition of the pillars and the extent of mining during July 1997 (after Spencer35). The failure codes used in this figure are as follows: 
0 - No failure, 1 - opening of joints at the corners, 2 - opening of joints at the corners and along the sides, 3 - material slabbing off the corners and sides, 
4 - horizontal movement occurring along the clay layer
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Figure 13—Extent of mining at Wonderkop Mine during July 1998
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From these studies, the drawbacks of using empirical
pillar strength formulae are obvious. The failure in all three
cases is caused by the presence of clay layers which substan-

tially weaken the pillars. The original empirical formulae were
developed for different rock types and the application of these
formulae outside the limits for which they were developed
resulted in the large mine collapses described here.

Numerical modelling to estimate pillar strength

From the sections above, it is clear that the applicability of
the current empirical formulas in hard-rock mines is highly
uncertain and additional verification and calibration work is
required. The orebodies in the Bushveld Complex are very
different to that for which the Hedley and Grant
formulation23 was derived. Furthermore, the restricted range
of slender width to height ratios used when deriving the
equation is unfortunate and the choice of the appropriate K
value is undefined and highly uncertain.

The alternative to the empirical approach is to use
numerical modelling with appropriate failure criteria to
determine pillar strength. A vast amount of literature is
available on attempts to simulate pillar failure, and it is not
the objective of this paper to summarize all these findings.
Focus will rather be placed on recent work that is applicable
to the pillars in the Bushveld Complex. 
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Figure 15—Typical pillar composition at Mine A (after Roberts and
Clark-Mostert37)
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Figure 14—Simulated pillar stresses for selected pillars in the Wonderkop Mine (see Figure 12 for the positions of the pillars)

Figure 17—Interest mode of pillar failure at Mine B. For this pillar, a clay
layer was found between the upper LG6A chrome and the pyroxenite
below it. This slippery layer facilitates the fracturing of pyroxenite,
causing it to scale out (left). The failures led to large amounts of
convergence as can be seen in the photograph on the right

Figure 16—Pillar failure at Mine A after attempts to strengthen the
pillars with shotcrete (photograph courtesy Dr Mike Roberts)



Joughin et.al38 presented a risk based approach to the
design of chromitite pillars. Numerical modelling was
conducted using the finite element program PHASE2 and a
Hoek and Brown failure criterion. The variability of the
strength properties, pillar dimensions, and spans were taken
into account by applying the Point Estimate Method. Many
numerical analyses were conducted with varying input
parameters to obtain statistical distributions of pillar safety
factors. Probabilities of failure were then determined from the
distributions. Back analysis of an area with a large collapse
and another in which only a few pillars had failed indicated
good agreement with the actual number of pillar failures.         

Day and Godden39 presented a paper describing the
design of panel pillars on Lonmin’s platinum mines. They
state that the validity of their approach is supported by
extensive underground surveys and by computer back-
analysis studies. According to the authors, over 300 pillars
per month were cut at Lonmin at that stage and these pillars
behaved as expected. The method apparently works well up
to width to height ratios of 5.5, but not at greater values
owing to the onset of squat pillar effects. This seems rather
disappointing as the expectation is that a numerical method
with an appropriate constitutive model will ‘automatically’
take care of the onset of squat pillar behaviour. Pillar
strength was estimated by two-dimensional FLAC modelling
using the original Hoek and Brown40 failure criterion:

[9]

where σc = uniaxial compressive strength (MPa) and m and s
are constants that depend on the properties of the rock. The
constant m was determined from laboratory testing, and s
equals to 1 for intact specimens. In situ values for the
constants m and s were derived by application of rock mass
quality ratings using the equations of Priest and Brown41 for
undisturbed rock masses:   

[10]

[11]

The authors39 derived in situ values for m and s for the
UG2 and Merensky reefs at Lonmin’s Mines. Typical values
used in the modelling are as follows: UG2; m = 25.83, s =
0.51 for a RMR of 94, Merensky (Type B); m = 8.7, s = 0.57.
The resulting simulated pillar strengths seem plausible when
the pillar width to height ratio is low. The authors
nevertheless acknowledge that squat pillar behaviour is not
correctly simulated by this approach and that this will
probably result in pillars being over-designed at depths
exceeding 700 m.

A further concern regarding this approach is that the
failure criterion is still empirical and the unmodified
Equations [10] and [11] may not be appropriate for the pillar
material in the Bushveld Complex. Pells42 also expressed
some concern about the Hoek and Brown failure criteria and
quoted Mostyn and Douglas43 which provided a detailed
critique of this failure criterion for intact rock.

‘…there are inadequacies in the Hoek-Brown empirical
failure criterion as currently proposed for intact rock and, by
inference, as extended to rock mass strength. The parameter
mi can be misleading, as mi does not appear to be related to

rock type. The Hoek-Brown criterion can be generalized by
allowing the exponent to vary. This change results in a better
model of the experimental data.’  

Martin and Maybee22 investigated the strength of hard
rock pillars by using both empirical pillar strength formulae
and numerical modelling using a Hoek-Brown failure
envelope. Figure 18 illustrates a comparison between the
pillar stability graph developed by Lunder and Pakalnis3, the
Hedley and Grant equation and Phase 2 - Hoek and Brown
modelling using different values of GSI. Figure 19 illustrates
the same data using the Hoek and Brown brittle parameters.
The conclusion reached by Martin and Maybee22 is that two-
dimensional finite element analyses using conventional Hoek
and Brown parameters for typical hard-rock pillars predicted
rib pillar failure envelopes that did not agree with empirical
pillar failure envelopes. It appears that the conventional
Hoek-Brown failure envelopes over-predict the strength of
hard rock pillars. This occurs because the failure process is
fundamentally controlled by a cohesion loss process in which
the frictional strength component is not mobilized. Their
recommendation is that Hoek-Brown brittle parameters (mb =
0 and s = 0.11) be used to simulate pillar strength. 
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Figure 19—A comparison of the strength predicted by Hedley and
Grant23, the data and FOS lines from Lunder and Pakalnis3 and
modelling results using the Hoek and Brown brittle parameters (after
Martin and Maybee22)

Figure 18—A comparison of the strength predicted by Hedley and
Grant23, the data and FOS lines from Lunder and Pakalnis3 and the
Phase 2 modelling for various GSI values (after Martin and Maybee22)
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Hoek, Kaiser, and Bawden44 summarized the rock mass
conditions for which the Hoek-Brown failure criterion can be
applied. The criterion is strictly applicable only to intact rock
or heavily jointed rock masses that can be considered to be
homogenous and isotropic. For cases in which rock mass
behaviour is controlled by a single discontinuity or joint set, a
criterion that describes the shear strength of joints should
rather be used (e.g. see the pillar shown in Figure 20). The
implication of this is that for the three case studies of pillar
failure in the Bushveld Complex discussed above, explicit
simulation of the clay layer will be required. An example was
conducted for the authors by Dr John Ryder using the FLAC
code, and this is presented below to illustrate the value of
modelling.

The pillar composition simulated was the LG6/LG6A
‘sandwich’ shown in Figure 10. The qualitative effect of a
strong pyroxenite layer within a chromitite pillar (with weak
contacts, including weak hangingwall and footwall contacts)
was therefore modelled in plane strain. A generic model was
built to investigate the effect of an inhomogeneous pillar with
weak interfaces. Estimated in situ strain-softening
parameters were drawn directly from studies carried out in
the Bushveld Complex. The hangingwall and footwall were
assigned the same properties as the pyroxenite layer, and
symmetry was assumed for both the vertical and horizontal
centrelines in the following layout in the FLAC finite
difference code (Figure 21). The grid size was 0.1 m × 0.1 m.
By applying slow displacement loading (velocity 5 × 10-4

mm/step), complete stress-strain and lateral deformation
curves could be modelled (Figure 22). Lateral deformations
showed no dramatic effects owing to the presence of the
‘strong’ layer of pyroxenite in the pillar, possibly because the
modelled contrasts in strength, Poisson’s ratio and dilatancy
were not particularly marked. (Note that the horizontal scale
in Figure 22b is in millimeters whereas the vertical scale is in
metres). Likewise, the presence of a weak interface between
the layer and the body of the pillar had virtually no effect,
even if the friction angle of interface 1 was set as low as 6°.
In contrast, low friction angles on the hangingwall contact
(interface 2) had a powerful effect, reducing the peak
strength p of the pillar by allowing lateral deformation and
reduction of confinement, and reducing also the residual
strength (Figure 23).

A further illustration of the value of numerical modelling
to investigate pillar strength is given by Esterhuizen45. The

UDEC code was used to simulate pillars of different width to
height ratios and the effect of jointing on these pillars. The
most significant result obtained was that the effect of jointing
on pillar strength decreases as the width to height ratio of the
pillar increases. This indicated that when designing pillars, it
would not be correct to simply determine the rock mass
strength and use it in the pillar formulae regardless of the
width to height ratio of these pillars. Further work was
conducted by Esterhuizen et al.46 to investigate on the effect
of large discontinuities on pillar strength. UDEC simulations
were used to investigate the effect of these large disconti-
nuities on pillars with width to height ratios of 0.5 to 1.5. A
revised empirical pillar strength formula was developed for
the slender pillars in the stone mines in the USA. The form of
the equation is:

▲
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Figure 20—An example of a pillar that contains a single joint dipping at
almost 45° through the pillar. This joint will have to be modelled
explicitly if the behaviour of this pillar is to be correctly simulated by a
numerical modelling code

Figure 21—FLAC model to simulate the effect of weak interfaces in the
pillar
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Figure 22—Pillar stress:strain and sidewall dilation (at peak strength point p), for interface friction angles of 30°
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[12]

where UCS is the uniaxial compressive strength of the intact
rock and LDF is a large discontinuity factor. The authors
recommended that a factor of safety of at least 1.8 be used
for designs where the pillar strength is assumed to be given
by Equation [12]. This will ensure that the pillars remain
within the limits of previously successful stone pillar layouts.      

The need for monitoring in pillar mining sections

The report of the Government Mining Engineer47, published
five years after the Coalbrook disaster, made the following
statements regarding instrumentation in the experimental
section at the mine:    

‘There is no evidence that during these operations any
systematic inspections were made of the northern portions of
No. 10 Section or that any measuring apparatus was installed
to ascertain if stability was being affected by the reduction of
the abutment support.’

‘It appears that no scientific controls were applied to the
experiment nor was an attempt made to ascertain what
reduction in their support strength was caused by cutting the
pillars and increasing their height. The effects of the
experiment on the roof and pillars were judged by eye and
ear and the results were gauged by the tally board.’

Although monitoring is currently being conducted in
some of the Bushveld Complex mines on a limited scale,
routine monitoring is probably required in the many bord and
pillar sections owing to the uncertainties associated with
pillar strength and loads. One example of the type of
monitoring that may be valuable is closure monitoring using
sensitive instruments. It has been shown that in shallow
mining areas, the rate of closure is essentially zero (less than
the sensitivity of the instruments) in the stable back areas.
Once an area becomes unstable, the rate increases from zero
to a very small rate, e.g. 0.3 mm/day. This rate may persist
for many days or even weeks48. As this rate is so small,
sensitive instruments are required to give early warning of
impending instability. In pillar areas, compiling a
photographic record of selected pillars over time will also be
extremely useful to provide an unbiased opinion whether the
pillars are scaling or not (care should be taken that the pillars

are appropriately marked and that the successive
photographs are taken from the same positions).  

As a final comment, in contrast to rock engineering,
routine monitoring is commonly used in many of the other
engineering disciplines. Civil engineers work with materials
that are better characterized and better understood than rock
masses, but still conduct routine monitoring of their
structures. Structural health monitoring of civil infrastructure
systems is a very active field and readers will be able to find
a large number of references by searching for this topic on
the internet. Many other examples can be quoted from other
engineering disciplines, but in general the rule applies that if
uncertainty is associated with an engineering design,
monitoring should be used to reduce the risk associated with
failure of the design.  

Conclusions

This paper gives an overview of the difficulties associated
with determining the strength of hard-rock pillars. Although
a number of pillar design tools are available, pillar collapses
still occur. Recent examples of large scale pillar collapses in
South Africa were caused by weak partings that traversed the
pillars. Currently, two different methods to determine the
strength of pillars are used; namely, empirical equations
derived from the back analysis of failed and stable cases and
numerical modelling using appropriate failure criteria. Both
techniques have their limitations and additional work is
required to obtain a better understanding of pillar strength. 

Empirical methods are popular and easy to use, but care
should be exercised that the results are not extrapolated
beyond the range of the data which were used to derive
them. An example is the Hedley and Grant formula (derived
for the Canadian uranium mines) that has been used for
many years in the South African platinum and chrome mines
(albeit with some adaptation of the K-value) to design pillar
layouts in these mines. A careful study of the original
publication by Hedley and Grant indicates that this formula
was derived for conditions and rock types that are very
different to those found in the South African mines.
Nevertheless, very few collapses have been reported and in
some cases it appears that the Hedley and Grant formula
might underestimate pillar strength significantly.                 

As an alternative, some engineers strongly advocate the
use of numerical techniques to determine pillar strength. A
close examination unfortunately reveals that these
techniques also rely on many assumptions, and extreme care
needs to be exercised when using this approach. Pillar load is
another unknown not discussed in this paper and care should
also be exercised when this is estimated using numerical
procedures (some difficulties are outlined in a companion
paper in this issue). An area where numerical modelling is
invaluable, however, is to study specific pillar failure
mechanisms, such as the influence of weak partings on pillar
strength. The modelling indicated that a likely failure
mechanism in the case studies was that the presence of a
parting with a low friction angle that allowed lateral
deformation and a reduction of confinement in the pillars.
This reduced the peak strength of the pillars considerably. 

In conclusion, it appears that neither empirical techniques
nor numerical modelling can be used solely to provide a solid
basis to predict pillar strength. It is therefore recommended
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Figure 23—Peak and residual pillar strength versus hangingwall contact
friction angle Φ 2
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that both these techniques be utilized when addressing pillar
design problems in order to obtain the best possible insights.
Owing to the uncertainties regarding pillar strength, pillar
stress, and loading stiffness, monitoring in trial mining
sections (and even in established mining areas) is considered
to be an essential tool to assess the stability of pillar layouts
in particular geotechnical areas. The need for additional
research into pillar strength should also be emphasized
strongly as this problem has clearly not yet been solved!
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