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ABSTRACT: One of the most difficult aspects of mine closure procedures, is to predict the long term 
stability of pillars in the case of coal mining. In South African coal mining, pillars have been 
designed since the late 1960’s with the aid of a pillar strength formula based on statistical analysis 
of failed pillar cases by the well known team of Salamon and Munro. They developed the widely 
used power formula for pillar strength. Since that time, however, the data base of failed pillars has 
effectively doubled in size and re-analysis of the new data indicated that the original pillar strength 
of small pillars may have been over estimated. The data was then extensively re-analysed and a 
more effective linear formula for pillar strength was found. The most important differences between 
the two formulae are that the predicted strength of small pillars are lower and the strength of larger 
pillars, higher with the new formula. However, neither of the two methods explicitly cater for the 
prediction of the expected time of stability of coal pillars. No direct correlation between the safety 
factors and the period of stability of pillars could be found. It was then determined that the most 
frequent mode of pillar failure was by progressive scaling. Using the new formula to determine a 
minimum value of pillar safety factor (i.e. the safety factor at which failure can be taken as 
guaranteed to occur), the final sizes – after scaling - at which the failed pillars had to be in order to 
fail, were determined. The differences between the original dimensions and the postulated final 
dimensions were then used to calculate a rate of pillar scaling. The rate was then re-applied to the 
original data bases of both failed and intact pillar cases and distinct differences were found. The 
projected lives of the failed pillars were substantially shorter than the projected lives of the intact 
pillars. While this inspired confidence in the procedure, it was still based on an assumed and 
unproven rate of pillar scaling. The next step was then to measure the actual amounts of scaling on 
unfailed pillars underground. This was done on a large number of pillars in a variety of conditions. 
The measurements showed sufficiently close correspondence with the assumed values, to confirm 
the assumptions and by consequence, the life prediction procedure. With the aid of the real 
measurements, it was also possible to statistically determine confidence and accuracy levels of the 
procedure. 
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RESUME : La prédiction à long terme de la stabilité des piliers abandonnés est, parmi les travaux à 
réaliser lors de la fermeture d’une mine de charbon, l’un des plus difficiles. Dans les mines de 
charbon d’Afrique du Sud, le dimensionnement des piliers repose depuis la fin des années 60 sur 
des formulations analytiques établies sur la base d’une analyse statistique faite par Salamon et 
Munro. Elle a conduit à une formule, aujourd’hui largement utilisée, pour l’estimation de la 
résistance des piliers. Une actualisation de cette analyse (depuis 40 ans, le nombre de cas 
d’instabilité introduits dans la base des données a doublé) a montré que la résistance des petits 
piliers avait été surestimée et celle des grands piliers sous-estimée. Cependant ceci ne permet pas 
encore de prédire la durée pendant laquelle le pilier restera stable. En effet aucune corrélation n’a 
pu être établie entre le facteur de sécurité et la durée de vie du pilier. Après avoir constaté que le 
mode de rupture le plus fréquent du pilier était la diminution progressive de sa largeur, la taille 
critique des  piliers avant effondrement a alors été déterminée. La différence entre les tailles réelles 
et critiques des piliers a permis de déterminer la potentialité de diminution en taille de chaque 
pilier. L’application de ces résultats à un ensemble de cas de piliers stables et instables a montré 
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que l’on pouvait prévoir que la durée de vie des piliers effondrés était significativement plus faible 
que celle des piliers encore en place. Des mesures complémentaires fait sur un grand nombre de 
piliers sollicités de manières variées ont permis de déterminer statistiquement la confiance et la 
précision du modèle prédictif. 

MOTS-CLEFS :  Pilier de charbon, Analyse statistique, Facteur de sécurité, Taux de diminution 
progressive de sa largeur, Durée de vie. 

1. Introduction 

Failure of pillars in bord and pillar panels in South Africa more often than not results in surface 
subsidence. This is due to the combination of mining depth, being in the range 40 m to 160 m, panel 
width, of the order of 80 m to over 200 m and mining height, ranging from 1.5 m to over 4 m.  

It is known that over time, coal pillars lose strength and that at some or other time in the future, the 
failure of pillars that were stable at the time of mining, is possible. From the points of view of 
planning for mine closure and undermining of surface structures with bord and pillar mining, it is 
important to have some knowledge of how long coal pillars will be stable for, if they are to fail.  

The approach that is normally adopted in situations where surface structures are to be undermined, 
is to leave larger pillars with higher safety factors underneath those structures. It comes down to 
making a “stable” situation “even more stable”, thereby decreasing the probability that failure may 
occur due to unknown weakness of the pillar material or any other cause. However, the safety factor 
on its own offers no method of estimating the likely period of stability.  

It is shown that the safety factors of coal pillars do not quantifiably correlate with their lives. 
Broadly speaking, under identical conditions, pillars with higher safety factors are likely to last 
longer than ones with lower safety factors. However, beyond this broad statement, nothing more 
can be said about the relationship between safety factors and coal pillar lives. 

This paper describes the development of a prediction method, based on observation of coal pillar 
failure by progressive weakening from the outer edges of the pillars towards the inner core. It is 
postulated that at some or other time, the remaining core of the pillar will be too small to bear the 
weight of the overburden and failure will then occur. The rate of weakening is determined for 
different areas and seams in South Africa and the time of failure is then predicted. The predicted 
time of failure is compared with the actual life-spans of pillars in the data base of failed pillar cases.  

Following the initial development, underground measurement of the amount of scaling on pillars 
was used to verify the method. A close correlation was found between the predicted scaling rates 
and the actual ones found by direct measurement. 

Note that in the context of this paper, the term “pillar failure” refers to the failure of a large number 
of pillars in a panel and not to the failure of individual pillars. The area of failure is at least equal to 
a circle with diameter equal to the panel width. It should also be understood that pillar failure in 
South Africa is a rare occurrence. It is estimated that less than 0.3% of the pillars that have been 
created, have failed. 

2. Previous attempts to predict pillar life 

Van Besien and Rockaway (1988) published a formula based on pillar stress, yielding the time 
delay between mining and the possible onset of pillar failure. They postulated that if failure had not 
occurred by the predicted time, it would not happen. The method is purely empirical, based on case 
studies in the USA, without reference to a mode of failure.  
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Hao and Chug (1992) published the results of an analysis of 24 bord and pillar subsidences in 
Ilinois.  They concluded that failure of the floor was the most likely subsidence mechanism and 
then developed a formula to predict the pillar life. As this method only relates to floor failure, as 
occurs commonly in the Illinois basin in the USA with soft floor, its application to South Africa is 
not relevant. 

Van der Merwe (1993) observed and analysed pillar failures in the Vaal basin and concluded that 
progressive pillar scaling was the predominant mode of pillar failure.  He found a correlation 
between mining height and the rate of scaling.  Combined with the scaling distance required to 
reduce the safety factor to a value of 0,3 (the minimum value at which all the failed pillars in the 
data base had failed), this yielded a method to predict the Pillar Life Index, specifically not called a 
pillar life because of the restrictions of the method.  This method was only valid for the Vaal Basin. 

Salamon et al (1998) investigated van der Merwe’s method further, developing a statistical  
procedure to predict the probability of failure at a given point in time. Their method, however, used 
the probability of failure of pillars using the original mining dimensions at different times of failure. 
This is not valid for pillars after scaling had taken place and at a specific point in time, as the pillar 
dimensions at the time of failure were not the same as at the time of mining. 

3. Postulated mode of pillar failure 

Coal pillars may fail as a result of several mechanisms, including progressive scaling, fire and 
foundation failure. Fire is regarded as a special case and will be excluded from the study. 
Foundation failure has been observed in South Africa only on isolated occasions and is likewise 
discarded.  

It has been stated that in weak roof areas like the Vaal Basin no 3 Seam, pillars may fail as a result 
of roof collapse and the consequent increase in pillar height. While this mechanism cannot be 
excluded as a possibility, it has to be seen in the correct context. The author has several years’ 
experience of underground work in the Vaal Basin, and while roof falls did occur more frequently 
there than elsewhere, they were still rare occurrences when seen in the overall context. They tended 
to be directional and confined to certain roadways, very seldom occurring in a general and 
widespread fashion that was likely to affect pillar stability over any appreciable area. By contrast, 
pillar scaling was seen to occur generally and almost everywhere, like in the examples in Figures 1 
and 2 from different mining areas in South Africa.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Typical view of an old pillar in the Vaal Basin, known to have weak coal.
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Figure 2. Pillar scaling on the Ermelo B-Seam in a 90-year old area,  
where pillar scaling is generally considered to be a less serious problem. 

 
Model of pillar failure 
It is postulated that the majority of the pillars in South Africa fail by progressive weakening of the 
pillars, by a process that starts at the pillar edges and works its way into the pillar core, thereby 
reducing the effective sizes of the pillars. Eventually it reaches the stage where the loss of strength 
is sufficient to result in failure of the pillars. 

If the original pillar width is w and it scales by an amount d, then the effective pillar width is w – d. 
At the same time, the bord width B will increase to B + d, while the pillar centre distance, C, equal 
to B + w, will remain unaffected. Figure 3 illustrates the principle. 

w-d 

w

d/2d/2 
C

 

Figure 3. Cross section through a pillar, illustrating some of the nomenclature. 

Due to the change in dimensions, the Safety Factor, S, will be affected. According to van der 
Merwe (2003), the pillar strength prior to scaling is: 

h
wMPaStrength 5,3)( =       (1) 

where h is the pillar height and w the pillar width.  
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The pillar load, using the tributary area theory, is: 

[ ]
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CHMPaLoad =       (2) 

where H is the mining depth and C the pillar centre distance. 

The Safety Factor, S, is 
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After scaling by a distance d had taken place, the new Safety Factor, Sn, will be: 
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If the minimum Safety Factor, Sm, at which failure has to occur, is reached when the critical scaling 
distance equals dc, then it is possible to transpose Equation [4] to calculate dc  as follows: 

[ ] 33302007140 ,, HhCSwd mc −=      (5) 

The average rate of scaling over the life of the pillar at the time of failure, R, can be determined for 
each case of pillar failure where the actual life, L, is known, as follows: 

L
d

R c=        (6) 

4. The Data Base 

In all empirical investigations, the composition of the data base is of prime importance. For this 
analysis, the extended data base that was used by van der Merwe (2003) to derive the optimum 
pillar strength formula for South African conditions was used as a base, while the collapse cases 
from the so-called “Weak coal areas” were included. That data base already excluded the failures 
that were suspected to have been caused by floor or roof failure. All the failures that occurred 
within less than a year after mining were then excluded from the data base, as were the ones where 
the actual pillar lives could not be determined due to a lack of data.  

Figure 4 shows the failures as a function of the safety factors, confirming that there is no 
quantifiable correlation between the safety factors and the times of failure. The differences between 
the different mining areas are also apparent, with the Klip River and Vaal Basin exhibiting failures 
relatively soon after mining, at high safety factors. The analysis that followed, therefore 
differentiated between the different mining areas. 

Figure 5 shows the frequency distribution of actual pillar lives for all the pillars in the data base of 
failed pillars. It is clear from the figure that the majority of failures occurred relatively quickly, 
within the first ten years of their formation. Thereafter the rate of failures diminished. 



Post-Mining 2005, November 16-17, Nancy, France 6 
 

 
Safety Factor vs Pillar Life of Failed Pillars For 
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Figure 4. Pillar Life as a function of safety factor, illustrating that the safety factor on its own does not correlate with pillar 
life. The differences between the different seams are also apparent. 
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Figure 5. Frequency distribution of pillar failure cases over time, indicating that most of the failures that did occur, 

occurred within the first ten to twenty years. 

At this point, it has to be explained that the strength of the pillars and consequently their safety 
factor, was derived statistically. A safety factor of 1.0 merely implies that at that value, 50% of the 
pillars in the data base had failed. It does not mean that pillars with safety factors less than 1.0, will 
fail and ones with greater safety factors will be stable. The spread is due to a combination of several 
unknowns such as the exact strength of pillars in specific regions and variations in the exact 
dimensions of pillars. 

The minimum safety factor that was found in the data base of failed pillars was 0,46. None of the 
pillars in the data base failed immediately. It can then be assumed that some scaling had to take 
place before failure occurred, even for the pillars with low safety factors. It was thus decided to use 
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a value of 0,4 for Sm, as at that value failure has to occur. No pillar with a lower safety factor in the 
data base of failed pillars had survived. 

5. Method of Analysis 

5.1. Determination of scaling rate 

Equations (5) and (6) were used to calculate the average scaling rates for all the failed cases in the 
data base. Correlations between the scaling rates and other measurable parameters were then 
sought. It was found that the scaling rates did not correlate with the safety factor, pillar widths, 
pillar stress or the width-to-height ratio. Note that this remark does not refer to whether or not 
pillars are likely to fail or to the extent of scaling, but merely to the rate of scaling. 

However, there was a strong inverse relationship with time, see Figure 6, and less well developed 
relationships with the mining height, see Figure 7. 
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Figure 6. Relationship between the scaling rates of pillars that had failed and time for the different mining areas. 

Figure 6 shows that the scaling rate decreased rapidly with time. The different mining areas 
exhibited the same trends.  The grouping of mining areas was based on the similarity of scaling 
rates. 
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Scaling Rate vs Mining Height
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Figure 7. Relationships between mining height and scaling rates for the different mining areas. 

It is seen from Figure 7 that in the broad sense, there was a direct, if in some cases weakly 
developed, relationship between mining height and scaling rate. Table 1 summarises the correlation 
coefficients between scaling rate, mining height and time for the different areas. These correlations 
were only apparent when the data was grouped according to the different mining areas. 

Table 1. Correlation coefficients between scaling rate, time and mining height 

Area Time Mining Height 

Utrecht/South Rand 0,83 0,53 

Witbank No 4 Seam 0,74 0,64 

Witbank No 5 Seam 0,01 0,8 

Vaal Basin 0,95 0,06 

Witbank No 2 Seam 0,83 0,05 

 

5.2. Determination of relationships between time, mining height and scaling rate. 

As the data indicated that there was a direct relationship between scaling rate and mining height and 
an inverse relationship between scaling rate and time, the correlations between scaling rate and the 
h/T (mining height over time) parameter were investigated. The results are shown in Figure 8. 
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Scaling Rate vs h/T
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Figure 8. Relationships between scaling rate and the h/T parameter. 

Several different groupings of the data were investigated. It appeared that the Vaal Basin, Klip 
River, Utrecht and South Rand failures displayed similar trends and they were consequently 
grouped together, henceforth referred to as the Vaal Basin group. The Witbank No 2 and No 4 
seams were likewise included in a single grouping. The Witbank No 5 Seam was kept separate. 
Figure 8 clearly shows that the different groupings displayed different behaviour. 

The relationships all had the form: 
x

T
hmR ⎥⎦
⎤

⎢⎣
⎡=        (7) 

where m and x are dimensionless constants. 

 

Table 2 contains the m and x values as well as the correlation coefficients of scaling rate with h/T 
for the different groups. 

Table 2. Correlation coefficients, m and x values for the different areas. 

 m-Value x-Value R2

Vaal Basin 1,3888 0,804 0,94 

Witbank No 2 and 
4 Seams 

0,1624 0,8135 0,81 

Witbank No 5 
Seam 

0,105 -0,3061 0,09 
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5.3. Prediction of time of failure 

Substituting T for L in Equation [6] and combining with Equation [7], the life-spans of the pillars, 
T, can be determined as follows: 

x

xmh
dT

−

⎥⎦
⎤

⎢⎣
⎡=

1
1

       (8) 

By using the area specific values for m and x from Table 2 in Equation [8], the life spans of pillars 
can now be predicted. This was done for the cases of known failure in the different areas and the 
results are shown in Figures 9, 10 and 11. 
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Figure 9. Comparison of predicted to actual life for failed pillars in the group comprising the Vaal Basin and Klip River. 
The correlation coefficient in this case is 0,53. 
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Predicted vs Actual Life - Witbank No 5 Seam
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Figure 10. Comparison of predicted to actual life for failed pillars in group comprising the Witbank No 5 Seam and the 
Alfred Seam in the Utrecht Coal Field. The correlation coefficient in this case is 0,66. 
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Figure 11. Comparison of predicted to actual life for failed pillars in group comprising the Witbank No 2 and 4 Seams. 
The correlation coefficient in this case is 0,16. 
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In the cases of the Vaal Basin and Witbank No 5 Seam groups, the correlation coefficients are 
satisfactory. Even in the Witbank No 2 and 4 Seam group, with a much lower correlation 
coefficient, it is apparent that the predicted lives of 22 out of 26 cases were in an acceptable time 
frame.  For the sake of clarity of the diagram, 4 out of the 26 predictions were not plotted, as they 
were in the range of thousands of years and therefore obviously anomalous. All the other data was 
plotted. 

No satisfactory prediction could be made for the South Rand coal field, possibly because the 5 
available cases displayed very little variation with regard to the mining heights and scaling rates. It 
could also indicate that for that coal field, the hypothesis of failure by progressive scaling does not 
hold true and that another failure mechanism was responsible for the pillar failures. 

6. Comparison with failed and stable data bases. 

It was shown in Figure 5 that the pillar failures tended to occur quickly, with almost 70% of the 
failed pillars failing within the first 15 years. Figure 12 is a comparison between the frequencies of 
predicted and actual failures of all the data in the data base of failed pillars. 
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Figure 12. Comparison between the predicted and actual frequencies of pillar failures of failed pillars in all the areas. 
Note that four anomalous predictions were omitted from the data. 

The figure makes it clear that the procedure developed during this investigation results in a profile 
of frequencies of failure over time period that is very close to the observed data. 

As a final test, the procedure was applied to pillars that had not failed. For this purpose, the data 
base of intact pillar cases that was collected by Salamon and Munro (1967) was used, as that was 
accepted as representative of pillars that had not failed. The results are shown in Figure 13 together 
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with the frequency of the failed pillars. Note that because the average predicted lives of the intact 
pillars was 44 000 years, the time scale in the figure is logarithmic to provide a clear visual 
comparison. 

For the prediction of pillar lives of the intact pillars, a higher scaling rate than the one derived for 
the Witbank No 2 and 4 Seams was used – the m and x values were respectively 0,1203 and 0,7049, 
which were the constants for the No 2 Seam only. The reason for doing this was that the localities 
of all the pillars in the stable data base was not known and therefore the maximum rate that was 
found was used. 
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Figure 13. Predicted lives for the data bases of failed and intact pillar cases. The data base of intact pillars is only a 
sample of the total population of pillars that had not failed, while the data base of failed pillars include all the known 

cases of failed pillars. The overlap area in the figure is thus not significant. 

 

Figure 13 shows a distinct difference between the predicted lives of the failed and the intact pillar 
data bases. The predicted lives of the majority of failed pillars is for all practical purposes confined 
to a 100 year period while the predicted lives of the intact pillars extends to several thousands of 
years.  

7. Volume restriction 

Salamon et al (1998) argued that provided the debris resulting from pillar failure was not removed, 
further pillar scaling could be prevented by choking of the excavation in certain cases. They 
developed expressions to calculate the pillar width at which choking would occur, hypothesizing 
that it would happen at the stage when the debris had built up to the roof of the excavation along the 
edges of the pillars. They stated that this would only stop further scaling in the absence of a stress 
driven mechanism of deterioration.  
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However, pillar failure where the debris had indeed built up to the roof had been observed, as 
shown in Figure 14. It is thus confirmed that the postulation by Salamon et al (1998) should not be 
applied in the practical situation, where failure is invariably stress driven.  

 

 

 

 

 

 

 

 

 

 

 

Figure 14. Illustration of a case where pillars had failed even though the scaling debris had reached roof height. The 
original road width in this case was more than 6 m, while the width at the top of the cavity after failure was less than 4 m. 

Nonetheless, it is known that lateral confinement does increase the strength of pillars and therefore 
the basic argument must be sound, even if the proposed limits can be questioned. Quantification of 
the strengthening effect would be extremely complex and will require extensive further research. 
For this investigation, the argument was simplified by assuming, for the purposes of demonstration, 
that the failure process will stop when the coal debris had been compressed to result in an effective 
bulking factor of 1.05 from the estimated 1.3 in the uncompressed state and the angle of repose had 
been flattened to 30o from the estimated 35o in the undisturbed state. This is shown in Figure 15. 

 

Bulking Factor = 1.05

30o

Bulking Factor = 1.05

30o

Figure 15. Schematic cross section through scaling pillars showing the build-up  
of confining debris against the pillar sides. 

For each case, the volume of coal material that was available to fill the excavation, resulting from 
scaling, was calculated at the stage when failure was predicted to occur. If the available space, 
based on the geometry shown in Figure 14, was then less than the volume resulting from scaling, it 
was postulated that failure would not occur.  

This test was applied to all the cases in both the failed and intact data bases. It was found that none 
of the cases in the failed data base would be restricted by this consideration while 30% of the cases 
in the intact data base would be restricted and can then be considered to be “infinitely stable”.  

Due to the nature of the assumptions in this argument, this result should not be used for practical 
design purposes, but it does indicate that there may be merit in further investigation. 
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8. Verification by Direct Measurement 

Up to this stage, there are two fixed points in the sequence of the argument used to predict pillar 
life, namely the pillar dimensions at the time of mining and the elapsed time between the creation of 
the pillars and their eventual failure. In between those two points, the scaling rate is linked to the 
assumption of the minimum safety factor, as the minimum safety factor determines the scaling 
distance that is required to result in failure. For instance, if the real minimum safety factor is greater 
than the assumed value of 0.4, then the scaling distance would be smaller and the rate also lower, 
because the age of the pillar at the time of failure is fixed. Conversely, if the minimum safety factor 
is less than 0.4, then the real scaling distance would be greater and the rate consequently higher. 

This would not have a dramatic effect on the pillar life prediction, as any change in the real 
minimum safety factor would be compensated for by an accompanying change in the scaling rate. 
Nonetheless, it remained an unproven assumption in the procedure.  

The assumption could be proven by direct measurement of either one of the two unknowns, i.e. the 
real minimum safety factor or the rate of scaling, as they are linked. The real pillar dimensions at 
the time of failure could not be measured, but the rate of scaling of existing intact pillars, prior to 
failure, could be determined.  

The rest of the paper describes an investigation into the rate of scaling by measuring the amount of 
scaling of pillars of which the original dimensions could be determined and of which the time of 
mining was known. 

9. Method of measurement 

The measurements were taken by Mr Christophe Baron, final year engineering student at the Nancy 
School of Mines in France, assisted by Mr Gary Prohaska of CSIR Miningtek. The data was 
supplemented by measurements which were taken by the mine surveyors and staff of the 
Department of Minerals and Energy at the Leeuwfontein Colliery. 

Due to the differences in pillar shapes after some scaling had occurred, it was necessary to decide 
where the measurements should be taken – mid height, position of maximum scaling, etc. This 
decision was based on observation and is covered in the paper. It was also necessary to determine 
whether there were preferential scaling directions, and therefore it was first necessary to measure all 
around the pillars to determine if there was a preferential direction. The other issue was to decide 
how to handle the pillar corner scaling, as it has often been observed visually that pillar corners are 
more prone to scaling than the mid span areas. This is also addressed in the paper. 

There were two methods of measurement. One was to determine the original position of the pillar 
edge by direct observation of for instance continuous miner pick marks in the roof. The other was to 
measure the road width and to compare the new dimensions with the original pillar offsets obtained 
from the mine survey departments or measured directly from survey plans.  

It is known that pillars in the centres of panels are subjected to higher loads than ones at the edges 
where they are protected by the larger inter panel pillars and therefore care was taken to obtain 
measurements over a representative spread of the areas. 

Measurements were conducted at 13 sites on 6 mines in the Secunda and Highveld coalfields. The 
No 2 and No 4 Coal seams were investigated, 3 on the No 2 Seam and 10 on the No 4 Seam. More 
than 1 800 measurements were taken. The areas where observations were taken are shown in Table 
3 and the measurements in Table 4.  It was shown by van der Merwe (2003) that the No 2 and No 4 
Seams were sufficiently similar to be treated as one group. 
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Table 3. Characteristics of data collection areas 

Mine Area Seam Mining 
Method 

Year of 
Mining  (m) Air Way Original 

Height (m)

Original 
Road Width 

(m) 

Pillar 
Centers 

(m) 

Mining 
Depth (m)

Blinkpan 2 D&B 1963 Intake 2.92 6.03 20*20   
Open 2 D&B 1983 Intake 2.80 6.80 17*17 94 Delmas 

Sealed 2 D&B 1983 Sealed 3.00 6.78 17*17 94 
A1 4 CM 1980 Intake 3.85 6.37 17*17 73 
E 4 CM 1997 Return 3.93 6.79 17*19 72.6 
G 4 CM 1981 Intake 3.96 7.14 17*20 72 

Last 4 CM 1988 Intake 3.25 6.32 17*17 70 
Q 4 CM 1997 Return 4.00 7.05 17*19 71 
T 4 CM 1996-1997 Intake 4.03 6.24 20*30 72 

Matla 

U1 4 CM 1979-1980 Return 4.86 7.19 17*16 77 
Secunda 4 D&B 1989-1990 Intake 2.58 6.19 28*28 169 

Tweefontein 4 D&B 1980-1981 Intake  2.88 6.02 17*17 51.8 
Leeuwfontein 4 D&B 2002 Intake 3.48 6.83 14*14 43 

 

Table 4. Summary of measurements taken 

Mine Area No of 
measurements 

No of pillars 
measured 

No of road width 
measurements 

No of mining 
height 

measurements 
Blinkpan 207 33 69 69 

Open 185 25 75 12 Delmas Sealed 78 10 38 49 
A1 192 24 57 57 
E 240 30 51 49 
G 18 5 5 4 

Last 111 14 18 18 
T 63 30 15 9 

Matla 

U1 41 19 13 7 
Secunda 165 33 51 51 

Tweefontein 483 73 142 26 
Leeuwfontein 281 56 212 69 

Total 2547 352 746 420 
 

The measurement instruments were a hand held electronic device with an accuracy of 1 mm over a 
distance of 10 m and survey tapes. 

9.1. Observed Pillar Shapes 

Some examples of pillar shapes after scaling are shown in Figures 16 and 17. 

It was soon seen that (e), in other words maximum scaling at mid height, represented the most 
common shape. Shapes (b) and (c) occurred where obvious planes of weakness were present in the 
coal, while (d) occurred where prominent slips dominated the pillar failure mode. Shape (a) was not 
common, although it was observed. The decision was then taken to take all measurements at mid 
height unless if the pillars were severely distorted into another shape. 
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Figure 16. Examples of post scaling pillar shapes. 
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Figure 17. Underground examples of the basic pillar shapes shown in Figure 16. Type (e) is the most common shape. 

9.2. Preferential Scaling Directions 

Scaling distances were measured all around the pillars at 12 of the sites to determine whether there 
was a preferential scaling direction. The results from 182 pillars are summarised in Table 5. 

Note that in Table 5, there is no reference to the age of the pillars studied or anything other than just 
the total amount of scaling on different sides of the pillars. It indicates that there are no significant 
differences. 

As a consequence, the data gathering exercise could be simplified, as it was clear that scaling 
measurements taken on one side of a pillar could be transferred to the other sides without 
appreciable error.  



Post-Mining 2005, November 16-17, Nancy, France 19 
 

Table 5. Scaling distances on different sides of pillars  

Average Sidewall Scaling (m)  North East South West 
Blinkpan 0.460 0.380 0.380 0.460 

Delmas - open 0.330 0.330 0.330 0.320 No 2 
seam 

Delmas - sealed 0.720 0.650 0.750 0.710 
Average No 2 seam 0.503 0.453 0.487 0.497 

Matla - A1 0.510 0.505 0.480 0.490 
Matla - E 0.220 0.265 0.265 0.220 
Matla - G 0.705 0.815 0.580 0.470 

Matla - Last 0.290 0.330 0.300 0.260 
Matla - T 0.450 0.435 0.480 0.495 

Matla - U1 0.570 0.585 0.625 0.610 
Secunda 0.310 0.390 0.360 0.380 

Tweefontein - 1 0.390 0.410 0.430 0.410 

No 4 
seam 

Tweefontein - 2 0.270 0.290 0.300 0.280 
Average No 4 seam 0.413 0.447 0.424 0.402 
Average all pillars 0.435417 0.44875 0.44 0.425417 

 

9.3. Pillar corner scaling 

It is widely believed that pillar corners are more prone to scaling than the mid pillar areas. The 
question that had to be answered was whether this was an illusion caused by visual observation, or 
whether it was real, and if real, how much additional scaling occurs at the corners? 

The method of investigation employed in this instance was to take direct measurements of the pillar 
corners and to compare that with the scaling of the sidewalls, as shown in Figure 18. 

 

 

 

 

 

 

 

 

s1

s2 d 

Figure 18. Measurement of pillar corner scaling. 

Logically, the pillar corners are more highly stressed than the mid pillar areas and have two free 
surfaces, therefore the expectation is that they should scale more than the mid pillar areas. 

If there was no additional scaling at the pillar corners, then using the symbols shown in Figure 18, 
2
2

2
1 ssd += ,       (9) 
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Table 6 was constructed using the information obtained from 182 pillars that were measured. In the 
table, the parameter δd indicates the additional scaling at the corners, defined by: 

2
2

2
1 ssdd +−=δ .     (10) 

The scaling distances s1 and s2 were taken at the mid pillar positions. It is seen., rather surprisingly, 
that on average, there is no significant difference between the mid pillar sidewall scaling and the 
corner scaling. 

The conclusion drawn here is that the stress concentration on the pillar corners is, in general, not 
significantly greater than in the mid pillar areas. This is possibly due to the fact that the road widths 
are invariably narrower than the pillar widths and that the layouts are regular. The reason for the 
perception that corners scale more is not clear – it is possible that it exists because the scaling tends 
to begin at the corners and one is used to seeing cracks in the corners of fresh pillars.  

Another possible explanation is that at the corners, one visually observes the diagonal of the scaled 
area which is by definition longer than the perpendicular distance one observes in the mid pillar 
areas. 

Table 6. Observation of pillar corner scaling. 

 Mine - Area 
Average of additional 

corner scaling δd          
(m) 

Average of 
additional corner 

scaling (%) 
Blinkpan - 0.13 - 22 % 

Delmas - open + 0.02 + 3 % No 2 seam 
Delmas - sealed - 0.17 - 17 % 

Average No 2 seam - 0.09 - 12 % 
Matla - A1 + 0.02 + 3 % 
Matla - E + 0.27 + 79 % 
Matla - G + 0.06 + 7 % 

Matla - Last + 0.09 + 21 % 
Matla - T + 0.18 + 28 % 

Matla - U1 - 0.01 - 1 % 
Secunda - 0.04 - 8 % 

Tweefontein - 1 - 0.19 - 33 % 

No 4 seam 

Tweefontein - 2 - 0.13 - 32 % 
Average No 4 seam + 0.03 + 7 % 
Average All Pillars -.003 -2% 

 

9.4. Direct Measurement Vs Comparison With Original Off-Sets 

It was found in 4 of the cases where the newly measured road widths were compared to the original 
average off-sets obtained from the mines, that the pillars had actually increased in size. This is 
clearly not possible. While the reason for this could not be established, it was decided not to use that 
data but to rely only on the direct measurements of scaling underground.  

While this meant that some data was lost, there was still sufficient left to complete the analysis. The 
data that was retained for use in the scaling rate analysis, is summarised in Table 7. The data that 
was used was collected from 352 pillars in 12 panels. The data used for the indirect analysis 
comprised 19 panels on the combined No’s 2 and 4 Seams. 
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Table 7. Data used for the scaling rate analysis 

Mine Area Coal Seam No of pillars measured 
Blinkpan No 2 33 

Open No 2 25 Delmas Sealed No 2 10 
A1 No 4 24 
E No 4 30 
G No 4 5 

Last No 4 14 
T No 4 30 

Matla 

U1 No 4 19 
Secunda No 4 33 

Tweefontein No 4 73 
Leeuwfontein No 4 56 

Total  352 

10. Determination of Scaling Rates 

The average scaling rates were then determined for each of the cases and compared to the predicted 
rate as a function of the mining height to pillar age ratio (h/T), as previously described. The scaling 
distances were the measured distances as shown in Table 5. Note that the distances shown in Table 
5 reflect the individual measurements taken on each side of the pillar. The scaling distance of the 
pillar is the sum of the scaling on opposing sides, being the total distance by which the pillar width 
is decreased. Table 8 summarises the results. 

Table 8. Comparison of Measured and Predicted Scaling Rates 

Mine Area Age 
(Years) 

 
Height 

(m) 

 
H/T 

Measured 
Scaling 

Distance 
(m) 

Measured 
Rate 

(m/yr) 

Predicted 
Rate 

(m/yr) 

Blinkpan 39 2.92 0.0749 0.84 0.0215 0.0197 
Open 19 2.80 0.1474 0.66 0.0347 0.0342 Delmas Sealed 19 3.00 0.1579 1.42 0.0747 0.0362 
A1 22 3.85 0.1750 1.00 0.0455 0.0393 
E 5 3.93 0.7860 0.48 0.0960 0.1335 
G 21 3.96 0.1886 1.28 0.0610 0.0418 

Last 14 3.25 0.2321 0.6 0.0429 0.0495 
T 5.5 4.03 0.7327 0.94 0.1709 0.1261 

Matla 

U1 22.5 4.86 0.2160 1.20 0.0533 0.0467 
Secunda 12.5 2.58 0.2064 0.72 0.0576 0.0450 

Tweefontein 21.5 2.88 0.1340 0.58 0.0270 0.0316 
Leeuwfontein .67 3.48 5.1940 0.30 0.4500 0.6204 

 

The average scaling rates based on the measurements, as a function of time, confirms the trends 
found previously, using data inferred from the ages of pillars at the time of collapse. In both cases, 
the maximum rate occurs in the very beginning and it then decreases sharply over a short period of 
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time.  One can almost regard this as a bi-linear trend with the highest rate in the period 0 to 5 years, 
which then decreases rapidly for the rest of the time. 

This is shown in Figure 19, a comparison using the measured average scaling rates shown in Table 
7 and the inferred data for the No’s 2 and 4 Seams in Figure 6. It is shown that the two data sets are 
practically overlapping at all stages. The correlation coefficients between the measured and inferred 
data sets was 0.98. 

The original scaling rate, RI, as a function of time, T, using the inferred data, was 
790450 .. −= TRI       (11) 

Using the measured data, the expression is 
770440 .. −= TRM       (12) 

The close correspondence between the two expressions points to the similarity of the measured and 
the inferred data sets. 
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Figure 19. Comparison of the average scaling rates using the measured data and the inferred data. 

It is seen from Table 8 that there is close agreement between the measured and the predicted scaling 
rates (using Equation 7) as a function of the h/T parameter. The correlation coefficient between the 
predicted and measured rates is 0.98. This could be seen as an “inflated” correlation coefficient, due 
to the good agreement between the values for the Leeuwfontein case, which is a remote point on the 
graph, see Figure 20. Discarding that single data combination, the correlation coefficient reduces to 
0.85, which is still an indication that the data is very well correlated. The high correlation 
coefficients can be regarded as further indication that the original assumptions and the derived 
scaling rates have been validated by measurement.  
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Predicted vs Measured Scaling Rates
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Figure 20. Comparison of predicted and measured scaling rates. 

When the last two columns of Table 8 are compared on a point by point basis, it is apparent that 
there is one point where the measured scaling rate is significantly greater than the predicted rate. 
That is the third point, from “Delmas sealed”. It is noteworthy that the only point with a much 
greater than expected scaling rate – it is more than double – is also the only one where 
measurements could be taken in a sealed panel. All the others were ventilated. It has often been 
remarked that the amount of scaling appeared to increase when panels were sealed, but whether this 
was a perception caused by lack of cleaning up operations or real, could never be ascertained. 

A single data point is not sufficient to base any conclusion on, but it indicates a direction for further 
investigation. 

11. Confidence and significance 

In an empirical study, one of the most important issues is the size of the sample, as together with the 
amount of scatter, it affects the level of confidence that can be attached to the results.  

In this particular case, the central issue is the rate of scaling, which has been seen to correspond to 
the predicted scaling rates with a high correlation coefficient.  To test the validity of the results, 
standard statistical procedures were used, specifically as described by Bowker and Lieberman 
(1959). 

For convenience, the scaling results that were found by measurement as compared to the predicted 
rates, are reproduced here in Table 9 with the addition of the ratio of predicted to measured scaling 
rates. The single data point from the sealed panel, “Delmas Sealed” has been omitted as it is 
obviously anomalous.  Eleven cases are thus considered. 
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Table 9. Statistical parameters relevant to the scaling rates. 

Mine Area 
 

Measured Rate 
(m/yr) 

Predicted Rate 
(m/yr) 

Ratio of 
Measured to 

Predicted Rate 
Blinkpan .0215 .0197 1.0924 

Delmas Open .0347 .0342 1.0156 

A1 .0455 .0393 1.155 
E .0960 .1335 .7190 
G .0610 .0418 1.4582 

Last .0429 .0495 .8658 
T .1709 .1261 1.3553 

Matla 

U1 .0533 .0467 1.1424 
Secunda .0576 .0450 1.2803 

Tweefontein .0270 .0316 .8524 

Leeuwfontein .4478 .6204 .7218 

Mean (μ ) .0962 .1080 1.0599 
Standard 

Deviation (σ ) 
.1238 .1740 0.2499 

 

It was hypothesised that the ratio of predicted to measured scaling rates equals a value of 1.0.  

The rules for acceptance are that the Type I Error (i.e. the probability of rejecting the hypothesis if it 
is indeed true) should not exceed 5%  (i.e. α = 0.05) and the type II Error (i.e. of accepting the 
hypothesis if it is indeed incorrect) should not exceed 20% (i.e. β = 0.2). The maximum margin of 
error is 20% either side of 1.0, or the prediction should be 80% correct. 

The parameter d, defined as  

σ
μμ 01 −=d ,       (13) 

is then found to be 0.8 and the required sample size, n, is 12. 

The hypothesis will be accepted if the statistic U, defined as  

σ
μ nxU )( 0−

= ,      (14) 

falls within the range -Kα/2 to Kα/2, or 1.96 to -1.96. As U is found to be 0.795 with values of 1.0599 
and 11 for x and n respectively, the hypothesis can be accepted for the stated limits and conditions. 
In other words, one can be 80% certain that the ratio of predicted to actual scaling rates differs by 
less than 20%. 
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12. Discussion and Conclusions 

12.1. The safety factor is a poor predictor of pillar life 

It was shown in Section 4 of the paper, and particularly by Figure 4, that the safety factor on its own 
cannot be used in a quantifiable manner to predict pillar life.  

12.2. The differences in behaviour between the coals in different seams and areas have to be taken 
into account 

It was found that without differentiation of the data base, no useful trends could be found that could 
enable a prediction method of pillar life to be developed. This finding corresponds with the recent 
work done on laboratory strength tests of coal samples from different areas - van der Merwe, 
(2003b)  -  and the derivation of an optimum formula for pillar strength - van der Merwe, (2003) - 
where it was shown that the differences in behaviour between the different areas are quantifiable. 
This finding corresponds with the experience of underground coal miners in South Africa.  There is 
now ample evidence to allow differentiation between the different areas. More work on the reasons 
for the differences and boundaries of the groupings will be of benefit. 

12.3. The majority of pillars in South Africa fail by a process of progressive pillar scaling 

The results obtained by the method based on the assumption that pillars fail by progressive scaling, 
indicates that the assumption is probably correct. This is backed up by observation over several 
years in different coal mining areas of South Africa. 

12.4. The rate of scaling decreases over time 

It was shown that the initial scaling rate is the highest and that it decreases rapidly with time. This 
conforms with the observation that the majority of known failures occurred relatively soon after the 
formation of the pillars. It is also in accordance with the observations by van Biesien and Rockaway 
(1988) in the USA. 

12.5. The scaling rate is directly proportional to the mining height. 

It was shown that there is a general trend that the higher the mining height, the greater the rate of 
scaling. The rate of scaling does not correlate with other measurable parameters like pillar stress or 
width-to-height ratio. 

12.6.  The time of pillar failure depends on the maximum amount of tolerable scaling 

It was shown that failure occurs when the amount of scaling reaches the maximum tolerable amount 
by which the pillar width can be decreased. This indirectly brings the safety factor into play. With 
the safety factor comes all the related matters like pillar load, width-to-height ratio, etc that in 
isolation, do not play a discernible role in the time of failure. The higher the safety factor, the 
greater the amount of scaling that can be tolerated. In this context, the term “scaling” implies the 
distance into the pillar by which there is a loss of strength. Whether this is always due to physical 
detachment of portions of the pillar sides or merely the loss of strength caused by oxidation or other 
processes is not yet known and should be researched. 
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12.7. The proposed method to predict pillar life corresponds with the characteristics of both the 
failed and intact pillar case data bases in South Africa. 

It was shown that the proposed method results in frequencies of failure over time that match the 
frequencies of observed pillar collapses in South Africa to a high degree. It was also shown that the 
method is successful in distinguishing between the cases of failed and intact pillar cases. The 
predicted lives of failed pillars matched their observed lives, while the predicted lives of the intact 
pillars were orders of magnitude greater. 

12.8. Pillars that have not failed soon after mining can be expected to be stable for a very long 
time. 

In this context, “soon after mining” means within 20 or 30 years. The reason for this is that the rate 
of scaling decreases rapidly over time and if the critical scaling distance is not reached within the 
period of high scaling rates, it will take ever longer to reach it. This has major implications for the 
undermining of structures by high safety factors and for the provision of funds to cater for post 
mine closure mitigation of damage due to subsidence. It means that if failure does not occur during 
the first few decades after mining, the pillars may be expected to be stable for much longer periods 
than is usually catered for in human planning. The periods of expected stability will probably span 
millennia in several instances. It was also shown that there is considerable merit in conducting 
further research into the possibility that choking of the excavations can permanently halt the failure 
process. 

12.9. There is now potential to predict the probability of failure of pillars over time. 

The overlap between the populations of failed and thus far stable pillar cases can be used to 
calculate the probability of failure of pillars as a function of time. For this to be done, the data base 
of intact pillars has to be revised in the light of the most frequent mining conditions over the last 
few decades. The intact pillar data base of Salamon and Munro (1967) is useful to demonstrate the 
ability of the prediction method to distinguish between failed and stable pillar cases as it is an 
accepted collection of representative intact pillar cases, but for actual probability of failure 
predictions, it will have to be extended. 

12.10. New philosophy for pillar design 

Instead of designing pillars to a specific safety factor, it would be more practical to design around a 
desired pillar life. It has been shown that the method to predict pillar life presented in this paper, 
albeit crude, can distinguish between cases of failed and intact pillars at a given point in time, which 
is what a safety factor formula should logically do. It is known that the concept of pillar stability is 
dependant on time – what is stable today may not be stable in a decade or a century. With further 
refinement, it may become possible to develop a procedure to design pillars to be stable for a 
specified time period. For instance, pillars underneath structures that require protection may be 
designed as “10 000 year pillars” while production panels without any surface or safety related 
constraints may be designed as “10 year pillars”. 

12.11. There is no clear preferential direction for pillar scaling 

The data indicated that although there were minor differences in the scaling distances measured on 
the different sides of a pillar, there was no clear directional preference. Also, the differences were 
relatively small and not in the range likely to affect pillar stability or induce appreciable error if 
measurements are not taken all around a pillar. This has important bearing on future data collection. 
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12.12. Pillar corners do not scale appreciably more than the sides 

This rather unexpected conclusion indicates the danger of relying on visual observations which are 
not confirmed by measurement. The reasons for the incorrect perception that the corners are more 
prone to scaling are difficult to ascertain. It can be speculated that it could be because one observes 
the diagonal of two perpendicular scaling sets at intersections, that cracks are more visible at the 
corners or that the process starts at the corners. This conclusion may confirm that the pillar edge 
stresses are not significantly greater than the stresses deeper inside the pillar. 

12.13. The pillar scaling rates previously inferred, have been confirmed by measurement within 
certain limits of confidence. 

This is the most important conclusion of the study. The central goal of the investigation was to 
determine whether the scaling rates inferred by the original report were correct or whether 
adjustments were required. Confirmation of the inferred scaling rates by direct measurement on 
pillars that have not failed, by implication means that the assumptions regarding the minimum 
safety factor of a pillar prior to failure (0.4 using the linear formula of van der Merwe 2003a), is 
also in the correct range. The previously developed procedure for the prediction of pillar life spans, 
can thus be used with more confidence as the key assumptions have now been validated by 
measurement. 

The limitations are that the predicted rate can only be assumed to be correct to within 80% and that 
there is a 20% probability of accepting an incorrect scaling rate as the correct one. These are 
obviously broad limits, but one has to bear in mind that there are several reasons for the amount of 
scatter observed in pillar behaviour. 

12.14. The influence of sealing panels should receive urgent attention 

It has been remarked, Madden (2003) that once a panel is sealed off, the scaling tends to increase. It 
was only possible to take measurements in one panel that had been sealed and that single data point 
exhibited a much greater scaling rate than was anticipated. This cannot be regarded as conclusive 
evidence, but in the light of the serious ramifications if sealed panels do in fact have much greater 
scaling rates, this matter should receive urgent attention. 

12.15. The mechanism of pillar deterioration should be researched 

The work described in this paper focussed on the observations of pillar scaling without attempting 
any explanations for the phenomenon. Whether it is due to chemical changes taking place or mere 
material fatigue under the conditions of elevated stress and sufficient space into which to expand, 
remains unknown. The matter will only be fully understood once the causes are known. It is also 
important from the point of view of preventing pillar collapse – for instance, are pillars with higher 
sulphur content in the coal prone to higher scaling rates? What role does the moisture content play? 
How important is the oxygen level in the underground atmosphere? Are there changes in coal 
composition at the edges of pillars that have been exposed to the atmosphere? 

These questions indicate a new direction of research into long-term pillar stability.  
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Appendix A: Data base of failed pillars used for the time of failure study 

In this appendix, the prefix “s” in the case numbers refers to cases collected by Salamon and Munro 
(1967), “m” refers to cases collected by Madden and “n” refers to cases collected after 1995. 

 
Case no Colliery Seam Coal Field Depth Pillar width Bord width Mining height 

s12 Coronation W1 Witbank 25.9 3.7 8.5 3.1 
s16 M Steam W2 Witbank 21.3 4.0 8.2 4.6 
s17 Wolvekrans W2 Witbank 29.6 5.2 7.0 5.5 
s40 Wolvekrans W2 Witbank 33.5 6.1 6.7 5.5 
s41 Crown Douglas W2 Witbank 30.5 4.6 7.6 3.7 
s57 Koornfontein W2 Witbank 88.4 7.2 6.6 4.9 

s116 Waterpan W2 Witbank 61.0 6.1 6.1 4.6 
s118 Waterpan W2 Witbank 57.9 6.1 7.6 4.0 
m149 Koornfontein W2 Witbank 90.0 7.5 6.0 4.8 
m151 Tweefontein W2 Witbank 62.0 7.5 6.4 4.0 
m162 Tweefontein W2 Witbank 62.0 7.3 6.2 4.0 
m166 Tweefontein W2 Witbank 62.0 6.1 6.1 4.0 
m167 Tweefontein W2 Witbank 62.0 6.1 6.1 4.0 
n171 Wolvekrans W2 Witbank 41.0 6.4 6.4 6.2 
n172 Wolvekrans W2 Witbank 41.0 6.4 6.4 6.2 
n173 Wolvekrans W2 Witbank 41.0 6.4 6.4 6.2 
n200 New Largo W4 Witbank 43.0 4.8 6.2 2.8 

s9 New Largo W4 Witbank 30.5 3.4 6.4 2.6 
s64 South Witbank W4 Witbank 61.0 4.7 6.9 3.5 

s119 W. Consolidated W4 Witbank 41.1 4.3 6.4 3.1 
m148 New Largo W4 Witbank 28.5 3.8 5.8 2.7 
m148a New Largo W4 Witbank 34.0 3.5 6.7 2.7 
m148b New Largo W4 Witbank 34.0 3.5 6.7 2.7 
m163 South Witbank W4 Witbank 56.0 5.1 6.5 3.3 
n198 New Largo W4 Witbank 32.0 3.3 6.4 2.3 
n199 New Largo W4 Witbank 32.5 3.2 6.5 2.1 
s42 South Witbank W5 Witbank 53.3 5.2 6.4 3.7 
s55 Blesbok W5 Witbank 68.6 3.4 5.8 1.5 
s58 South Witbank W5 Witbank 57.9 5.2 6.4 5.5 

m165 Springbok W5 Witbank 22.0 3.5 6.5 1.6 
n174 Matla W5 Witbank 35.5 5.5 5.5 2.2 
n185 Umgala Alfred Utrecht 101.0 9.0 6.0 3.8 
n186 Umgala Alfred Utrecht 100.0 8.5 6.5 3.3 
n187 Umgala Alfred Utrecht 97.0 9.0 6.6 3.7 
n188 Umgala Alfred Utrecht 51.5 6.0 6.0 3.9 
s66 Springfield Main South Rand 193.2 15.9 5.5 5.5 
s67 Springfield Main South Rand 184.7 15.9 5.5 5.5 

s122 Springfield Main South Rand 167.6 15.9 5.5 5.5 
m168 Springfield Main South Rand 165.7 15.0 5.0 5.9 
m169 Springfield Main South Rand 195.0 17.0 6.0 4.9 
m170 Springfield Main South Rand 205.0 17.0 6.0 5.9 
s126 Vierfontein Main Free State 87.8 6.1 6.1 2.0 
n175 Springlake Bottom Klip River 70.0 7.5 5.0 1.8 
n176 Springlake Bottom Klip River 63.5 7.5 5.0 2.1 
s120 Cornelia OFS1 Vaal Basin 128.0 9.8 5.5 3.7 
m157 Sigma OFS2 Vaal Basin 112.0 10.6 6.5 2.8 
m159 Sigma OFS2 Vaal Basin 108.0 10.6 6.5 3.2 
n180 Sigma OFS3 Vaal Basin 82.0 10.0 5.0 2.8 
n181 Sigma OFS3 Vaal Basin 96.0 12.0 6.0 2.9 
n184 Sigma OFS2a Vaal Basin 112.0 11.5 5.5 2.9 
n196 Sigma OFS2a Vaal Basin 104.0 12.0 6.0 3.0 
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