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Executive summary 

The two components of pillar design are pillar strength and pillar load. For more than three 
decades, coal pillar strength in South Africa has been calculated using the well-known strength 
formula of Salamon and Munro (1967) that was empirically derived after the Coalbrook disaster 
of 1960. Subsequently the pillar collapse database has been updated with the aim of developing 
new strength formulae for South African coalfields.  

The Salamon and Munro formula (1967) has been used successfully in South Africa in 
preventing another Coalbrook-type disaster. However, approximately 110 million tonnes of coal 
are locked in pillars every year in South Africa. A 10 % increase in extraction would result in an 
additional 10 million tonnes of coal extracted per annum. This is a significant improvement that 
would impact on mining efficiency and sustainability.  

A detailed literature review of existing knowledge on the estimation of coal pillar loading and 
strength and also on the effect of time on the stability of pillar and roof was conducted. The 
various formulae that have been proposed over the years for the estimation of coal pillar 
strength were reviewed. The limitations of the Salamon-Munro pillar strength formula and its 
validity as noted by some authors are discussed. The Tributary Area Theory (TAT), which is 
widely used to estimate pillar load, is briefly reviewed and its limitations are deduced. The 
processes involved in the derivation of the “new” pillar strength formula are presented. The 
potential benefit that may be achieved by using the “new” formula to design coal pillars is 
demonstrated through a comparison with the Salamon-Munro strength formula. 

An attempt was made to group the coal in terms of strength using laboratory tests. The results 
showed that the strength of a coal specimen increases linearly with increasing width-to-height 
ratio and decreases exponentially with increasing size of specimen. However, beyond a 
diameter of approximately 2 m, the size effect is insignificant. For larger specimens, the width-
to-height ratio continues to influence the strength. 

It was also shown that the slope of the strength vs. width-to-height ratio relationship is 
independent of the size of the specimen and does not differ for coals from different mines. 
However, the intercept of that relationship does differ and is a function of specimen size, up to a 
diameter of approximately 2 m. This offers a method to distinguish between the coals from 
different mining areas and coal seams. 

Ranked from weakest to strongest, the samples tested from the different mines are in the order 
shown below, which corresponds to the judgment of rock engineers in the field. It is suggested 
that the following classification be used for further empirical analyses to determine area- or 
seam-specific coal strength and strength decay characteristics: 

 
Weak Coal Average Coal Strong Coal 

Sigma Goedehoop Khutala 
ZAC Kriel Delmas 

 Bank  
 Blinkpan  
 Secunda  
 Greenside Arnot  

 

A detailed analysis of new collapse data was conducted, and results showed that the separation 
between the populations of failed and stable pillar cases can be improved by 22 % by adopting 



 3 

a strength formula which is linear with respect to the width-to-height ratio of the pillars. It was 
also shown that differences between the groups of “weak” and “normal” coal are significant 
enough to warrant separate analyses. 

For “normal” coal, making up the Witbank, South Rand, Utrecht, Springs-Witbank and Free 
State coal fields, the optimum strength formula is: 

h

w
5,3=σ   

This category could perhaps later be sub divided to identify a “strong” coal group. 

For “weak” coal, making up the Vaal Basin and Klip River coalfields, the optimum formula for 
strength is: 

h

w
5,1=σ   

This formula is based on the important assumption that the values of α and β are the same for 
the “weak” and “normal” coal strength groups. 

Further analysis showed that the linear formula results in the same probability of having a stable 
lay-out as the power formula. There is therefore no increased risk when pillars are designed 
according to the linear formula. The balance is obtained by the consideration that at smaller 
w/h, the linear formula predicts lower strength and at higher w/h it predicts higher strength than 
the power formula.  

It was also shown that at a depth of more than approximately 40 m, the percentage extraction 
will increase. At depths shallower than 40 m the percentage extraction will be less. The greater 
the depth, the higher the safety factor, thus providing additional benefit. This has important 
implications for cases where surface structures have to be undermined at higher safety factors. 

Implementation of the new formula would result in annual savings of reserves amounting to the 
total production of two large mines per year. 

Observations were carried out and measurements were taken to verify the new strength 
formula. Initially, three underground sites were planned for conducting detailed pillar 
instrumentation and monitoring where the pillar widths were relatively small. Many difficulties 
were experienced in convincing mine personnel to form pillars with relatively small safety 
factors. Nevertheless, an underground experiment was successfully conducted at Bosjesspruit 
Colliery with low safety factor pillars (1.14 using Salamon and Munro) to verify the new strength 
formula. Unfortunately, the panel was situated under competent overburden and the span was 
marginally less than the depth below surface, resulting in the full overburden load being less 
than that calculated using TAT. The results showed, however, that the pillars were initially 
completely intact until the two splits of small size pillars were mined. Due to corner failures after 
the second split, the pillar sizes were increased slightly. It was concluded that this single 
experiment does not truly verify the new formula but, indicates that, although some degree of 
corner fracturing was present on the small size pillars, the pillars were still intact with a safety 
factor of 0.73. 

Investigations into the development of a methodology to predict the pillar life and scaling rate 
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were also an objective of the project. The results of these investigations are set out in 
paragraphs 1 to 9 below. 

1.  Safety factor is a poor predictor of pillar life 

In this report it is indicated in Section 6.3 and particularly in Figure 6—2, that the safety factor 
on its own cannot be used in a quantifiable manner to predict pillar life. There is no correlation 
between the life of failed pillars and their original safety factors. 

2.  Differences in behaviour between the coals in different seams and areas need to be  
     taken into account 

It was found that without differentiation, no useful trends could be found that could enable a 
prediction method for pillar life. This finding corresponds with the work done on laboratory 
strength tests of coal samples from different areas. The finding that differences between the 
different areas are quantifiable corresponds with the experience of underground coal miners in 
South Africa. There is now ample evidence to allow differentiation between the different areas. 
This has been known intuitively for as long as mining has been done in different areas, and the 
tools and information now exist to implement the required differentiation scientifically. 

3.  Failure of the majority of pillars in South Africa is by a process of progressive pillar  
     scaling 

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

4.  The scaling rate decreases over time 

It is indicated that initial scaling takes place at a rate higher than that occuring subsequently. 
This is a confirmation of the observations by van Biesien and Rockaway (1988) in the USA. 

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

It was shown that there is a general correlation, although not always obvious, beteen mining 
height, and the rate of scaling, with scaling rate increasing with increasing mining height. The 
rate of scaling does not correlate with other parameters such as pillar stress or width-to-height 
ratio. 

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 come related matters, such as pillar load, width-to-height ratio, etc., 
which, 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” 
also implies the distance into the pillar by which there is a loss of strength. Whether this is 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. 

7.  There is a correspondence between the proposed method to predict pillar life and the  
     characteristics of both the failed and intact pillar case databases in South Africa 

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

8.  Pillars that have not failed soon after mining are likely to be stable for a 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 even 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 damage mitigation. If failure does not occur within the first 
few decades after mining, the pillars may be expected to remain stable for much longer periods 
than is usually catered for in human planning. The periods of expected stability could span 
millennia.  

9.  A satisfactory method to predict the probability of failure of pillars over time is  
     possible 

The overlap in safety factors between the populations of cases of failed and, thus far, stable 
pillars can be used to calculate the probability of failure of pillars over time. For this to be done, 
the database of intact pillars has to be updated and populated by data from the mining 
conditions that have occurred most commonly over the last few decades. The intact pillar 
database of Salamon and Munro (1967) is useful in demonstrating the ability of the prediction 
method to distinguish between cases of failed and stable pillars as it is an accepted collection of 
cases of representative intact pillars but, for actual probability of failure predictions, it will have 
to be updated. 

The prediction method 

Within broad limits, pillar lives can be successfully predicted using Equation [6.6], repeated 
here: 

x

xmh

d
T

−





=

1

1

  

The values of m and x are site- and seam-specific. For the known mining areas in South Africa, 
they are as follows: 

Area m-Value x-Value 
Vaal Basin, Klip River and South Rand 1.3888 0.8040 
Witbank No 2 and 4 Seams 0.1624 0.8135 
Witbank No 5 Seam 0.1050 -0.3061 

As time goes by and more failures occur, these constants can and should be updated and 
refined. 

A further detailed analysis was conducted to determine the effects of the mineralogical 
composition of coal on strength and durability. In order to characterise coal micro material 
properties of 18 samples from different mines and coal seams were determined. The intention 
was to group these into categories in terms of strength of coal and possible decay 
characteristics. Petrographic and proximate analyses have been used by the coking and 
washing industry to group the mechanical properties of coal into categories that could influence 
its behaviour during beneficiation. Certain trends and quantifications have been deduced from 
the differences in strengths of coal from different origins. However, in this analysis, such trends 
were not noticeable due to the variation in petrographic parameters tested.  

Pillar, roof and support rating systems developed by Madden (1990) were found to be 
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reliable in determining the performance of pillar, roof and support in a panel. These rating 
systems were applied over 20 bord-and-pillar panels in order to determine their effectiveness 
and practicality. The previous data collected for a SIMRAC project (COL021), using the same 
rating system, was also used in the analyses. A total of 160 panels from five seams in Witbank 
and Highveld Coalfields, were used in these analyses.  

The results showed that pillar extraction should commence in a panel as soon as the primary 
extraction has been completed so that the effect of time on pillar, roof and support performance 
can be reduced. This finding was also confirmed by Task 6.9.1 with respect to the 
environmental impacts of pillar extraction. 

It was also concluded that while the designed pillar safety factor can give a relatively good idea 
of the pillar conditions, it has a limited effect on roof and support performance. It is therefore 
suggested that a detailed survey of secondary extraction panels should be conducted in order 
to determine the roof and support performances in the panels. 

Section areal extraction presented a reverse relationship with pillar rating; as the extraction 
ratios increase the pillar rating increases. As explained above this was expected as it is normal 
practice to reduce pillar dimensions as conditions improve. This phenomenon was also seen in 
the analyses of roof and support ratings: as the conditions deteriorated the support performance 
improved. 

While the depth of workings may play a major role in the performance of pillars, it has no 
significant effect on roof and support performance. 
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1.0 Literature review 

1.1 Introduction 

This chapter reviews current knowledge on coal pillar design. The Tributary Area Method (TAT), 
which is widely used to determine coal pillar loads is reviewed and some of its limitations are 
highlighted. The various formulae that can be used to calculate or estimate coal pillar strength 
are discussed. The limitations associated with the most commonly used strength formula by 
Salamon and Munro are identified. The “new” strength formula is reviewed and compared with 
existing formulae. The potential benefits that could be obtained by using the New formula to 
design coal pillars are demonstrated. 

1.2 Coal pillar load 

Two of the most important parameters in coal pillar design are the coal pillar strength and the 
pillar load. The ratio of the pillar strength to the pillar load gives the safety factor. During the 
second half of the last century more time and effort was spent on developing appropriate 
formulae for the determination of coal pillar strength than on determining the loads acting on 
pillars. The pillar load is most commonly determined by using the tributary area theory, which is 
known to have several limitations. 

Given that pillar load is as important as the pillar strength, it is expected that comparable 
expenditure and effort would have been made in developing accurate methods of calculating 
pillar load. The purpose of this literature review was to identify the various methods that are 
used for determining pillar load and their respective limitations. The insight gained would guide 
subsequent attempts to develop an accurate method of estimating coal pillar load in areas 
where the tributary area theory is inappropriate. 

By assuming horizontal stratification, Salamon and Oravecz (1976) stated that the vertical 
primitive stress on the horizon of the seam is approximately 0.025H (MPa), where H is the depth 
to the seam floor. Thus, if the coal is mined-out over an area A, then the total force exerted by 
the rock from under which the support has been removed is 0.025HA (MN). Salamon and 
Oravecz further explained that the result obtained from this expression is also the total induced 
tensile force which is distributed uniformly over the roof and floor of the mined-out region. This 
force, according to Salamon and Oravecz, must be supported by the pillars and by the solid 
coal around the mining area. The load acting on the pillars will, therefore, be greater than the 
vertical primitive stress. 

Salamon and Oravecz (1976) also explained that there is no simple method for estimating the 
load that acts on individual pillars. The difficulties arise from the fact that individual pillar loads 
depend on the deformation characteristics of both the surrounding strata and the pillars 
themselves. However, for a simple layout where the area mined is large with a reasonably 
uniform pattern of pillars, the average pillar load can be determined by using the tributary area 
method. 

The determination of the load imposed on a coal pillar is important for the purposes of safety 
factor calculation. For a given seam height and required factor of safety, a knowledge of the 
prevailing pillar load will enable appropriate pillar widths to be determined which, in turn, will 
optimise percentage extraction. Surprisingly, the body of work done to develop accurate 
methods of determining coal pillar loads is somewhat limited. After a thorough review of many 
coal research reports, it was found that efforts made to determine coal pillar loads included the 
application of analytical and numerical methods, the Tributary Area method, beam 
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deflection, and photo-elastic analyses. Each of these approaches is discussed briefly in the 
following subsections. 

1.2.1 Analytical method 

According to Salamon and Oravecz (1976) there is no simple method of estimating the load 
acting on individual panel pillars. The difficulties arise from the fact that individual pillar loads 
depend on the deformation characteristics of both the surrounding strata and the pillars 
themselves. 

Salamon and Oravecz (1976) used a mechanical model of an elastic beam with three supports, 
the ends being rigid and an elastic spring acting at the centre. The centre support provides 
resistance only if the spring is compressed. By using several springs the mechanical model 
could be used to simulate a bord-and-pillar configuration, where the beam represents rock 
strata and the springs correspond to the pillars. In order to estimate pillar load, it is necessary to 
determine the deformation characteristics of both the roof strata and the pillar. The development 
of an electric analogue permitted the determination of pillar load in the general situation by 
means of electric resistance (Salamon and Oravecz, 1976). 

1.2.2 Tributary Area Theory (TAT) 

For a simple layout with a reasonably uniform pattern of pillars and a panel width at least as 
large as the depth, the average pillar load can be estimated by using the tributary area theory. 

The theory assumes that each pillar carries a proportionate share of the full overburden load. 
Figure 1—1 illustrates a simplified layout for tributary area analysis of rectangular shaped pillars 
in uniaxial loading. Assuming H is the depth to the seam floor, B is bord width, w1 and w2 are 
pillar dimensions, and C1 and C2 are pillar-centre distances, then for a regular pillar layout the 
pillar load (L) can be estimated as: 

21

21025.0

ww

CHC
L =  [1-1] 

For square shaped pillars, the above equation simplifies to: 

2

2025.0

w

HC
L =  [1-2] 

          BwC +=  [1-3] 

The above equations indicate that the factors influencing pillar load are: 

• depth – the deeper the mining, the higher the load; 

• pillar width – the smaller the pillar, the higher the load; 

• bord width – the wider the bord, the higher the load, and 
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• extraction ratio (a function of the relative sizes of the bords and pillars) - the higher the 
extraction, the higher the pillar load. 

C1

C2w1

w2

B

pillar

C1

C2w1

w2

B

pillar

 

Figure 1—1 Geometry for tributary area analysis of pillars in uniaxial loading 

Brady and Brown (1993) explain that in mining a mineral deposit of uniform thickness, a quantity 
of practical interest is the area extraction ratio (e), which can be calculated by: 

Bw

B
e

+
=  [1-4] 

The extraction ratio is related to the pillar load as follows: 

e

H

−
=

1

025.0σ  [1-5] 

By substituting the vertical normal component of the pre-mining stress field, Pzz for 0.025H, 
Equation [1-5] can be written as: 

ePzz

p

−
=

1

1σ
 [1-6] 

Where the ratio σp/pzz is a pillar stress concentration factor, Equation [1-6] can be represented 
graphically as shown in Figure 1—2. 

It can be observed from Figure 1—2 that above an extraction ratio of about 0.75, the stress 
concentration factor increases rapidly. For example, a slight increase in extraction ratio, say 
from 0.9 to 0.91, changes the pillar stress concentration factor from 10 to 11. In areas where in-
panel pillars alone are used to support the workings, the percentage extraction that can be 
achieved in practice is therefore limited. 
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Figure 1—2 Variation in the ratio of pillar stress concentration factor to area extraction  

1.2.3 Beam deflection 

Sheory and Singh (1974) suggested the concept of beam deflection for the estimation of 
average pillar stress. The method is primarily for narrow workings, where loads are transferred 
on to pillars due to deflections of the overburden strata. Jeremic (1985) explained that under 
these circumstances the rock beam deflections are a function of the flexural rigidity of the strata 
and the compressibility of pillars. 

The approach for calculation of coal pillar loads is based on the theory of thick beams on elastic 
support. A thick beam is considered to be one where thickness is greater than five times the 
distance between the supports (roof span). The evaluation of average pillar stress is convenient 
for narrow workings or mining configurations where the tributary area concept does not apply. 

1.2.4 Numerical analysis 

Recent work by Van der Merwe has also shown that the panel width-to-depth ratio is not the 
only parameter that influences the validity of the tributary area theory; that in fact the 
percentage extraction and the stiffness of the overburden each play a role. The significance of 
the influence of the percentage extraction is that the real load on the pillars inside the panel is 
less than assumed at relatively high extraction ratios. This is, however, compensated for by an 
increased but unknown real load on the inter-panel pillars. His preliminary work suggests that 
the effect of the increased load on the inter-panel pillars is significant, and could result in 
overloading of the inter-panel pillars. At increased depth of mining, this effect could lead to the 
destruction of the inter-panel pillars either by direct failure or roof or foundation failure. This 
may, in turn, result in dynamic loading of the pillars inside the panels. 

Van der Merwe therefore concludes that while the application of the tributary area theory is 
conservative from the point of view of the evaluation of the stability of pillars inside the panel, it 
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results in an over optimistic view of the load on the inter-panel pillars. 

1.2.5 Internal stress distributions in panel pillars 

Jeremic (1985) reported that the internal stress distribution of a single pillar in the mining of 
relatively flat and shallow coal seams has been a matter of consideration for many European 
investigators. Internal stresses within a pillar can be analysed by using two- or three-
dimensional photo-elastic modelling. 

The two-dimensional analysis is carried out on optically sensitive plates usually of the size 
250 x 250 x 20 mm3 and tested for loading conditions, which corresponded to the mining 
conditions. Various aspects of interaction between room-and-pillar structures have been 
investigated. Jeremic (1985) reported some of the earlier results obtained from two-dimensional 
analyses as follows: 

a) For the case where the pillar width is twice the pillar height, it was found that the vertical 
stress is more than double the horizontal stress (under gravity loading only) (Figure 1—3). It 
was also noted that there is a difference in the distribution of the vertical and horizontal 
stresses. For example, the horizontal stress is greatest at the contact between pillar and roof 
and floor strata. Maximum vertical stress concentration tends to be at the corners of the 
pillar. 

 

Figure 1—3 Vertical and horizontal stress distribution in the mine pillar model, w/h=2 
(after Jeremic, 1985) 

b) It was also found that the stress concentration over the plane cutting the pillars at mid height 
varies with width-to-height ratio as follows: 

 w/h < 1 high pillar stress (≅ 3ρH) 

 w/h = 1 – 2 rapid decrease of pillar stresses (≅ 2ρH) 
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 w/h > 2 the pillar stresses became constant (≅ 1.2ρH) 

where ρH = overburden pressure, ρ = unit weight of rock and H is the overburden height 

c) In addition, it was found that the stress concentration at the base of the pillar also varies with 
pillar width-to-height ratio as given below: 

 w/h < 2 gradual increase of stress (> 1.0ρH) 

 w/h > 2 pillar stress became constant (0.5ρH) 

d) Of particular interest were studies of stress concentration in pillar corners for different loading 
conditions. The high stress concentration in the corners of the pillars was found to a function 
of the radius of curvature. For example, where curvature is zero, stress concentration is 
unlimited. It is a well-known fact that the corners of the rooms are the most critical part of a 
pillar-stope structure, where instability increases with increasing room width and pillar height. 

Jeremic (1985) mentioned that the two-dimensional photo-elastic stress analysis have had 
greater success in the control of mine stability in metal mines than in coal mining, because the 
properties and behaviour of the hard rock structure are closer to model test conditions of linear 
elasticity. Jeremic suggested, however, that photo-elastic model investigations should be 
considered a useful tool for investigation of internal stress distribution in pillar-stope structures, 
particularly in the case where a room-and-pillar mining method is used to exploit horizontal or 
gently dipping deposits. 

1.2.5.1 Limitations of the tributary area theory 

While the tributary area theory provides a simple method of determining the average state of 
axial stress in a pillar, it has implicit limitations, which must be borne in mind. Average pillar 
stress is calculated by assuming that pillars uniformly support the entire load overlying both the 
pillars and the mined-out areas. Tributary area theory assumes regular geometry and ignores 
the presence of abutments. The effects of deformation and failure in the roof strata resulting 
from the mining operation are disregarded. 

According to Jeremic (1985) the evaluation of average pillar stresses of flat or gently dipping 
coal seams by the tributary area theory is over-simplified. The concept does not take into 
account abutment stress distributions and deformation or failure of the pillar. Also, if there is 
displacement interaction between the surrounding strata and the pillar itself, stress may be 
redistributed within the system, resulting in a stress state considerably different to the theoretical 
state. 

Brady and Brown (1993) argue that the average pillar stress is purely a convenient quantity 
representing the state of loading of a pillar in a direction parallel to the principal direction of 
confinement. It is not simply or readily related to the state of stress in a pillar that could be 
determined by a complete analysis of stress. 

Brady and Brown are also of the view that the tributary area analysis restricts attention to the 
pre-mining normal stress component directed parallel to the principal axis of the pillar support 
system. They argue that the implicit assumption that the other components of the pre-mining 
stress field have no effect on pillar performance is not generally tenable. Furthermore Brady and 
Brown highlight the fact that the tributary area theory ignores the effect of the location of the 
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pillar within a mine panel. 

Salamon and Oravecz (1976) also stated that the tributary area theory is only valid for cases 
where the width of the panel is as great as or greater than the depth and where the pillars in a 
panel are of the same size. Van der Merwe (1998) found that other factors that influence the 
validity of the tributary area theory include the percentage extraction and the stiffness of the 
overburden. For practical design purposes however, the suggested equations for average 
stress calculations are acceptable if the designer appreciates the limitations. 

1.3 Coal pillar strength 

Coal pillar strength has been a subject of investigation over many years. South Africa has led 
the world in pillar design research since the Coalbrook Colliery disaster of 1960 in which more 
than 7 000 pillars, 4 400 within a five minute period, collapsed. Since this disastrous event, 
intensive research has resulted in design formula and guidelines, which have provided the 
South African coal mining industry with methodologies for the safe extraction of a valuable 
resource.  

Research efforts started to be expended during the first half of the last century with the aim of 
determining coal pillar strength by testing coal specimens in the laboratory. While general trends 
were quickly established, (such as a decrease in the specimen strength with increasing height 
and size and an increase in strength with increasing width) the wide scatter of results made the 
extrapolation of strength results to full size pillars extremely difficult. In order to overcome the 
limitations of the laboratory tests, testing of large in situ samples was initiated. These 
experiments had the advantage of being conducted in the underground environment and 
yielded valuable information regarding the stress-strain behaviour of coal pillars. However, 
these tests were time consuming, expensive and did not overcome the problem of extrapolation 
of results to full size pillars. 

During the 1960s, an intensive investigation into the strength of coal pillars was initiated through 
the statistical analysis of 98 intact and 27 collapsed pillar geometries by Salamon and Munro 
(1967) using a probabilistic notion of safety factor where this factor was defined as: 

load

strength
tor=Safety fac  [1-7] 

The values for strength and load must be regarded as predictions that are subject to error. 

From these investigations, Salamon (1967) established that the optimum safety factor fell in the 
range where 50% of the stable cases were most densely concentrated. He determined the 
range of safety factors as 1.3 to 1.9, with the mean being 1.6. This value was therefore 
recommended for the design of production pillars in South African bord-and-pillar workings. 

Strength is taken to mean the strength of a coal pillar as opposed to the strength of a coal 
specimen. The strength of a pillar is said to depend on the material strength as well as the 
pillar’s volume and shape. The shape effect was said to be a result of constraints imposed on 
the pillar through friction or cohesion by the roof and floor. 

The formula for strength was given as: 

βα hwStrength=k  [1-8] 

Salamon and Munro applied the maximum likelihood function to determine the constants 
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in Equation [1-8] as: k = 7 176 kPa, α = 0.46 and β = - 0.66. The scatter of results was said by 
Salamon to have three major causes: 

i. natural causes - that is, variations in coal strength, seam structure and the quality of the 
roof and floor; 

ii. the approximate nature of the strength formula; and 

iii. human error 

Salamon (1967) emphasised that the pillar strength formula was essentially empirical and 
therefore should not be extended beyond the range of data used to derive it. Furthermore, the 
assumption in the formula of an average strength for all coal seams was recognised by him as a 
possible limitation. 

In 1982 Salamon extended his pillar strength formula to take cognisance of the increasing ability 
of a pillar to carry loads with increasing width-to-height ratio. 

Laboratory tests on sandstone specimens were analysed by Wagner and Madden (1984) to 
examine the suitability of the new formula, known as the squat pillar formula, to predict the 
strength increase with increasing width-to-height ratios. The squat pillar formula was found to fit 
the laboratory results well, and although these laboratory results cannot be related directly to 
coal pillars because of the difference in the material, scale, and time taken to test the samples, 
the general trend can be assumed to be similar. 

The strength of a pillar given by the squat-pillar formula is  
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where  Ro is the critical width-to height ratio 

   ∈ is the rate of strength increase 

   a is 0.0667 

   b is 0.5933 and 

   V is pillar volume 

Salamon and Wagner (1985) suggested that the squat pillar formula could be used with the 
critical width-to-height ratio (Ro) taken as 5.0 and that ∈ could be taken as 2.5, although a 
realistic estimate was more difficult for the latter. The assumption of 5 for Ro is based on the fact 
that no pillar with a width-to height ratio of more than 3.75 is known to have collapsed. 

Because the Salamon and Munro pillar design formula was based on the designed mining 
dimensions of workings, which were mined by the drill-and-blast method, the formula for pillar 
strength indirectly takes into account the weakening effect of blast damage. Thus in using 
Salamon-Munro formula to design pillars in continuous miner sections, the effective pillar width 
must be greater by an amount approaching the extent of the blast zone, than that of a pillar 
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formed by drilling and blasting. 

The depth of blast damage into the side of a pillar has been quantified as being between 0.25 
and 0.3 m by Madden (1987). The effect on the safety factor of a pillar formed by a continuous 
miner can be estimated on the assumption that effective pillar width increases by the depth of 
the fractured zone over that of a pillar mined by conventional methods. If the nominal pillar 
width, w, results in a safety factor, η, then the safety factor of bord-and-pillar workings 
developed by means of a continuous miner, ηo, can be calculated from the following expression 
after Wagner and Madden (1984): 
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This expression gives the increased safety factor of a pillar cut by a continuous miner in the 
absence of a blast-damage zone. Thus, if the pillar width, w, was 10 m, the designed safety 
factor 1.6 and the blast-damage zone 0.3 m, the safety factor of a pillar formed by a continuous 
miner would be 1.85. 

Two important points should be noted: 

i. For a pillar formed by a continuous miner, there is a fixed increase in pillar width by the 
extent of the blast-damage zone, and not a fixed increase in safety factor. 

ii. It is the strength calculation of the pillar formed by a continuous miner that is being 
adjusted by this method, not the safety-factor design formula. 

Maximum benefit in terms of increased extraction from the use of continuous miners occurs 
between pillars greater in width than 5.0 m and at depths of less than 175 m. This is due to the 
fact that stress-induced sidewall slabbing can occur in very small pillars and at depths of more 
than 175 m. 

Van der Merwe (1999) developed a pillar strength formula for South African collieries using the 
collapse database used by Salamon and Munro. Although the same database was used, the 
statistical method that Van der Merwe used was different from the maximum likelihood function 
used by Salamon. The outcome was a new formula that shows that the larger width-to-height 
ratio coal pillars are significantly stronger than previously believed, even though the material 
itself is represented by a reduced constant in the new formula. 
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[1-11] 

The formula predicts lower strength for the smaller pillars, explaining the failure of small pillars 
that were previously believed to have had high safety factors. 

The major advantage of the new formula for the coal mining industry is a higher extraction ratio, 
depending on the depth of workings and required safety factor. In 1993, an investigation into 
dimensions of South African collieries was conducted by CSIR over 300 panels. The results 
showed that the depth below surface in the Witbank and Highveld Coalfields varied from 40 m 
to 208 m. This indicates that by using the new formula, for the design of pillars, the reserve 
utilisation can be increased by 11 per cent.  
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1.3.1 Salamon-Munro formula and its limitations 

To examine the size and shape effects, Equation [1-11] was re-written in terms of volume, 
V = h.w2 and the pillar width-to-height ratio, R = w/h as: 

067.0

59.0

2.7
V

R
=σ  [1-12] 

Equation [1-12] shows that an increase in the width-to-height ratio increases the pillar strength 
and that an increase in pillar volume has the opposite effect due to the likelihood of a greater 
number of discontinuities, particularly those unfavourably oriented. The exponent indicates that 
in the case of mine pillars, the influence of the pillar width-to-height ratio is more pronounced 
than that of the volume. 

According to Madden (1990), Salamon emphasised that the pillar strength formula was 
essentially empirical and should be extended with caution beyond the areas from which the data 
used to derive it were obtained. However, Madden (1990) noted that the use of the formula for 
the design of pillars in several collieries where both the depth of mining and the pillar width-to-
height ratio exceed the empirical range resulted in stable pillars. 

Salamon and Oravecz (1976) also considered the strength formula to be conservative when the 
width to height ratio exceeds 5 or 6 and that a pillar width-to-height ratio of 10 would be virtually 
indestructible. 

Shallow bord-and-pillar mining is often associated with extensive subsidence on surface. This 
has in many cases been due to very high percentage extraction from collieries operating at 
shallow depth, to mining and environmental standards that were acceptable up to a few 
decades ago. 

Many collieries today contain shallow reserves that for economic reasons can only be mined by 
underground methods.  

When considering mining at shallow depths (<40 m) the following factors need to be taken into 
account: 

i. Use of the safety factor formula alone may be misleading since other factors also 
influence pillar stability. 

ii. Floor failure may occur; although more likely to occur at depth as the load is greater, 
floor failure has occurred at shallow depths.  

iii. Data for derivation of the current safety factor formula were not collected for collapses at 
depths less than 20 m. Therefore, use of the safety factor formula in this range is based 
on extrapolation and may not be valid.  

iv. Bords may fail to surface forming sinkholes. 

v. Workings may be subjected to surface climatic changes. 

vi. Shallow workings result in temporary or permanent changes in the ground water table 
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and these may lead to localised deepening of the influence of weathering. 

The problems of shallow mining have been discussed (Madden and Hardman, 1992) and 
guidelines are available as follows: 

• Pillar-width to mining-height ratio should not be less than 2. 

• Areal percentage extraction should not be greater than 75 per cent. 

• The minimum pillar width should not be less than 5 m. 

• A minimum safety factor of 1.6 should be used. 

It was found also by Van der Merwe (1993) that the Vaal basin, particularly Sigma, has weaker 
coal than the rest of South Africa. Instead of 7.2 MPa, Van der Merwe found the k value in this 
area to be 4.5 MPa. Hence for this area, Salamon and Munro’s coal pillar strength formula was 
adjusted as follows: 

66.0
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Salamon and Munro’s strength formula is only valid for square pillars. Therefore Wagner (1980) 
suggested that if rectangular pillars are mined, an equivalent width should be calculated and 
used in the formula. The effective pillar width formula suggested by Wagner (1980) is as follows: 

C

A
we

4
=  [1-14] 

Where  we is the equivalent width, to be used in the formula, 

   A is the pillar area (width x length), and 

C is the pillar circumference. 

It is also very important to note that Salamon and Munro’s strength formula assumes a single 
strength for all South Africa coalfields (for same dimensions), which may not be entirely true. 
Therefore, a current Coaltech project, Task 2.15, is investigating the seam-specific strength 
formula for South African collieries. 

1.3.2 Linear formula of Bieniawski 

On the basis of extensive in situ tests performed during 1966 to 1973 in South Africa, 
Bieniawski (1968) proposed a pillar strength formula for Witbank coal as follows: 
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Bieniawski (1992) stated that although the original in situ test data used to derive 
Equation [1-15] were based on pillar width-to-height ratios of up to 3.4, later application to full-
size coal pillars indicated that it could be applied to pillar width-to-height ratios of up to 12. 

1.3.3 Safety factor calculations 

The safety factor is the pillar strength divided by the pillar stress. As suggested by Van der 
Merwe (1993) the safety factor on its own indicates little about pillar stability. Earlier case 
studies by Salamon indicated that there is no specific factor of safety above which the stability 
of pillars can be totally guaranteed. A summary of the study is shown in  
Figure 1—4. 

Obviously, the probability of pillar failure decreases with an increasing safety factor. On the 
basis of these analyses, Salamon and Oravecz (1976) suggested that a safety factor of 1.6 can 
be used for most mining situations. They cautioned, however, that in geologically disturbed 
areas or when some other unfavourable feature is present (water in the roof, for example), the 
safety factor used must be greater than 1.6. 
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Figure 1—4 Probability of failure for given safety factors (source: Van der Merwe, 1998) 

1.3.4 Summary and conclusions 

Pillar load is widely calculated by using the Tributary Area Method. The factors that have been 
found to influence pillar load are the mining depth, pillar width, and bord width. Although the 
Tributary Area Method is widely used to calculate pillar load it has been established that it has 
some limitations. One such limitation is the fact that it is only valid in areas where the panel 
widths are as great as or greater than the depth of mining and the pillars in the panel are of the 
same size. 
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It has also been established that in areas where coal pillars alone are used to support the mine 
workings, the percentage extraction that can be achieved in practice is limited. There is 
theoretical evidence to show that beyond an extraction of 75 per cent, the stresses imposed on 
pillars become extremely high and could have damaging consequences. 

The various formulae for determining coal pillar strength have been reviewed and the limitations 
associated with the most commonly used formula by Salamon and Munro have been discussed. 
Comparisons of the various formulae have been made and the potential benefits of the “new” 
formula have been demonstrated. 

At higher width-to-height ratio, the strength of a pillar calculated by the “new” formula is much 
higher than that determined by the Salamon-Munro formula. Using Salamon and Munro’s 
formula as a basis of comparison, the percentage difference between the two formulae at 
increasing width-to-height ratio is summarised in Table 1-1 and illustrated in Figure 1—5. 

Table 1-1 Percentage difference between pillar strengths calculated according to the 
Salamon-Munro formula and the “new” formula 

Width-to-
height 
ratio 

Strength calculated 
using the Salamon-

Munro formula (MPa) 

Strength calculated 
using the “new” formula 

(MPa) 

Difference expressed as a 
percentage of the Salamon-

Munro formula (%) 

2 7.95 7.4 -6.9 

4 10.94 12.99 18.7 

6 13.18 18.04 36.9 

8 15.4 22.77 51.4 

10 16.67 27.28 63.6 

For a width-to-height ratio of 2, the strength of coal pillars calculated according to the Salamon-
Munro formula is greater than that obtained with the “new” formula by about 6.9 per cent. 
However, as the width-to-height ratio increases above 2.4, the strength calculated by using the 
“new” formula becomes significantly greater than that obtained with the Salamon-Munro 
formula. It has also been illustrated that as mining depth increases, the additional percentage 
extraction that could be obtained by using the “new” formula also increases. Furthermore, the 
added percentage extraction is greater when using higher factors of safety. 

Considering the theoretical evidence in support of the “new” formula, it can be concluded that if 
the potential benefits could be realised then higher percentage extraction could be achieved at 
greater mining depth without compromising the stability of the workings. 
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Percentage difference between pillar strengths calculated with Salamon-Munro and the New 
Formulae at different width to height ratios

-20

-10

0

10

20

30

40

50

60

70

0 2 4 6 8 10 12

Width to height ratio

%
 d

if
fe

re
n

ce
 in

 s
tr

en
g

th

Salamon and New Squat and New Log. (Salamon and New) Poly. (Squat and New)
 

Figure 1—5 Percentage strength difference between the Salamon-Munro and Squat 
pillar formulae, and the “new” formula for increasing width-to-height ratio 
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2.0 A method to group coal in terms of strength, using 
laboratory tests 

2.1 Introduction 

It is well known to coal rock engineering experts and production operators that coal from 
different areas and coal seams in South Africa have different strengths, even if the differences 
cannot always be quantified. For instance, in certain areas of the country, such as Sigma 
Colliery in the Vaal Basin, rock engineers use lower strength constants than the average value 
of 7.2 MPa in the Salamon and Munro (1967) pillar strength formula. In other areas, for example 
some mines on the Western flanks of the Witbank coal field, higher constants are used. 

In the case of the Vaal Basin, the lower strength could be determined statistically (Van der 
Merwe, 1993). In the case of the stronger coal areas, this could not be done quantitatively as 
there are no pillar failures to form a database for statistical analysis. The magnitude of the 
higher constant was thus based on engineering judgment. 

In the absence of a database of failed pillars, there have been attempts to derive the strength of 
full scale pillars using laboratory testing. These attempts have been unsuccessful. The principal 
reasons for this lack of success are the variability of rock strength and the complex influence of 
size and shape on the strength of pillars. 

During the period from 1993 to 1994, more than 900 Uniaxial Compressive Strength (UCS) tests 
were performed on coal specimens from 11 different mines and areas of South Africa, as part of 
the requirements for the SIMRAC project COL 021A. The specimens were circular, of different 
sizes – nominally 25 to 300 mm diameter - and the width-to-height (w/h) ratios ranged from 0.5 
to more than 7. 

At the time, one of the overall conclusions was that these tests could not be used to differentiate 
between coals from different areas as the differences between the groups of tests were not 
statistically significant. Recently, the data was re-analysed with a different approach and it was 
found that the differences in coal strength between the different areas could indeed be 
determined. 

This report describes the method that was used to analyse the data and shows the results of 
the analysis. The groupings can now be used for more specific analysis of the database of 
failed pillars on a grouped basis to determine the strength characteristics of the coals from 
different areas and also to investigate the rate of strength decay of coal pillars. 

2.2 Characteristics of the data 

2.2.1 Origins of the samples 

The 12 groups of specimens were obtained from 11 collieries in South Africa. The origins of the 
samples, after Madden and Canbulat (1994), are shown in Table 2-1. 
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Table 2-1   Coal sample origin 

Mine Coal 
Seam Coalfield 

Nominal sizes tested 
Specimen diameter (mm) 

25 50 100 200 300 

Arnot No 2 Witbank X X X X X 

Bank No 2 Witbank X X  X X 

Blinkpan No 2 Witbank X X X X X 

Delmas* No 2 Witbank X X X   

Delmas (2)* No 2 Witbank X X X X X 

Goedehoop No 2 Witbank X X X X  

Greenside No 2 Witbank X X X X X 

Khutala No 2 Witbank X X X X X 

Kriel No 4 Highveld X X X X X 

Secunda 4 Lower Highveld X X X X X 

Sigma No 2A Vaal Basin X X X  X 

Zululand Anthracite 

(ZAC) 

Main Vryheid X X X   

*The two Delmas samples were tested in different laboratories under different conditions. 

The full details of the tests, as obtained from Madden and Canbulat (1994), are contained in 
Appendix 2. 

2.2.2 Characteristics of the results 

The individual results all displayed linear relationships between the strength of the groups and 
the w/h ratio. As an example, the results for Kriel are shown in Figure 2—1. The equations of 
the relationships between the strength and the width-to height ratio for different specimen sizes, 
with the corresponding correlation coefficients, are also indicated in this figure. 

The figure illustrates the trends which are apparent for the results from the other mines as well, 
namely: 

i. that the relationship between strength and width-to height ratio is linear; 

ii. the strength increases for increasing width-to height ratio; 

iii. and the strength decreases for increasing size of specimens.  

These trends were well known from great numbers of tests that had been done in several 
countries. 
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Figure 2—1 Results of the strength tests for Kriel, showing the relationships between 
strength and w/h for different sizes 

Figure 2—2 shows the relationship between strength, w/h and specimen size for all the tests. In 
the figure, the diameters of the circles are proportional to the strength of the samples. It can be 
seen that the strength decreases for increasing specimen size, that it increases for increasing 
width-to height ratio, and that for constant width-to height ratio the strength decreases with 
increasing specimen size. However, it is important to bear in mind at this stage that all the 
results shown are for laboratory scale samples, not exceeding 300 mm in diameter. 
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Figure 2—2 Strength, indicated by the diameters of the circles, as a function of 
specimen height and diameter 

2.3 Method of analysis 

It has now been shown that the strength correlates linearly with w/h and that the strength overall 
decreases with increasing size. The generic expression for strength σ  with constant size is: 

C
h

w
m +






=σ  [2-1] 

where m is the slope of the line and C is the intercept with the strength axis. It was then 
attempted to find trends for m and C with variation of size. 

2.4 Variation of slope with size 

Figure 2—3 shows the plot of variation of m with variation in size. Visually, there appears to be a 
trend for decreasing m with increasing size. However, further analyses failed to reveal a 
satisfactory trend, as shown by the low correlation coefficients using different attempts  
(Figure 2—4). 
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Figure 2—3 Plot of slope against variation in specimen size 

 

 

Figure 2—4 Correlation coefficients for different attempts to correlate slope of strength 
versus w/h with specimen size 

A series of CHI-tests was also performed on the slopes of the strength of the different 
specimens versus w/h to determine the independence of the groups. It was found that the data 
could not be described as “unique” for the different specimens.  
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It can therefore be concluded that the slopes, at least, are independent of specimen size and 
also that they cannot be considered unique for the different mines from which the samples were 
collected. 

2.5 Variation of intercept with size. 

The intercepts of the strength versus w/h were analysed in the same manner as the slopes. 
Figure 2—5 shows the intercepts plotted against variation in specimen size. 
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Figure 2—5 Variation of the intercept of the strength versus w/h relationships, with 
variation in specimen size 

For the intercepts, high correlations were found for exponential relationships with increasing 
specimen size, as shown in Figure 2—6. The relationships had the generic form: 

KSizeAeC =  [2-2] 
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Figure 2—6 Correlation coefficients for intercept of strength versus w/h with specimen 
size 

The data were also subjected to a series of CHI-tests, and it was found that although the data 
sets could be described as predominantly unique, there were similarities in some cases. Figure 
2—7 shows the results of the CHI-tests; the higher the histograms for the various mines, the 
greater the similarities between the data sets. 

 

Figure 2—7 Graphical representation of the results of the CHI-tests, indicating that the 
data sets can predominantly be described as “unique” 

From these tests it was concluded that the intercepts of the strength versus w/h relationships 
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correlate exponentially with variation in specimen size and that the correlations can be 
described as unique for the different areas, while some similarities are evident. 

Table 2-2 lists the A and K constants, as contained in the generic Equation [2-2], for the 
different areas. 

Table 2-2   Values of the constants in the exponential relationships between intercept 
and size for the different specimens 

Mine A K 

Arnot 43.611000 -0.003000 

Bank 46.641000 -0.004600 

Blinkpan 35.071000 -0.004200 

Delmas 25.947000 -0.001200 

Delmas (2) 50.446000 -0.003500 

Goedehoop  40.359000 -0.007600 

Greenside 35.043000 -0.003100 

Khutala 40.421000 -0.002300 

Kriel 41.714000 -0.007600 

Secunda 31.836000 -0.004000 

Sigma 38.250000 -0.010500 

ZAC 63.754000 -0.009000 

2.5.1 Investigation into the effect of size on strength 

As the relationships between intercept and size are exponential, it is clear that there will be a 
certain size beyond which any further increase in size will have an insignificant effect on the 
value of the intercept. It has already been shown that the slope of the strength relationship is 
independent of size. Thus, beyond a certain size, there will be insignificant decreases in 
strength with further increases in size of the specimens. In other words, the size effect on 
strength will cease to be important beyond a certain size. 

The slope of the relationship between intercept and size is the first derivative of Equation [2-2], 
which is: 
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KxKAe
dx

dC
=  [2-3] 

where x is the size (or diameter) of the specimens. Choosing a small value for the slope, 1x10-4, 
Equation [3-3] can be transformed as follows to allow calculation of the “critical size” at which 
this small slope is reached for each of the specimens: 

K

AK
x









=

00010,
ln

 
[2-4] 

Table 2-3 lists the “critical sizes” for the specimens from the different mines, sorted in order of 
the smallest to the largest. 

Table 2-3   “Critical sizes” for the different specimens 

Specimen “Critical Size” 
(mm) 

Sigma 790 

ZAC 962 

Goedehoop  1056 

Kriel 1061 

Bank 1668 

Blinkpan 1737 

Secunda 1787 

Delmas (2) 2136 

Greenside 2255 

Arnot 2392 

Khutala 2972 

Delmas 4784 

The average “critical size” of all the samples is 1967 mm. If the outlier, Delmas, is excluded, the 
average size is 1 710 mm. It is significant that Bieniawski (1968) concluded that beyond a size 
of approximately 1 500 mm, size will cease to play a role in the strength of coal pillars. While a 
direct comparison should not be made due to the fact that Bieniawski based his conclusion on 
in situ tests of large coal specimens on one mine, it remains significant that the projection made 
with Equation [3-3] yields sizes that are of the same order as Bieniawski’s conclusion. 

The main reason for the decrease in strength with increasing size is the fact that as the 
specimens increase in size, more discontinuities are present in the test samples. It can then be 
concluded that the specimens with the greatest frequency of discontinuities will cease to display 
a size effect at a smaller size than samples with fewer discontinuities. Therefore, the 
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weaker samples will have smaller “critical sizes” than the stronger samples. 

Against this background, the relative order of the “critical sizes” for the different specimens is of 
major significance. It is well known that the Vaal Basin coal, represented by the Sigma sample 
and the anthracite at ZAC, are weaker than other coals in the country. Also, it has been 
observed that at mines like Khutala, the pillars display virtually no scaling at the same safety 
factors as elsewhere. The The results from Delmas should be viewed with caution as only three 
small sizes (25 mm, 60 mm and 100 mm) were available for testing.  

2.5.2 Calculation of intercepts for comparison 

The intercepts of the different coals can now be calculated at the average size beyond which 
the size effect no longer plays a role. The size of 1967 mm was chosen for this purpose. The 
results are shown in Table 2-4. 

Table 2-4   Intercepts at 1967 mm size for the different specimens 

Specimen Intercept 
(kPa) 

Sigma 0.000041 

ZAC 0.001307 

Goedehoop 0.012989 

Kriel 0.013425 

Bank 5.485100 

Blinkpan 9.058738 

Secunda 12.186795 

Delmas (2) 51.632883 

Greenside 78.777794 

Arnot 119.350518 

Khutala 438.344325 

Delmas 2448.941759 

For ease of comparison, the results are also shown graphically in Figure 2—8. Owing to the 
great spread of intercept magnitudes, the “intercept” scale in the figure is logarithmic. 

It is a tempting idea to use the data now generated to calculate predicted “strengths” for the 
different coals. However, that should not be attempted, for the following reasons: 

• Such a calculation could only be done by incorporating the slopes of the strength versus 
width-to height ratio relationships. The slopes have been shown not to correlate with size 
and not to be unique. This would therefore place too much emphasis on the factors that 
preclude the use of laboratory results to predict full-scale pillar strength into the 
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development of a basis for differentiation between the coals from different areas. 

• The magnitudes of the strengths would be seen to be of the same order as the strength 
used in the empirical strength formulae and they could therefore be misinterpreted, with 
possibly dangerous consequences. 

• The test specimens were circular while the real coal pillars are square or rectangular. 

• The loading rates are vastly different. A laboratory test is completed in a matter of hours or 
minutes, while it takes days to weeks for a coal pillar to develop full load. 

• The laboratory environment is controlled while the underground environment varies. 

• The contact conditions between the pillar (or specimen) and the loading system are vastly 
different. In the laboratory they are constant, while underground they are highly variable. 
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Figure 2—8 The intercepts of the different coals at the average size beyond which size 
no longer plays a role 
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2.6 Conclusions 

The strength of a coal specimen increases linearly with increasing width-to-height ratio and 
decreases exponentially with increasing size of specimen. However, beyond a diameter of 
approximately 2 m, the size effect is insignificant. For larger specimens, the width-to-height ratio 
continues to influence the strength. 

The slope of the strength vs. width-to-height ratio relationship is independent of the size of the 
specimen and is not unique to coals from different mines. However, the intercept of that 
relationship is unique and is a function of specimen size, up to a diameter of approximately 2 m. 
This offers a method to distinguish between the coals from different mining areas and coal 
seams. 

Ranked from weakest to strongest, the samples tested from the different mines are in the order 
shown below, which corresponds to the judgement of practising rock engineers in the field. It is 
suggested that the following classification be used for further empirical analyses to determine 
area- or seam-specific coal strength and strength decay characteristics: 

Weak Coal Average Coal Strong Coal 
Sigma Goedehoop Khutala 
ZAC Kriel Delmas 

 Bank  
 Blinkpan  
 Secunda  
 Greenside Arnot  
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3.0 Analysis of cases of failed pillars in South Africa 
according to the updated database 

3.1 Introduction 

Since 1967, the South African coal mining industry has been served well by the coal pillar 
design method of Salamon and Munro (1967). The formula was created in the aftermath of the 
Coalbrook Colliery pillar collapse disaster in 1960. Since the introduction of the formula, there 
has been no repetition of a collapse of that magnitude, although there was at least one close 
call when workers had time to evacuate a collapsing area at the Springlake Colliery in 2001. 

The Salamon-Munro formula was derived empirically, making use of two databases; one for 
cases of failed pillars and one for stable cases. The empirical approach may be faulted for its 
lack of explanation of all the factors that impact on pillar stability, but in a complex and variable 
environment such as coal mining it has no practical equal.  

In 1965, Salamon and Munro approved 27 cases of failed pillars for inclusion in the failed 
database. Since that time, additional failures have occurred. An additional 17 were identified by 
Madden (1995), who re-analysed the data and found a formula that was different from the 
original Salamon-Munro one, but not sufficiently different to warrant changing what had become 
a national design method. 

Since 1995, still more failures have occurred and some earlier ones that had not been reported, 
became known. There are currently over 70 cases of pillar collapse that are available for 
inclusion in the database, although not all may have sufficient or reliable data. 

Since it had been shown that there are distinct differences in the strength of coal pillars in some 
areas of South Africa, this report proposes the splitting of the database of failed pillars into  
“weak” and “normal” sections in terms of strength. The “normal” section was re-analysed using 
the statistical procedure that results in the maximum separation of the “failed” and “stable” 
databases. The resulting pillar strength formula is linear with respect to the width-to-height ratio, 
corresponding to recent laboratory tests, and the full size formula that was proposed by 
Bieniawski (1968). 

3.2 The database 

In performing empirical analyses, the database is of critical importance. The data for failed 
cases that was used for this investigation was based on the correlation of the Salamon-Munro 
formula with the addition of selected post 1965 failures and the elimination of collapses from the 
“weak coal” areas. The database for intact pillars was that of Salamon an Munro without any 
changes. 

3.2.1 The “weak coal” areas 

It is well known that there are areas in the country where the coal is distinctly weaker than 
elsewhere, even if the reduced strength cannot be quantified in all cases. The Vaal Basin is one 
for which the reduced strength has been quantified (Van der Merwe, 1993). A method to 
distinguish between different coal samples based on laboratory strength was developed by  
Van der Merwe (2001), and confirmed that the Vaal Basin coal is significantly weaker than coal 
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elsewhere. The anthracite from Zululand Anthracite Colliery also fell into the weak class. Figure 
3—1 shows the safety factors for all failed cases as a function of time. From that, it is seen that 
the Vaal Basin and Klip River Coalfield exhibit similar patterns, namely failures at high safety 
factors in a relatively short time, while the rest of the failures all tend to form a unified, if spread, 
group.       
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Figure 3—1 Failures shown as function of safety factor and time, for the different coal 
fields 

For this reason, the decision was taken to exclude all the Vaal Basin and Klip River failures from 
the database.  

3.2.2 Addition of new failures 

The original Salamon-Munro database consisted of 27 cases of failed panels, including three 
from the Vaal Basin which were excluded from the new database. Madden (1995) identified a 
further 17 failures, including two from the Vaal Basin, which were likewise not added to the new 
database.  

Since 1995, a further 28 failures have become known. Some occurred after 1995 while others 
had occurred earlier but had not been reported, as there were no losses associated with the 
failures. Of these, eight were from the Vaal Basin and five from the Klip River coal field. The 
remaining 15 were added to the database.  

The database containing the 54 cases of failed panels, and used for the analysis, is recorded in 
Appendix 1. Figure 3—2 shows the number of cases from the different coal fields. Table 1 lists 
the limits of the important parameters that are contained in the database of failed pillars. 
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Table 3-1   Limits of mining depth, pillar width, bord width, mining height and width-to-
height ratio that are contained in the database of failed pillars 

 Depth (m) Pillar width 
(m) 

Bord width 
(m) 

Mining 
height (m) 

Width-to-
height 

Maximum 205.0 17.0 8.5 6.2 3.8 

Minimum 21.0 3.2 5.0 1.4 0.9 

Average 65.7 6.7 6.4 3.7 1.9 

Standard 
deviation 

47.2 3.7 0.8 1.4 0.8 
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Figure 3—2 Distribution of the failed cases 

3.2.3 The intact database 

The database of intact cases used in this study was the original one created by Salamon and 
Munro (1967). No additions or subtractions were performed. 

Table 3-2 lists the limits of the important parameters that are contained in the database of intact 
pillars. 
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Table 3-2   Limits of mining depth, pillar width, bord width, mining height and width-to-
height ratio that are contained in the database of intact pillars 

 Depth (m) Pillar width 
(m) 

Bord width 
(m) 

Mining 
height (m) 

Width-to-
height 

Maximum 219.5 21.7 7.6 5.2 8.8 

Minimum 19.8 2.7 3.7 1.2 1.2 

Average 82.7 9.1 6.0 2.8 3.7 

Standard 
deviation 

43.0 3.7 0.5 1.1 1.8 

3.3 Method of analysis 

For the analysis, it was postulated that in order to be optimally successful, the formula that is 
used should result in the greatest possible separation of the databases of failed and intact pillar 
cases. The technique that was used is based on the technique to predict probabilities of failure 
using the distributions of demand and capacity of a system.  

The technique, described by Harr (1987), essentially entails calculating the area of overlap 
between two distributions. In this case, the one distribution was the distribution of failed pillar 
cases and the other was the distribution of stable pillars. The perfect formula would result in no 
overlap between these distributions. While perfection is not yet possible, the formula can be 
optimised by minimising the overlap area, see Figure 3—3. 

It is common cause that the strength of a pillar is a function of its width-to-height ratio (w/h) and 
a constant representing the strength of the coal material, the most common notion of the latter 
being that it is the strength of a cubic block of coal with dimensions of a metre. 

Then,  

βασ hkw=  [3-1] 

Where k = constant representing the strength of the coal material 

 w = pillar width 

 h = pillar height 

 α, β  = constants. 

In the Salamon-Munro formula, k = 7.17 MPa, α = 0.46 and β = -0.66. 
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Figure 3—3 Concept of separating the distributions of failed and stable pillars 

The method that was used was to vary α  and β  from 0.2 to 2.0 in increments of 0.2. For each 
combination, the safety factors of the cases in both the failed and intact pillars were calculated. 
This resulted in 100 data sets of safety factors for each of the failed and intact pillar databases. 
Then, the overlap area between the failed and intact distributions for each set of data was 
calculated. This calculation was then compared to the overlap area using the Salamon – Munro 
formula. 

At this stage, it should be noted that the k-constant does not influence the overlap area, as 
changing it merely has the effect of shifting both the intact and the failed distributions by the 
same amount.  

3.3.1 Optimising α and β 

The results of the investigation are shown in Figure 3—4. The Figure shows contours of the 
percentage reduction of the overlap area between the failed and intact pillar databases for using 
different values of α and β, using the Salamon-Munro values as a basis for comparison. 

It is seen that the best improvement can be obtained by using values of 1.15 and 1.2 for α and β 
respectively. Using these values will result in a 23 per cent reduction of the overlap area 
between the databases of failed and intact pillar cases. 
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Figure 3—4 Contours of the reduction of overlap area between the data sets of failed 
and intact pillars for a variation of α and β 

However, as was seen on numerous previous occasions, including the analysis of Van der 
Merwe (2001) and the work of Bieniawski (1968), there is a linear relationship between the 
strength of a coal specimen and the w/h ratio. It was therefore assumed for the rest of the 
investigation that the relationship should be linear, i.e. α = β = 1.0. This combination results in a 
22 per cent reduction of the overlap area. 

The normalised distribution of safety factors of the data sets of failed and intact pillars using the 
Salamon-Munro constants is shown in Figure 3—5. Figure 3—6 shows the same distributions, 
for the case where the linear constants are used. Visual comparison of the two figures also 
shows the reduction of the overlap area for the case where a linear relationship is used. 
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Figure 3—5 Distribution of the normalised failed and intact pillar data sets showing the 
overlap area using the Salamon-Munro constants 

 

 

Figure 3—6 Distribution of the normalised failed and intact pillar data sets showing the 
overlap area using the linear constants 
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3.3.2 Matching k to α and β 

The constants k, α and β are interdependant and consequently changing. For this reason the 
others need to be changed. For this part of the investigation, it was decided to adhere to the 
accepted norm that at a safety factor of 1.0, the probability of having a stable lay-out should be 
0.5. The probability of having a stable lay-out from the point of view of the collapsed pillars, is 
given by the cumulative normalised distribution of the population of failed pillars. 

Once α and β have been fixed, the corresponding value of k can be found by adjusting it until 
the safety factor of 1.0 results in a probability of having a stable lay-out of 0.5 (or 50 per cent). 

Using the previous database, i.e. the one created by Salamon and Munro (1967), this was 
achieved. However, using the extended database, it was seen that the Salamon-Munro k−value 
required adjustment to conform to the requirement. It was found that the k-value should be 
reduced to 6.5 MPa from the previously used 7.17 MPa. 

It was also found that for the linear relationship, the value of k should be 3.5 MPa, see Figure 
3—7. With k = 3.5 the probability of having a stable lay-out at a safety factor of 1 is 
approximately 0.5 or 50 per cent. The figure also shows that without adjusting the Salamon-
Munro constant to 6.5 MPa, the probability of having a stable lay-out at a safety factor of 1.0 is 
only about 0.3 or 30 per cent. With the adjustment, the probability of having a stable lay-out is 
approximately 50 per cent. 
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Figure 3—7 Probability of having a stable lay-out as a function of safety factor for 
different constants 
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3.3.3 Proposed new formula for strength 

It is proposed that a linear formula be used, as follows: 

h

w
53,=σ  [3-2] 

This is slightly different from the version proposed by Van der Merwe (1999), which was: 

750

80

054
,

,

,
h

w
=σ  [3-3] 

Equation [3-3] was derived using a different database for failed cases, one that did not include 
the failures that occurred after 1995. Using values for α and β  of 0.75 and 0.8 respectively is 
close to a linear relationship anyway. Figure 3—8 shows pillar strength as a function of the w/h 
ratio for a number of formulae. 
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Figure 3—8 Comparison of predicted pillar strength, using various pillar strength 
formulae. For the comparison, the pillar width was varied while the mining height was 

constant 

3.4 Power versus linear format 

Much has been argued about the format of the strength prediction formula. In South Africa, the 
power form has been preferred, while in the USA the linear form appears to be more popular. 
Both have been proposed for Australia, Galvin et al (1999). 
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There appears to be general consensus that the strength of a pillar is a function of the material 
strength, represented by the symbol k, the pillar width, w and the pillar height h. 

The generic form for most strength formulae is given by Equation [3-1], repeated here: 

βασ hkw=   

The difference in form between the different formulae is the difference between the magnitudes 
of α and β.  

In the linear formula,  

α = 1 

β = -1 

According to Salamon-Munro (1967), 

α = 0.46 

β = -0.66. 

Note that in the strictest sense of the word, both forms account only for differences in the 
shapes of pillars, and not for volume. It has been argued that the power formula does account 
for volume. However, strictly speaking, it only accounts for volume provided that the pillar shape 
is not such that: 

w = h1.43  

For all cases where w = h1.43, the Salamon and Munro (1967) formula will predict exactly the 
same strength, irrespective of pillar volume. 

The same argument is valid for the linear format, with different numbers. For a linear formula, it 
can be stated that it does account for volume for all cases except if the pillar shape is such that  

w = h1 

Either formula can be written in a form that creates the impression that it does account for 
volume, as set out below. 

For the Salamon-Munro power formula, after Salamon (1992): 

0667,0

59,0

17,7
V

h

w








=σ  
[3-4] 

The equivalent containing a term for volume in the case of the linear formula can be expressed 
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as: 

5,1

5,0

5,3
h

V
=σ  [3-5] 

However, the volume consideration does not have significant effect in practice, as it has been 
shown several times, for instance by Bieniawski (1968), Peng (1992) and Van der Merwe 
(2001), that beyond a pillar size of 1.5 m to 2 m the size (or volume) effect becomes 
insignificant. Real mine pillars mostly have dimensions of several metres and, consequently, the 
volume effect on pillar strength for real mine pillars can be ignored. 

The Salamon-Munro power formula has values for α and β  that are both smaller than unity in 
absolute terms. It is an inherent characteristic of such an equation that the increase in strength 
diminishes with increasing w/h. There is ample evidence, for instance Madden (1991), of the 
opposite: namely that the strength increase should be ever greater with increasing w/h.  

This is rectified in the case of the Salamon-Munro formula by allowing the so-called “squat” 
formula (Madden 1991) to become effective at a width-to-height of 5. According to Madden 
(1991), this critical w/h was based on judgement and is conservative. The only measurable 
parameter at the time was that no pillar with w/h>2.74 had been known to have failed, and so a 
critical value of 5. was used. 

The use of a linear formula obviates the need to change from for one formula to another and the 
lack of a sound scientific basis for the change-over point from one formula to the next. 

The linear formula is also in accordance with laboratory tests and with large-scale in situ tests, 
van Heerden (1975). 

Using laboratory tests, Madden showed that beyond a certain w/h ratio, the strength increase 
accelerated with further increases in w/h. FDor this reason, Madden considered it inconsistent 
to ignore the linear relationship, also proven by hundreds of laboratory tests, at smaller w/h. 

3.4.1 Alternative linear forms 

The form of the linear relationship that is most often used is: 

( ) 



 −+=

h

w
rrk 1σ  [3-6] 

where r is a dimensionless constant. Bieniawski (1992) used values of 4.3 MPa and 0.64 for k 
and r respectively, Galvin et al. (1999) proposed 5.36 MPa and 0.64 for Australia and 5.6 MPa 
and 0.69 for South Africa. 

Using these values implies that the intercept on the strength axis of the strength versus width-
to-height plot (i.e. w/h = 0) should be between 2.75 and 3.86 MPa. Using laboratory results, Van 
der Merwe (2001) found that for most South African coals, the intercept should be smaller. He 
found the range to be between practically zero and 2.4 MPa. Of the twelve data sets, only one 
had an intercept value of greater than 0.5 MPa. 
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Nonetheless, the format shown in Equation [3-6] was investigated further and it was found that 
a better separation between the databases of failed and intact pillar cases was obtained for a 
value of r <0. Figure 3—9 shows the percentage improvement in the overlap area between the 
distributions of failed and intact cases for r between –1.5 and 0.8. It is seen that the overlap 
area reduction improves with negative values of r. 

However, the decrease in overlap area is not the only criterion. Figure 3—10 shows the 
probability of having a stable lay-out as a function of the safety factor for r = -1. The Figure 
indicates that to achieve the same probability of having a stable lay-out, pillars would have to be 
designed to higher safety factors. This negates the effects of the more efficient separation of the 
failed and intact case distributions.  
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Figure 3—9 Reduction in the overlap area for different r-values. Note that at r=0.64, as 
proposed by Bieniawski (1992), the overlap area is virtually the same as for the Salamon-

Munro formula (i.e. no improvement) 
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Figure 3—10 Probability of having a stable lay-out as a function of safety factor. Note that 
to achieve a 90 per cent probability of stability, the safety factor using the linear strength 

formula with r = -1 would have to be greater than 2, as opposed to approximately 1.6 
using the other formulae 

It is therefore recommended that r = 0 be used, which would result in the formula given as 
Equation [3-2]. 

3.5 Strength of the weaker coal 

The technique as outlined in Section 3.0 of this report cannot be used for the weaker coal areas 
using the same database for the intact pillars. It would be incorrect to compare a specific group 
of failures with the general intact database, which is more suited to the general situation. 

However, the technique using the two databases is limited to finding the optimum values for α 
and β. If the assumption is made that those values will be the same for the weaker coal area as 
for the general case, the procedure outlined in Section 3.2 can still be used to determine a 
suitable value for k.  The relationship between safety factor and probability of having a stable 
lay-out is shown in Figure 3—11. It was found that for the linear formula, k should be 1.5 MPa. 
For the power formula, which is used as the basis for comparison, k should be downgraded to 
3.7 MPa in order for a safety factor of 1 to coincide with a probability of stability of 0.5. 
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Figure 3—11   Safety factor vs probability of stability for the weaker coal areas, using 
k−values of 1.5 MPa and 3.7 MPa for the linear and power formulae respectively 

3.6 Implications for industry 

As shown in Figure 3—8, the linear formula predicts a higher strength for pillars with w/h greater 
than approximately 2.5 than does the power formula. Figure 3—12 shows the difference in 
percentage recovery for bord-and-pillar workings, assuming safety factors of 1.6 and 2.0 
respectively, for the depth range of 30 m to 200 m.  For this example, the mining height was 3 
m. At other mining heights, the numbers will be different although the trends will be the same. 
For the Salamon-Munro curves, the squat pillar formula was used where the width-to-height 
ratio of the pillars exceeded 5.0. 
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Figure 3—12 Comparison of recovery rates for a mining height of 3 m, at different depths 
and for safety factors of 2 and 1.6 

It is seen from the figure that industry will benefit if it uses the linear formula for cases where the 
depth exceeds approximately 40 m. Note that this benefit does not come at the cost of stability. 
As shown in Figure 3—7, the probability of having a stable lay-out for any given safety factor is 
for all practical purposes the same for the linear or the power formula. The price is paid at 
shallow depth, where the pillars will have to be larger for the linear formula than for the power 
formula of Salamon-Munro. 

If South Africa produces 100 Mt of coal per year using bord-and-pillar mining at an average 
depth of 100 m, mining height of 3 m and a safety factor of 1.6, the Salamon-Munro formula 
implies a percentage extraction of 58 per cent. This results in the sterilisation of 72 Mt per year. 
Using the new formula will improve utilisation to 63 per cent, which will decrease the sterilisation 
to 59 Mt and result in saving of reserves of approximately 14 Mt per year, which represents the 
total production of two large mines. 

3.7 Conclusions 

3.7.1 Format of strength formula. 

It has been shown that the separation between the populations of failed and stable pillar cases 
can be improved by 22 per cent by adopting a strength formula which is linear with respect to 
the width-to-height ratio of the pillars. It has also been shown that there are sufficiently 
significant differences between the groups of “weak” and “normal” coal to warrant separate 
analysis. 
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3.7.2 Optimum formula for “normal” coal 

For “normal” coal, making up the Witbank, South Rand, Utrecht, Springs-Witbank and Free 
State coal fields, the optimum strength formula is: 

h

w
53,=σ  [3-7] 

This category can perhaps later be sub divided to identify a “strong” coal group. 

3.7.3 Optimum formula for “weak” coal 

For “weak” coal, making up the Vaal Basin and Klip River coal fields, the optimum formula for 
strength is: 

h

w
51,=σ  [3-8] 

This formula is based on the important assumption that the values of α and β are the same for 
the “weak” and “normal” coal strength groups. 

3.7.4 Implications for stability 

It has been shown that using the linear formula results in the same probability of having a stable 
lay-out as using the power formula. There is therefore no increased risk when pillars are 
designed using the linear formula. The balance is obtained by the consideration that at smaller 
w/h, the linear formula predicts lower strength, and at higher w/h it predicts higher strength than 
the power formula does.  

3.7.5 Implications for industry 

It has been shown that at depths exceeding approximately 40 m, there will be a benefit with 
regard to the percentage extraction. At shallower depth, the percentage extraction will be less. 
The greater the depth, the greater the benefit and the higher the safety factor, the greater the 
benefit. This has important implications for cases where surface structures are to be 
undermined at higher safety factors. 

Implementing the new formula can result in annual savings of reserves amounting to the total 
production of two large mines per year. 
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4.0 Verification of the “new” strength formula through an 
underground experiment 

As part of the project, an underground experiment was conducted at Bosjesspruit Colliery, in 
Section 56. The aim of the project was to form pillars with relatively small safety factors (1.14 
using the Salamon - Munro formula), in order to verify the “new” strength formula introduced as 
part of the project (Section 3.0). This section summarises the results obtained from underground 
regarding the pillar stability. 

4.1 Section dimensions 

Initial Dimensions: The following dimensions were used in the beginning of the panel. 

Depth below surface (H) 182.2 m 

Number of pillars in a row 5 

Mining height (h): 2.86 m 

Bord width (b): 7.2 m 

Pillar width (w): 16.8 x 20.8 m (weff = 18.6 m) 

Centre distance (C): 24 x 28 m 

Width-to-height ratio (w/h): 5.9 

Panel width (W): 147.2 m 

Pillar load (L): 8.76 MPa 

Safety factor (Salamon and Munro) 1.58 

Safety factor (Squat): 1.64 

Safety factor (“new” formula): 3.59 

Extraction ratio (e) 48% 

Reduced Dimensions: As the mining took place towards the end of the panel, the layout was 
changed, with pillar dimensions reduced to 13.8 m x 13.8 m in order to obtain the safety factor 
of 1.6 using the “new” formula, Figure 4—1. This resulted in the following pillar load and safety 
factors: 

Panel width 154.2 m 

Number of pillars in a row 7 

Bord width (b) 7.2 m 

Pillar load 10.55 MPa 

Extraction ratio (e) 57% 

Safety factor (Salamon and Munro) 1.14 

Safety factor (Squat) Not applicable (w/h < 5.0) 

Safety factor (“new” formula) 1.6 

Note that the panel width was slightly greater than the initial panel width, as the number of 
pillars in the panel was increased.  
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Final Dimensions: Owing to immediate scaling of pillars, which created the risk of injuries 
through sidewall failures, the pillar dimensions were increased to 13.8 x 16.8, which resulted in 
the following pillar load and safety factors: 

Panel width 154.2 m 

Pillar load 9.90 MPa 

Extraction ratio (e) (%) 54% 

Safety factor (Salamon and Munro) 1.27 

Safety factor (Squat) Not applicable (w/h < 5.0) 

Safety factor (“new” formula) 1.88 

Note: Load is calculated using the Tributary Area Theory (TAT) and adjustments for the 
continuous miner were not applied in the safety factor calculations.  

As can be seen from the above calculations the “new” formula always resulted in greater safety 
factors than those calculated according to the Salamon - Munro formula. It is also important to 
note that in all the above layouts, the panel width was less than the depth below surface. This is 
not the best scenario in which to evaluate the “new” strength formula. In the literature review 
(Section 1.0) it was indicated that the Tributary Area Theory (TAT) is only applicable where the 
panel width is at least equal to the depth below surface. The implication of this is that safety 
factor values estimated using TAT above are under estimated, meaning that, in reality, the 
pillars probably carried less load than that calculated with the use of TAT. \ 

The dimensions and the layout of the panel are illustrated in Figure 4—1.  

 



 
59 

28 m

24
 m

21 m

21
 m

21 m

24
 m

U
nm

in
ed

 g
ro

un
d U

nm
ined ground

Overall mining direction

Secondary pillar
extraction line

20.8 m

16
.8

 m
13

.8
 m 7.2 m

16
.8

 m

28 m

24
 m

21 m

21
 m

21 m

24
 m

21 m

24
 m

U
nm

in
ed

 g
ro

un
d U

nm
ined ground

Overall mining direction

Secondary pillar
extraction line

20.8 m

16
.8

 m
13

.8
 m 7.2 m

16
.8

 m

 

Figure 4—1 Panel layout at Bosjesspruit Colliery 

4.2 Visual observations 

Although the section with the smaller pillars was visited by the research team daily, the 
underground visual observations can be divided into four categories: 

1. Start of the panel 

2. After the completion of the second split 

3. After pillar extraction 

4. After the first goaf 



 
60 

Start of the panel 

Detailed visual observations were conducted at the start of the panel. The conditions were 
generally excellent. There was no sidewall or corner scaling or fracturing. Petroscope holes 
indicated that the fracturing in the corners was confined to the skin. The photograph taken 
during the first stage of observations is presented in Figure 4—2. The safety factor of those 
pillars in photographs was 1.14 (using Salamon and Munro). These photographs show no 
scaling during the first stage of development. 

After the completion of the second split 

The condition of some of the selected in pillars in the panel at this stage is shown in  
Figure 4—3. As can be seen from the figure the fracturing in the corners of some pillars was 
greater than standard practice in South African collieries. The safety factor of those pillars was 
still 1.14 using the Salamon - Munro formula, and 1.6 with the “new” formula. 

After pillar extraction 

The condition of the panel after the pillar extraction is shown in Figure 4—4. As can be seen 
there was excessive corner and sidewall fracturing in the pillars. The safety factor of the pillars, 
shown in the photos, was 1.09. The load acting on the pillars was calculated using numerical 
modelling (Section 4.5). 

After the first goaf 

Although the most severe fracturing into the pillars took place during this stage of mining, the 
stability of the pillars was still acceptable in the section. A representative photo of the conditions 
is shown in Figure 4—5 

The safety factor of the pillars shown in the photographs was 0.73, which is significantly lower 
than industry-accepted standards. Nevertheless the pillars were stable and it was safe to walk in 
the panel.  
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Figure 4—2 Experimental panel stage: start of the panel, small pillars 
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Figure 4—3 Experimental panel stage: after the completion of the second split, small 
pillars 
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Figure 4—4 Experimental panel stage: after pillar extraction, small pillars 
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Figure 4—5 Experimental panel stage: after the first goaf, small pillars 

Although the section was visited almost daily to take the readings from the various instruments, 
the research team visited the section after the third split was completed with 21 m centres, to 
conduct visual observations. The results can be summarised as follows: 

• There was a slight scaling on the sidewalls (skin) of the pillars. The amount of scaling was 
greater than that of the 24 m x 28 m pillars in the same panel. This larger amount of scaling 
can only be explained by the size of the pillars. This scaling, however, did not affect the 
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overall pillar stability. 

• However, sidewall (skin) scaling should be considered as a safety risk to the underground 
work force in the section. 

4.3 Sonic probe extensometer results 

The sonic probe extensometer system is a sophisticated electronic device. It generates a pulse 
that travels at the speed of sound, and is able to accurately (+ 1 mm) determine the distance 
between magnetic fields, set up by magnets, which are integral to the extensometer anchors. 

The cylindrical magnetic anchors are locked in place at predetermined locations in a borehole 
and have a plastic tube inserted through their centres. This tube acts as a guide for a flexible 
probe that is then inserted through the entire string of anchors. The readout unit is connected to 
the probe and the distances between the magnetic fields are individually displayed and 
manually recorded.  

By taking sets of readings over a period of time, any displacements occurring within the rock 
mass can be determined. Up to 21 anchors can be installed in one hole. In this way very 
detailed information is provided about the amount and location of deformation in the strata. 

This investigation requires very detailed measurements of pillar and roof behaviour. A sonic 
probe extensometer was therefore used to obtain the data. 

While a total of five sonic probe extensometer holes were instrumented into the pillars, one hole 
was drilled and instrumented into the roof. The position of those holes is shown in Figure 4—6.  

Hole No 2, Roof

Hole No 1, Pillar

Hole No 3, Pillar

Hole No 4, Pillar

Hole No 5, Pillar

Hole No 6, Pillar

Hole No 2, Roof

Hole No 1, Pillar

Hole No 3, Pillar

Hole No 4, Pillar

Hole No 5, Pillar

Hole No 6, Pillar

 

Figure 4—6 Position of sonic probe instrumentation hole in the experiment site 

The results from No 5 hole fluctuated for an unknown reason; therefore, this hole was excluded 
from the analyses.  
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The results obtained from the pillars and the roof during the monitoring period are presented in 
Figures 4-7 to 4-11.     
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Figure 4—7 Results from sonic probe, hole No 1 (centre pillar) 
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Figure 4—8 Results from sonic probe, hole No 2 (roof) 
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Figure 4—9 Results from sonic probe, hole No 3 (centre pillar) 
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Figure 4—10 Results from sonic probe, hole No 4 (centre pillar) 
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Figure 4—11 Results from sonic probe, hole No 6 (centre pillar) 
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It should be noted that the secondary pillar extraction took place after 5 May 2003 from the first 
line of 24 m x 28 m pillars. It can clearly be seen from hole No 1 (Figure 4—7) and hole No 2 
(Figure 4—9) that the fracturing into the pillars increased significantly after the commencement 
of pillar extraction. The first goaf occurred between 5 May 2003 and 15 May 2003, which also 
increased the stress on the pillars, especially No 1 pillar (Figure 4—7). Although the first two 
rows of 13.8 m x 13.8 m pillars were effected from pillar extraction the other sonic probe 
extensometers did not record significant fracturing due to pillar extraction and the goaf. 

No 2 hole, which was drilled into the roof, did not show any deformations in the roof. This may 
be due to a roof beam thicker than 7 m moving as a unit to load the pillars. Whatever the reason 
is, there was no bed separation in the first 7 m of roof.  

4.4 Petroscope monitoring 

Petroscopic monitoring was also conducted after the development of the first row of small 
pillars, mainly in the corners of the pillars. The results of initial monitoring from the first two rows 
of 13.8x13.8 m pillars showed that the fracturing in the corners was limited to the skin of the 
pillars (approximately 0.1 m to 0.2 m into the pillars on average). However, as mining 
progressed, the fracturing in the corners increased significantly and caused the petroscope 
holes to collapse (in certain areas, the scaling was 1.0 m into the pillars). Therefore, the results 
from the petroscope monitoring were not included in the analyses.  

4.5 Numerical modelling to calculate the load 

Modelling is undertaken using the LAMODEL boundary element code. This code has been 
designed specifically for coal mining applications and, in particular, for modelling of stresses and 
displacements in irregular layouts. The overburden is treated as an evenly spaced stack of 
frictionless laminations. The thickness of these laminations (combined with the overburden 
modulus) controls the flexural rigidity of the overburden. The seam is treated as a series of 
elastic springs corresponding to the solid ground within the seam. 

4.5.1 Model descriptions 

Figure 4—12 illustrates the layout used in the numerical modelling. Note that since it was an 
isolated panel, no symmetry was applied at the edges of the model.  

Because of limitations of LAMODEL the following pillar widths were adopted in the models: 

• Large pillars 17 m x 21 m 

• Small pillars 14 m x 14 m 

• Bord width 7 m. 
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Figure 4—12 Layout used in numerical modelling (not scaled)  

The material properties for all models are as follows: 

Eoverburnden = 20 GPa 
νoverburden = 0.2 
Eseam  = 3.5 GPa 
νseam  = 0.3 

The overburden density and depth were 2500 kg/m3 and 182 m, respectively. The seam 
thickness was 2.86 m.  

4.5.2 Results 

From the borehole logs, supplied by the mine, it was obvious that the overburden was relatively 
stiff; consisting of thick sandstone and dolerite layers. Therefore, as a first step the effect of 
overburden stiffness was investigated using various lamination thicknesses, from 1 m to 100 m. 
The comparison between TAT and numerical modelling results for lamination thickness from 
1 m to 182 m is presented in Figure 4—13 for 14 m x 14 m and 17 m x 21 m pillar widths. This 
figure indicates that as the stiffness of the overburden increases the load acting on the centre 
pillar decreases. This variation is more pronounced in small pillar widths than with larger pillars. 
The percentage difference between the TAT and numerical modelling for the two pillar widths is 
also presented in Figure 4—14. As can be seen from this figure the variation for the maximum 
lamination thickness of 182 m (one single layer in the overburden without any lamination) is 
approximately 14 per cent. 

These figures clearly indicate that the load acting on the pillars in the panel was probably lower 
than calculated using TAT, which means the calculated safety factor was greater in a same 
percentage for various lamination thicknesses. It can therefore be concluded that this 
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experiment may not verify the new strength formula because of the narrow panel width and 
depth below surface. 
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Figure 4—13   Variation between Tributary Area Theory (TAT) and numerical modelling 
for various lamination thicknesses 
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Figure 4—14   The effect of overburden lamination on pillar loading 
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4.6 The effect of pillar extraction on loading 

The effect of the secondary (pillar) extraction that took place from the first row of 24x28 m pillars 
needed to be evaluated in order to determine the stress acting on pillars after partial pillar 
extraction. The aim of this modelling was to prove that the sudden fracturing, as shown in 
Figures 4.3 to 4.7, took place because of pillar extraction and not because of pillar normal 
loading conditions. 

The same layout as given in Figure 4—12 was used in the investigation, together with a 
lamination thickness of 50 m. 

The results indicated that the first-row pillar carried 9.5 MPa stress prior to pillar extraction. This 
stress level was increased to 10.9 MPa, and eventually it reached 16.5 MPa after the first goaf. 
The stress distribution on the first-row-centre pillar together with the TAT stress line is presented 
in Figure 4—15. 
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Figure 4—15   Stress increase due to pillar extraction 

This figure indicates that after the first goaf the stress acting on the first-row-centre pillar 
increased by 74 per cent, which could cause a sudden increase in fracturing depth into the 
pillar. The layout used in this investigation is presented in the following Figure 4-16. 
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Figure 4—16   Distribution of stress prior to pillar extraction, after completion of pillar 
extraction, and after the first goaf 
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5.0 Effect of time on stability of pillar and roof strength 

5.1 Introduction 

Mining excavations disturb pre-existing equilibrium in a rock mass. As a result, the stresses and 
displacements are redistributed, often with associated in situ fracturing. The passage of time 
has a considerable influence on the state of stress and strain in the ground and therefore 
fracturing clearly becomes a time-dependent process (Bieniawski, 1984). Elastic or elasto-
plastic analysis, however, implicitly assumes that redistribution in the disturbed rock mass will 
eventually stabilise, and that the time-dependence can be ignored. While this approach can be 
adequate in analysing a number of practical situations, there are many others where a 
quantification of the continuing deformation of the rock mass is important. The excavations, in 
particular those incorporating pillars as support, will inevitably deteriorate and collapse after 
some minutes or many years depending on factors such as the: 

• quality of reinforcement or support 

• span of the excavation 

• quality of the rock mass 

• strength of seam and surrounding rock mass 

• intensity, orientation, and type of jointing 

• extent of fracturing 

• presence of water and ground-water pressure 

• in situ stress state 

• depth of workings 

• pillar size 

• mining height 

• percentage of extraction 

• climatic conditions 

• chemical composition of coal, etc. 

Since pillar collapses seldom take place immediately after the pillars are formed, one can say 
that time-dependent deterioration of the pillars occurs. 

South African coal mines have been extracting coal using underground mining methods for 
more than a century. Although open cast mining has expanded considerably in the last decade, 
underground mining is still the primary method of extraction. The most common method of 
underground coal mining is the bord-and-pillar method. Prior to 1960, coal pillar design was 
based largely on local mining experience and some simple rules rather than sound engineering 
principles. The purpose was then to provide safe support during the life of the area to be 
extracted, in the case of production areas, and for the life of the mining operation (Madden and 
Hardman, 1992). Thus the pillars had to be large enough to provide access over the life of the 
operation but small enough so that the maximum extraction could be obtained. As a result, the 
coal pillars were formed without consideration of the long-term consequences of possible 
collapse, disruption to the surface topography, and other environmental disruptions. 

Currently, most South African bord-and-pillar workings are planned using a pillar design 
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methodology developed more than 30 years ago (Salamon and Munro, 1967), which has 
proved to be successful (Salamon and Wagner, 1985; Madden, 1991). While the aim of this 
design method is to produce stable workings Salamon recognised that some pillar failures 
would occur in the long term. Many years of mining have left vast areas with coal pillars to 
support the overburden and, hence, maintain the surface integrity. Nowadays, failure of coal 
pillar mining systems has become a major concern, not only in South Africa but also in many 
countries worldwide. 

5.2 Safety aspects of time-dependent pillar failure 

The effect of time on pillar strength is a critical factor in a stable pillar design. Through time, the 
unrecovered coal pillars, along with the roof, floor, and any man-made support weather and 
deteriorate. This gradual deterioration ultimately results in the failure of many portions of the 
mines. It is a fact that vast reserves are locked up in the pillars of old mines. As current 
uncomplicated reserves get depleted, the attention will shift towards re-opening those mines 
and extracting the pillars. However, a study into the decay of pillars by Van Vuuren and 
Esterhuizen (SIMRAC Project COL439, 1997) showed that there is an increasing trend in the 
rate of accidents brought about by falls of ground as the age of pillars being extracted increases 
(Figure 5—1). 

 

Figure 5—1 Relationship between accident rate in pillar extraction sections and age of 
workings (after Van Vuuren and Esterhuizen, 1993) 

The accident rate was relatively high where the mining was done mostly in the areas with pillars 
ranging between one and four years in age. It was also shown that accident rate does not relate 
to the factor of safety, but rather to the tons produced. The extraction of aged pillars is relatively 
hazardous, and safety can only be improved in these operations if the state of the pillars is 
quantified, with the appropriate information compiled, and the underlying processes of 
deterioration understood. 

Madden et al., (SIMRAC Project COL337, 1997), analysed the time interval between the 
beginning of mining and pillar collapse and noticed that about approximately 50 per cent of the 
collapse cases occurred in the first four years (Figure 5—2). However, a pillar collapse also 
occurred some 50 years after mining, and yet it was not possible to understand the mechanism 
that had resulted in the time-dependent deterioration of coal pillars. Madden and Hardman 
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(1992) and Madden et al. (SIMRAC Project COL337, 1997) attempted to study the relationship 
between the designed safety factor and the time interval between mining and collapse (Figure 
5—3) and found no apparent correlation. However, the importance of time was not ruled out, as 
the coal pillars standing for long periods of time have been observed to deteriorate at an 
unknown rate.  

As some pillars are designed with the intention of future extraction, the loss of strength over 
time could jeopardise the safety of the pillar extraction crew. Time is a controlling factor affecting 
the pillar strength and the relationship needs to be established for various mining and 
geotechnical conditions, as the extraction of suitable pillars standing for several decades will 
draw increasing consideration in the future. 

5.3 Research on pillar deterioration 

5.3.1 Safety factor - strength formula 

Increased South African research effort has (Van der Merwe, 1993) been spent on refining the 
Salamon - Munro strength formula, as the behaviour of pillars does not always accord with the 
expectations arising from the original work. Madden and Hardman (1992) mention that the 
analysis for the original strength formula was based on full sized pillars that had stood for some 
time before failing, tens of years in some cases. Therefore, the safety factor design formula is 
intended to indicate the stability of the pillars for the long term. However, Van der Merwe, 
(SIMRAC Project COL439, 1997) points out that the empirical safety factor formulae do not 
implicitly incorporate the time effects even though they were based on cases of some very old 
pillars. The formulae were based on the recorded cases of pillars that had failed. They are only 
valid for a small group of pillars out of the whole population that are likely to fail, quantifying their 
time of failure. It thus follows that they predict the minimum life of pillars. Van der Merwe further 
states that inclusion of the time effect should either guarantee permanent stability or it should 
have a method by which the time to failure can be predicted. He concludes that neither of these 
conditions is incorporated into any formula, and the current design methods do not make 
provision for the time effect. Therefore, the safety factor cannot be used to predict pillar life 
quantitatively. 
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Figure 5—2 Frequency versus number of collapsed pillars (after Madden et al.) 
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Figure 5—3 Design safety factor of failed pillars versus time interval (after Madden et al.) 

5.3.2 Modelling studies 

Fakhimi and Fairhurst (1994) indicated that the time to failure, known as the ‘stand up time’ 
phenomenon, should prescribe a complete description of the constitutive behaviour of a rock 
mass and should include some consideration of time-dependence or viscosity. They attempted 
to develop a mechanistic model of intact rock that incorporates time-dependent deterioration 
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of the rock strength for prediction of stand up time of rock structures. The peak friction angle 
(φp) and cohesion (Cp) are assumed to decay exponentially in their numerical uniaxial and 
triaxial tests. The results as shown in Figure 5—4a indicate that an initially stable sample 
deforms viscously with time, eventually becoming unstable and collapsing rapidly. Figure 5—4b 
shows the effect of the magnitude of axial stress on the time of collapse (i.e. the stand-up time) 
of the specimen. The greater the axial stress, the lower the stand up time. Their visco-elasto-
plastic constitutive model indicated a gradual loss of rock strength. Application of different axial 
pressures is shown in Figure 5—5 that is in qualitative agreement with the experimental results 
of Kranz et al. (Figure 5—6) which show also the influence of moisture content and temperature 
on granite. 

 

Figure 5—4 Phenomenon of creep rupture as predicted by numerical tests (after 
Fakhimi and Fairhurst, 1994) 
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Figure 5—5 Failure time as a function of applied load in the numerical biaxial exercise 
(after Fakhimi and Fairhurst, 1994) 
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Figure 5—6 Effect of axial load, rock temperature and water content on the time of creep 
rupture (after Kranz et al., 1982) 

5.3.3 Laboratory experiments 

Van Der Merwe (SIMRAC Project COL439, 1997) writes that the creep in rocks, which has been 
well described in principle, is one possible mechanism for time-related failure. Creep simply 
means slow rock deformation under the influence of a constant load. Depending on the 
magnitude of the load, this may or may not result in failure after a long period. There does not 
appear to be any immediately accessible data on the specifics of coal material creep 
characteristics. Other materials like rock salt, marble, slate, etc appear to be covered better. 
Pillar failure is one possible mechanisms of the failure of a bord-and-pillar mining system and, 
for pillar failure, creep is one of the mechanisms. Another possibility is weathering, the effects of 
which have often been described but almost never quantified. 

Kranz (1976) looked into crack growth in loaded specimens of granite and concluded that new 
cracks are developed continuously under the constant applied load. Kranz et al. (1982) 
examined the effect of temperature and water content on the static ‘fatigue’ of granite, using 
uniaxial compression tests. As depicted in Figure 5—6, the overall effect of increasing the 
temperature and water content at a given applied load was a weakening of the rock and 
reduction of the time to failure. 

Wawersik (1973) performed uniaxial tests where a constant load is applied to the test specimen 
for an extended time on rock under high deviatoric stress. It was shown that new cracks start to 
develop in the sample only when the applied stresses are above about 60 per cent of the 
uniaxial compressive strength (UCS) of the rock. Furthermore, any significant unloading of the 
specimen may suppress time-dependent crack generation. 

Deviatoric stress matrix is given by: 
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Hydrostatic component of stress matrix: 

3

I1
m =σ  [5-2] 

Where: 1I : First stress invariant ( zzyyxx1I σ+σ+σ= ) (Brady and Brown, 1985). 

Pillar failure can be controlled if the stress levels on the coal material could be kept at a lower 
value to ensure the inherent strength is not exceeded. 

5.3.4 Scaling studies 

There have been several attempts to relate pillar scaling to the long-term stability of pillars. 
Madden and Canbulat (1996) investigated the scaling rates that occurred during a 19-year 
period in three panels in a colliery making use of different mining methods.  

Pillar scaling was found to be continuous over the measured period and the observed rate of 
scaling, in terms of bord-width increase as shown in Figure 5—7, was not the same in all the 
sections. 

• Initial scaling of the drill and blast workings is rapid but reduces over time. 

• Deterioration of the continuous-miner-formed pillars commenced only after at least five 
years. 

• There is more deterioration of the drill-and-blast pillars than the continuous miner formed 
pillars. 

In all panels the increase in bord width suggested that fracturing was extending into the pillar 
with time.  

Van Vuuren and Esterhuizen (in SIMRAC project COL439, 1997) observed that the local 
geology and stress levels rather than the mining method dominated the general pillar 
conditions. Cases where no scaling was present were noticed in both drill-and-blast panels as 
well as continuous miner panels. Where moderate and severe scaling occurred it was 
irrespective of the original mining method.  

The difference in scaling rates was attributed to a number of factors including: 

• material properties; 

• skin stress; 

• discontinuities; and  

• environmental factors such as changing humidity, temperature and moisture content.  
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Figure 5—7 Bord-width measurements (after Madden and Canbulat, 1996) 

Estimates of time to failure were made by assuming a linear rate of scaling based on the 
increase in bord width. This implies that in all cases where such deterioration occurs the pillars 
will eventually collapse. When pillars scale pillar width decreases gradually and the safety factor 
of pillars decreases over time. They admit that the assumption of linear scaling rate is unproved 
and may be an accurate indicator of pillar life. In actuality, as the pillar scales the load on the 
skin of the intact side wall increases, hence an accelerated scaling rate may occur. 
Alternatively, a reduction in scaling rate due to the confinement of slabbed material may also 
occur. Van der Merwe (1998) observed that the rate of deterioration is not constant, but 
decreases exponentially with time (Figure 5—8). 

Madden and Hardman (1992) drew attention to the pillar-width-to-mining-height ratio of higher 
than 4 for long-term stability. This was based on the fact that no pillar collapse had been 
recorded with high width-to-height ratios. These authors concluded that pillar dimension should 
not be less than 5 m, as small pillars are more susceptible to the effects of weathering, weak 
bands and geological discontinuities such as slips and jointing. Van der Merwe’s (1998) studies, 
however, resulted in a better correlation between the mining height and the scaling rate and not 
width-to-height ratio. Figure 5—9 shows that there is more scaling in higher pillars and, 
therefore, faster pillar deterioration.  
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Figure 5—8 The relationship between time and scaling rate (after Van der Merwe, 1998) 
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Figure 5—9 The relationship between mining height and scaling rate (after Van der 
Merwe, 1998) 

5.3.5 Geological and structural factors 

Geological structures and regional characteristics have been highlighted by Madden and 
Canbulat (1996) as exerting important influence no the long-term stability of pillars with low 
factors of safety. Where there were numerous discontinuities in the pillars, pillar failure occurred 
shortly after mining, despite high safety factors and pillar-width-to-mining-height ratios. It was 
also disturbing that the collapses, which occurred within a few years of mining, usually involved 
a relatively large number of pillars. 

Madden et al. (SIMRAC Project COL337, 1997) in a survey of South African collieries identified 
a number of pillar collapses that could have been attributable to abnormal conditions in the 
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floor or roof (i.e. foundation failure) or in the seam itself. They highlighted some anomaly at the 
contact surfaces between the seam and the surrounding strata as contributing to the failure. 
The majority of the pillar collapses occurred in Salamon’s original empirical range and had a 
designed safety factor of less than 1.6. In eight cases the pillars stood for between 30 and 50 
years at designed safety factors of between 0.91 and 1.37 before failing.  

Emphasis was placed on the different geological conditions in various coalfields. Major 
discontinuities occurring in the coal seam in the Klip River Basin, for example, were considered 
the reason for several pillar collapses. These cases failed soon after mining, despite high 
factors of safety and high pillar-width-to-mining-height ratios. Other reasons for pillar collapse 
have been attributed to soft floors or cases where depths shallower than 40 m resulted in very 
small pillar widths. It was recommended that present pillar design procedure should be 
improved to take cognisance of different geological and structural factors, as well as the 
influence of the surrounding strata on long-term stability.  

Van Vuuren and Esterhuizen in Oberholzer et al. (1997) used a visual rating system which 
accounted for the depth of fracturing or scaling in order to derive a rate specifically for the pillar 
conditions. Pillar extraction sections yielded poorer rates with age. Near the goaf line, the older 
pillars were observed to scale more than the newer pillars with the same safety factors.  

5.3.6 Effect of pillar failure on subsidence 

Post-mining consequences of pillar collapse, subsidence and the negative impact on the cost 
and safety of surface structures in the long term have received inadequate attention by 
researchers, mainly because subsidence is difficult to predict and takes place decades after 
mining has ceased (Peng, 1992). Ground movement in coal mining in cases of total extraction 
can be regarded as complete six months to five years after the halting of operations. However, 
in room-and-pillar workings it may not be complete until after 100 years, determined by the time-
load dependent convergence and failure of the pillars (Kratzsch, 1983). 

As the South African residential areas around coal mining districts grow and underground 
mining continues, overlaps will occur, with potential serious consequences to public safety. 
Unpredicted collapse of old mine workings in the long term can cause subsidence and 
associated damage to surface structures and loss of life.  

5.4 Empirical attempts to predict the time of failure 

A number of studies have been conducted to predict pillar life through the use of bord-and-pillar 
subsidence cases. 

Van Besien and Rockaway (1988) developed the following formula: 

Dsag = 148 - 32.5Sp + 2.1Sp
2 [5-3] 

Where  Sp is the pillar stress (Mpa) and  

Dsag is the time delay between mining and the onset of subsidence (years). 

The time delay is the maximum period with the implication of pillar system failure. Subsidence is 
expected to occur from time zero to the time the formula predicts. This formula is purely 



 
86 

empirical; there is no reference to the failure mode. 

Hao and Chug (1992) analysed 24 bord-and-pillar subsidences and concluded that failure of the 
floor was the most likely subsidence mechanism. From their analysis they developed the 
following formula to predict the pillar life (or “incubation period”) before failure:  

15)
3

1ln(174 −−−=
FSF

IP  [5-4] 

Where  FSF  is the floor safety factor (not specified in the paper) and  

IP is the incubation period between mining and failure (years). 

Van der Merwe (1993) initially investigated the rate of pillar scaling and analysed pillar failures 
in the Vaal Basin to predict long-term stability. He concluded that progressive pillar scaling was 
the mode of pillar failure. The required scaling of a pillar necessary to reduce the pillar width, so 
that the calculated safety factor will be small enough to ensure failure, was given as: 

d = w - [0.2232 k -0.4065 S 0.4065 H 0.4065 h 0.2683 (w+b) 0.813] [5-5] 

Where  d : the required scaling distance (m) 

w : the original pillar width (m) 

k : the pillar strength (MPa) 

S : the safety factor at failure  

H : the depth below surface (m) 

h : the mining height (m) 

b : the bord width (m)  

wF : width at failure (m) as shown in Figure 5—10 

wc : current width (m) as shown in Figure 5—10 

w : original width (m) 

(see Figure 5-10). 
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Figure 5—10 Explanation of geometrical symbols in the formula [2.3] (after Van der 
Merwe, 1993) 

Then, the rate of scaling, r, is: 

L

d
r =  [5-6] 

Where L : the observed pillar life (years). 

Van der Merwe (1998), more recently, provided the following best fit equations for the best 
correlations for mining height and pillar life for the Vaal Basin. 

r hh = +0 008 0 4414, ,  [5-7] 

and 

( )r Ll v= − +16 453 1 7 0 878, exp , ,  [5-8] 

Where: rh  : the rate with respect to mining height and  

rl  : the rate with respect to pillar life. 

The best expression for the combined rate was found to be:  

( )r r rvp h l= 5 0 1667. ,
 [5-9] 

He then found the predicted life, Lp, by : 

L
d

rp
v

vp

=  [5-10] 
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where rvp : the predicted scaling rate for Vaal Basin pillars.  

Using Equation [5-10] iteratively, pillar lives (Lp) can be predicted. This method claims to predict 

a minimum life. Although the method is valid only for the Vaal Basin area, it can be refined and 
adjusted for new areas as the coal behaviour is fundamentally similar in other areas.  

Salamon et al. (1998) explored the influence of pillar side scaling on coal pillar design where 
scaling was thought as the primary threat to the pillars. It was assumed that:  

• time-dependent pillar deterioration is solely due to a reduction in pillar width caused by 
pillar side scaling or spalling; 

• scaling is uniform over the sides of the pillars; 

• the scaling proceeds unimpeded, until the height of the peeled off coal piles reaches the 
roof, at which stage scaling is arrested and, as long as this crumbled coal is left in place, 
the pillar will remain unchanged; 

• coal strength remains unaltered (no load shedding takes place); and 

• this scaling is not due to excess stress, but to environmental conditions. 

They were also aware of the inflexibility of their assumptions. In reality, pillar scaling will slow 
down and will even stop before the rubble reaches the roof. Furthermore, some pillars may 
never reach the conditions assumed, simply because they collapse before the scaling is choked 
by the piles of coal that have peeled off the pillar sides. 

The investigation undertaken by Salamon et al. (1998) uses the statistical pillar strength model 
developed by Salamon and Munro (1967). Random draws taken from the distribution of the 
nominal safety factor were simulated. The results showed that only a few collapses during the 
first year or so after the formation of the panels, but that later the rate of failure increased 
significantly. The most frequently occurring pillar life was about five to six years. From this time 
onwards, the rate of failure diminished as fewer and fewer panels are left standing. 

An attempt was also made to estimate possible rate of scaling by back-calculation from data 
collated for the Vaal Basin and the Witbank area. If an estimate of the rate of scaling is known, it 
is possible to quantify the expected life or the survival probability (up to a specified age) of coal 
pillars. Their analysis resulted in a weak negative correlation between the rate of scaling and 
the pillar life, as seen in Figure 5—11. 

The linear, ),(Trl  and exponential, ),(Tre  regression functions fitted to the rate data were: 

m/year 3043.00198.0)( +−= TTrl  

and 

[5-11] 

m/year 3164.0)( 1077.0 T
e eTr −=  [5-12] 

Where T  is the life of the pillar (years).  
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Figure 5—11 The linear and exponential regression curves for mean rates of scaling for 
eleven cases (after Salamon et al., 1998) 

They advise the use of exponential form on physical grounds although no firm conclusion can 
be inferred in the light of the large scatter of points around the curves. 

All of the abovementioned methods have the shortcomings of an empirical approach. Factors 
like atmospheric conditions were not taken into account. It should be remembered that the 
methods for predicting pillar life cannot yield absolute answers for pillar life span. For this 
reason the uncertainty regarding the long-term stability of pillars still remains as the main 
problem. The associated decisions would thus be inadequate to ensure the safety of workers 
underground and land users on surface. 

The studies researchers have undertaken so far on pillar life have, of necessity, been based on 
simple assumptions because of the limited project time available. While the analytical study of 
time effects is complex enough to discourage most researchers, some have taken the easier 
route of empirical study. Uncertainty around the time factor still holds as the time effects on pillar 
mining systems cannot be quantified. The currently available results could be described as 
“unsatisfactory”, but at least it has been shown that there are ways of addressing the problem. 
An improved approach is perhaps a commitment to longer periods of monitoring pillar 
deterioration. Laying the seeds now and leaving the harvest for generations to come. 
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6.0 An attempt to predict pillar life and scaling rates 
This aspect of the project was conducted by Prof. J.N. Van der Merwe of the University of 
Pretoria, and presented in Task 6.9.1. Because the effect of time on pillar stability is one of the 
fundemental questions of pillar design they are re-presented in this report.  

The biggest challenge in the development of the subsidence prediction model was to determine 
the effect of time on pillar scaling. Once the scaling rate is known, it is possible to determine the 
expected life of pillars, and, also, the size and safety factors of old pillars. It is also be possible 
to determine whether the pillar or the bord will fail first. 

As part of the study, Van der Merwe investigated the rate of scaling in South African coalfields 
on the basis of failed pillars.  

6.1 Introduction 

From the points of view of planning for mine closure and the undermining of surface structures 
with bord-and-pillar mining, it is important to have some knowledge of how long coal pillars will 
be stable. It is known that, over time, coal pillars lose strength and that at some or other time, 
the failure of pillars that were stable at the time of mining may occur. This issue has to be 
considered. The time of failure has consequences for providing the means for dealing with long-
term surface subsidence. 

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. The 
aim is to make a stable situation even more stable, although the period for which the additional 
stability will remain cannot be quantified.  

It is known that in certain circumstances the safety factors of coal pillars do not correlate well 
with their time of failure. 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 stability with time. 

This section of the report describes a procedure, based on observation, of coal pillar failure by a 
process of progressive weakening from the outer edges of the pillars towards the inner areas. It 
is postulated that at some or other time, the remaining strong core of the pillar will be too small 
to bear the weight of the overburden and that 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 
database.  

6.2 Model of pillar failure 

It is postulated that the majority of the pillars in South Africa fail through progressive weakening 
of the pillars, by a process that starts at the pillar edges and works its way into the pillar core. As 
the pillar sides weaken, scaling occurs and the effective size of the pillar decreases. Eventually 
the stage is reached where the loss of strength is sufficient to result in failure of the pillar. 

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, 
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equal to B + w, will remain unaffected. Figure 6—1 illustrates this principle. 

Owing to the change in dimensions, the safety factor, S, will be affected. According to Van der 
Merwe (2001), the original safety factor prior to scaling, 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 [6-2] to calculate dc,, as 
follows: 

[ ] 333,0200714,0 HhCSwd mc −=  [6-3] 

Once this has been done, the average rate of scaling 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] 
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Figure 6—1 Cross section through a pillar, illustrating some of the parameters 

6.3 The database 

In all empirical investigations, the composition of the database is of prime importance. For this 
analysis, the database, used by Van der Merwe (2001) to derive the optimum pillar strength 
formula for South African conditions was used. That database excluded the failures that were 
suspected of being due to floor or roof failure. All the failures that occurred within less than a 
year of mining were excluded from the database, as were those where the actual pillar lives 
could not be determined. 

Initially this is illogical, as it indicates rather the unaccounted-for factors in the calculation of 
either pillar strength or loading in these particular cases. The percentage failed versus 
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unfailed cases for different safety factors, a more exact method of establishing a relationship, 
could not be done. 

Figure 6—2 shows the failures as a function of the safety factors, confirming that there is no 
correlation between the nominal 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 the 
investigation, therefore, differentiated between the different mining areas. 

Figure 6—3 shows the distribution of actual pillar lives for all the pillars in the database. It is 
clear from this figure that the majority of failures occurred relatively quickly, within the first ten 
years of their formation. Thereafter, the rate of failures diminished. 

The minimum safety factor that was found in the database was 0.46. None of the pillars in the 
database failed immediately. For this reason, it can be assumed that some scaling had to take 
place before failure occurred, even for the pillars with low safety factors. It was decided, 
therefore, that a value of 0.4 for Sm  should be used, as at that low value failure has to occur. No 
pillar system with a lower safety factor had survived.        
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Figure 6—2 Pillar life as a function of safety factor, illustrating that the safety factor on 
its own does not correlate with the life of failed pillars. The differences between the 

various seams are also apparent 
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Figure 6—3 Distribution of the number of cases of pillar failure over time, indicating that 
most of the failures occur within the first ten years 

6.4 Method of analysis 

6.4.1 Determination of scaling rate 

Equations [6-3] and [6-4] were used to calculate the average scaling rates for all the failed 
cases in the database. Correlations between the scaling rates and other measurable 
parameters were then sought. It was found that the scaling rates did not correlate with the 
nominal safety factor, pillar widths, pillar stress or the width-to-height ratio.  

As would be expected, there was a strong inverse relationship with time (see Figure 6—4), and 
less well developed relationships with the mining height (see Figure 6—6).  

Figure 6—4 shows that the average scaling rate decreases substantially with observed lifetime. 
A possible interpretation of this is that the majority of scaling took place very quickly and, 
thereafter, decreased rapidly. The different mining areas exhibited the same trends. 
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Figure 6—4 Relationship between the scaling rates and time for the different mining 
areas 

It is seen from Figure 6—5 that overall, there was a direct relationship between mining height 
and scaling rate, i.e. the higher the mining height, the higher the scaling rates. Table 6-1 
summarises the correlation coefficients between scaling rate, mining height and time for the 
different areas. These correlations were only apparent when the data was analysed according 
to the different mining areas. 
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Figure 6—5 Relationships between mining height and scaling rate for the different 
mining areas 
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Table 6-1 Correlation coefficients between scaling rate and time and scaling rate and 
mining height 

Area Time Mining Height 

Utrecht 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 

6.4.2 Determination of relationships between time, mining height, and scaling rate 

The data indicated that there was a direct relationship between scaling rate and mining height 
for some of the seams and an inverse relationship between scaling rate and time for most of the 
seams. The correlations between scaling rate and the h/T (mining height over time) parameter 
were, therefore, also investigated. The results are shown in Figure 6—6.     

0

1

2

3

4

5

6

0.00 1.00 2.00 3.00 4.00 5.00 6.00

h/T

S
ca

lin
g

 R
at

e 
(m

/y
r)

Vaal Basin and South Rand

Witbank 2 and 4

Witbank 5

Power (Witbank 2 and 4)

Power (Vaal Basin and South Rand)

Power (Witbank 5)

 

Figure 6—6 Relationships between scaling rate and the h/T parameter 

Several combinations of the data were investigated. It appeared that the Vaal Basin, Klip River 
and South Rand failures displayed similar trends and they were consequently grouped together, 
as were the Witbank No 2 and No 4 seams. The Witbank No 5 Seam was kept separate. Figure 
6—6 clearly shows that the different groupings displayed different behaviour. 

The relationships all had the form: 
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x

T

h
mR 



=  [6-5] 

where m and x are dimensionless constants. 

Table 6-2 contains the m and x values as well as the correlation coefficients for the different 
groups. 

Table 6-2 Correlation coefficients, m and x values for the different areas 

 m-Value x-Value R2 

Vaal Basin, Klip River 

and South Rand 
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 

6.4.3 Prediction of time of failure 

Substituting T for L in Equation [6-4] and combining with Equation [6-5], the time of failure, T, 
can be determined as follows: 

x

x
c

mh

d
T

−





=

1

1

 [6-6] 

By using the area-specific values for m and x from Table 6-2 in Equation [6-6], the life spans of 
pillars can now be predicted. This was done for the different areas and the results are shown in 
Figure 6—7, Figure 6—8 and Figure 6—9. 

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 No 4 Seam group, with a much lower correlation 
coefficient, it is apparent that the majority of the predictions were still in the correct time frame. 
For the sake of the 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 
were plotted. 

No satisfactory prediction could be made for the South Rand coalfield, possibly because the five 
available cases displayed very little variation with regard to the mining heights and scaling rates. 
It could also indicate that for that coalfield the hypothesis does not hold true and that another 
failure mechanism was responsible for the pillar failures. 
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Figure 6—7 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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Figure 6—8 Comparison of predicted to actual life for failed pillars in the 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 6—9 Comparison of predicted to actual life for failed pillars in the group 
comprising the Witbank No 2 and No 4 Seams. The correlation coefficient in this case is 

0.16 

6.5 Comparison with failed and stable databases 

Figure 6—3 shows that the pillar failures tended to occur quickly, with almost 70 per cent of the 
pillars failing within the first 15 years. Figure 6—10 is a comparison between the frequencies of 
predicted and actual failures of all the data. 

Figure 6—10 makes it clear that the procedure developed during this investigation results in a 
profile of frequencies of failure over time that closely resembles the observed data, with some 
bias tending to underestimate the life of longer-standing pillars. 

As a final test, the procedure was applied to pillars that had not failed. For this purpose, the 
database 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 6—11, together with the frequency of the failed pillars. Note that because the predicted 
lives of the intact pillars was 44 000 years, the time scale in the figure is logarithmic to provide a 
sensible visual comparison. 

Figure 6—11 gives a clear indication of the success of the procedure to predict pillar life. There 
is a distinct difference between the predicted lives of the failed and the intact pillar databases. 
The predicted lives of the failed pillars is confined to a period of 100 years, while the predicted 
lives of the intact pillars extend to thousands of years. For the prediction of pillar lives of the 
intact pillars, a higher scaling rate than the one derived for the Witbank No 2 and No 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 real value of this study has been to distinguish with reasonable confidence between pillars 
that are expected to have a life of less than 100 years and those with considerably longer 
periods of stability. The actual values shown in Figure 6—11 are only the result of statistical 
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estimation. Further work is required to assess the confidence levels in the figures.      
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Figure 6—10   Comparison between the predicted and actual frequencies of pillar failures 
of all the areas. Note that four anomalous predictions were omitted from the data 
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Figure 6—11   Predicted lives for the databases of cases of failed and intact pillars 

It should also be noted that because of the estimation of long pillar life, in the final model a cut-
off age was introduced as an option. For example, if the life of a pillar is calculated as  



 
100 

10 000 years, the user will be able to set the cut-off point at 100 years, and all the calculations 
will be based on 100 years. 

6.6 Discussion and conclusions 

Safety factor as a poor predictor of pillar life 

It was indicated in Section 6.3, and particularly by Figure 6—2, that the safety factor on its own 
cannot be used in a quantifiable manner to predict pillar life. There is no correlation between the 
life of failed pillars and their original safety factors. 

Taking into account differences in behaviour between the coals in different seams and 
areas 

It was found that without differentiation in coal behaviour, no useful trends could be found that 
could enable a prediction method for pillar life. This finding corresponds with the work done on 
laboratory strength tests of coal samples from different areas, Section 2.0 - and the derivation of 
an optimum formula for pillar strength, Section 2.0.. - 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. This has been known intuitively for as long as mining 
has been done in different areas, and the tools and information now exist for implementing the 
required differentiation scientifically. 

Failure of the majority of pillars in South Africa by a process of progressive pillar scaling 

The success of the method based on the assumption that pillars fail by progressive scaling 
proves the assumption. This is backed up by observation over several years in different coal 
mining areas of South Africa. 

Decrease rate of scaling over time 

It was indicated that initial scaling takes place at a rate higher than the rate that occurs 
subsequently. This is in accordance with the observations by van Biesien and Rockaway (1988) 
in the USA. 

Scaling rate as directly proportional to the mining height 

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

The dependence of time of pillar failure 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 come related matters, such as pillar load, width-to-height ratio, etc., 
which, 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” 
also implies the distance into the pillar by which there is a loss of strength. Whether this is 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. 



 
101 

Correlation of the proposed method to predict pillar life with the characteristics of the 
databases of both failed and intact pillars in South Africa 

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

The expectation that pillars that have not failed soon after mining will be stable for a very 
long time 

In this context, “soon after mining” means within 20 or 30 years. The reason for this expectation 
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 damage mitigation. 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 planning. The periods of expected stability could 
span millennia.  

A satisfactory method to predict the probability of failure of pillars over time 

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

The prediction method 

Within broad limits, pillar lives can be successfully predicted using Equation [6-2], repeated 
here: 
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The values of m and x are site- and seam-specific. For the known mining areas in South Africa, 
they are as follows: 

Area m-Value x-Value 

Vaal Basin, Klip River and 
South Rand 1.3888 0.8040 

Witbank No 2 and 4 Seams 0.1624 0.8135 
Witbank No 5 Seam 0.1050 -0.3061 

As time goes by and more failures occur, these constants can and should be updated and 
refined. 



7.0 Determination of the effects of the petrographic 
composition of coal 

7.1 Introduction 

In South Africa, coal pillars standing for long periods of time have been observed to deteriorate 
or scale (Van der Merwe, 2002). It has been reported that about 50 per cent of pillar collapses 
occur in the first four years of mining. However, some cases of pillar collapses have occurred 
after 50 years of mining. This has initially led to a belief that time effects leading to pillar 
deterioration could have resulted in the failures. The potential impact of these failures in terms 
of the effect on the surface, the environment and safety cannot be underestimated.  

Currently, coal pillar design is based mainly on formulae developed initially by Salamon and 
Munro, 1967, which have since been modified by various authors. Despite these formulae 
having been successful in preventing big catastrophic failures, deterioration is still seen to 
occur. As a result, much work has been conducted on the potential deterioration or scaling of 
coal pillars and their impact on pillar stability.  

Underground observations by Van der Merwe (1993) concluded that progressive scaling results 
in pillar failure that occurrs some time after the pillars are created. So far, it has been concluded 
that the rate of scaling is a function of the mining height and time: the greater the mining height, 
the greater the rate of scaling; and the rate of scaling decreases exponentially with time or age 
of the pillars. However, there is still a need to correlate the rate of pillar scaling which the 
physical properties of coal that may reduce its strength.    

The strength of a coal pillar is affected by the strength of the coal material which forms the pillar 
(Esterhuizen, 1998). The presence of discontinuities such as joints and cleats can reduce the 
strength of the pillar. It is also known that when coals are weathered at room temperature, they 
acquire and develop a characteristic physical structure due to the formation of micro pores, 
micro cracks and micro fissures. The intention of this task of the project is to gain an 
understanding of inherent pillar micro physical composition of coal that can be used to group 
coal into categories in terms of strength and scaling propensity. Underground samples were 
collected from different mines, seams, date of pillar formation and tested in a laboratory. The 
objectives of the laboratory testing were to: 

Investigate a possible relationship between micro physical composition and mechanical 
behaviour of coal 

Investigate a relationship between chemical composition of coal samples and physical 
behaviour i.e. scaling.  

7.2 Current understanding of coal pillar strength  

It is well known to South African coal rock engineering experts and production operators that 
coal from different coalfields has different strengths. Although the differences cannot always be 
quantified, rock engineers use a different strength constant in certain areas from the average 
value of 7.2 MPa given in the standard (Salamon and Munro, 1967) pillar strength formula. The 
magnitude of these constants has been primarily based on statistical analysis of real cases 
(Van der Merwe, 1993) and engineering judgement.  
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Since pillar strength can be affected by coal material properties apart from geometrical 
properties, there is scope in determining and quantifying any relationship that may exist 
between the chemical composition of coal and its strength or weakness. In cases where there is 
a lack of real data, attempts have been made to derive the strength of full scale pillars using 
laboratory mechanical testing of coal specimens. While general trends have been established, 
the wide scatter of the results has made it difficult to correlate the laboratory behaviour to full 
size pillar behaviour. It is known that chemical composition of coal, when subjected to prolonged 
unfavourable environments such as moisture, can affect its physical properties. So far, the 
chemical composition of coal has been mainly used in beneficiation to understand its influence 
on metallurgical properties and washability of the coal.  

Work was done by MacGregor (1983) in an attempt to predict the mechanical properties of coal 
on the basis of petrographic compositions. The results showed differences in cuttability between 
South African and European coal. MacGregor and Baker (1985) extended this work, 
concentrating more on statistical correlations for South African coal petrography versus Mean 
Peak Cutting Force (MPCF) and Hardgrove Grindability Index (HGI), using data from thirteen 
collieries, five coalfields and three coal provinces. 

Their primary conclusions were that: 

• the significant predictors of MPCF and HGI were dependant on coal province; 

• tThe development of separate predictors at coal province level was justified in the 
majority of cases examined (although with anomalies); 

• tThe separate development of predictors at the coal field level may be justified; and 

• HGI was more predictable than MPCF. 

Falcon and Falcon (1987), whilst primarily considering coal washing and crushing, suggested 
that the mechanical properties were influenced by three petrographic coal parameters, namely: 

• rank (measured by vitrinite reflectance); 

• organic composition (i.e. lithotypes, microlithotypes and macerals); and 

• mineral matter (mineral groups and their distribution pattern). 

These were termed the primary or inherent characteristics, and the overall classification was 
completed after consideration of a further set of external, or secondary, features such as: 

• size of specimen; 

• presence of cleats and cracks; 

• degree of oxidation; and 

• temperature. 

Although there was no clear result to suggest a correlation between petrographic parameters 
and mechanical behaviour of coal, these authors reported certain trends that are noticeable in 
the strength and friability of coal. Coals from the Free State and Southern Transvaal (i.e. 
Standerton, Secunda area), with the exception of certain oxidised coals, have the highest 
strength, owing to a propensity to exhibit bands petrographically rich in inertinite. Certain seams 
or parts of seams in the Free Sate and Mpumalanga region are known to be softer and more 
friable than others. The strength of coal was found to decrease with size of specimen due to 
increases in the heterogeneous layers in the seam. 
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While some trends are reported from the work described, it must be noted that no specific data 
was given for the context within which they were obtained, other than by reference to the fact 
that the data was tested at the Falcon Laboratory. It is therefore difficult to relate the work to the 
context of the current task. However, some observations by Van der Merwe (1993, 1999) using 
a different approach came to the same conclusions of Falcon and Falcon (1987) with respect to 
strengths of Highveld coals versus Witbank coals.  

Van der Merwe (1999) re-analysed laboratory coal strength results conducted between 1993 
and 1994 with a view to delineate areas or seams that can be grouped together for analysis of 
coal strength and decay parameters. Over 900 coal strength results were re-analysed. It was 
found that the strength of a coal specimen increased linearly with increasing width-to-height 
ratio and decreased exponentially with increasing volume of the specimen. The findings by Van 
der Merwe seem to agree with general observations made by industry rock mechanics and have 
also been documented in work done by previous authors. It was also found that coals from the 
Highveld region had higher strength than Witbank coal. This work is still going through 
verification as the findings are intended to be incorporated in the empirical design of coal pillars.  

From the review of current South African coal pillar strength characteristics, there is a general 
agreement within the industry that coal from Highveld coalfield differs in strength from the coal 
from Witbank coalfield. It is evident that pillar scaling resulted in pillar failures that are not 
considered in the design scheme using the Salamon and Munro formula. However, there is still 
a lack of quantification of the coal-intrinsic physical parameters that relate to the scaling of 
pillars. This understanding is important as it can lead to adjustments in current empirical design 
formulae to account for pillar scaling over time.  

7.3 Proximate and petrographic analysis 

Coal is used industrially for a number of purposes; since it is a highly variable product its use is 
dependent on the individual properties of the coal seam or part of the seam. The beneficiation 
of coal engages methods to improve its quality for a particular industrial application, if the coal 
needs to be prepared before use. As a result, several classification systems have been 
developed so that the coal is used appropriately. Proximate and petrographic analysis are the 
two classification systems that were used during this task to characterise coal samples from 
different coal mines and seams from the Mpumalanga region.   

7.3.1 Proximate analysis 

For a coal to be developed, the peat has to be buried and preserved. This process, that 
converts peat to coal, is called “coalification”. Coalification takes place in two stages: 
biochemical degradation and physico-chemical degradation. Biochemical degradation involves 
chemical decomposition of botanical matter assisted by organisms. Physico-chemical 
coalification, which follows, is caused by burial of the coal under additional geological sediment. 
The degree of physico-chemical coalification of a coal is indicated from a proximate analysis.  

A sample is heated to approximately 105°C so that all the oxygen, hydrogen, sulphur and 
nitrogen are released as volatile matter. The amount of residual remaining is inversely 
proportional to the volatile matter and is called the “amount of fixed carbon”. The original 
moisture of the sample prior to analysis is also measured by measuring the difference in mass 
of the sample before and after heating. The final variable measured is the ash content.  

Proximate investigations were conducted to characterise the coal samples in proportions of: 
moisture content, ash, volatile matter and fixed carbon. The coal analyses can be reported on 
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several bases: as-received, moisture-free (or dry), and mineral-matter-free (or ash-free). As-
received is applicable for combustion calculations, whereas moisture-free and mineral-matter-
free are used for classification purposes. In this task, the analysis was conducted on a moisture-
free basis.  

7.3.2 Moisture content 

Moisture is difficult to determine accurately because a sample can lose moisture on exposure to 
the atmosphere, particularly when the sample size is reduced for analysis. To correct for this 
loss, total moisture content of a sample is customarily determined by adding the moisture loss 
obtained when air-drying the sample to the measured moisture content of the dried sample. 
Moisture does not represent all of the water present in coal; water of decomposition (combined 
water) and of hydration are not given off under standardised test conditions. 

Volatile matter  

Volatile matter is driven off, as gas or vapour, when the coal is heated according to a standard 
temperature test. It consists of a variety of organic gases, generally resulting from distillation 
and decomposition. Volatile products given off by coals when heated differ materially in the 
ratios (by mass) of the gases to oils and tars. No heavy oils or tars are given off by anthracite, 
and very small quantities are given off by semi-anthracite. As volatile matter in the coal 
increases to as much as 40% of the coal (dry and ash-free basis), increasing amounts of oils 
and tars are released. However, for coals of higher volatile content than 40 %, the quantity of 
oils and tars decreases and is relatively low in the sub-bituminous coals and in lignite.   

Fixed carbon 

Fixed carbon is the combustible residue left after the volatile matter is driven off. Its form and 
hardness are an indication of fuel coking properties and, therefore, guide the choice of 
combustion equipment. Generally, fixed carbon represents that portion of fuel that must be 
burned in the solid state. 

Ash 

Ash is the non-combustible residue remaining after complete coal combustion. Generally, the 
mass of ash is slightly less than that of mineral matter before burning. Sulphur is an undesirable 
constituent in coal, because the sulphur oxides formed when it burns contribute to air pollution 
and cause combustion system corrosion. 

7.3.3 Petrographic analysis 

Coal petrography involves the microscopic examination of coals together with the interpretation 
of the analytical data and can provide valuable information regarding organic composition, 
maturity and the associations of the organic matter and minerals that the coal contains. The 
petrography of coal is important since it affects the physical and chemical nature of the coal. 
Coal crushing, grinding, handling, washability, gasification, liquefaction combustion and 
carbonisation are affected by the petrography of the coal.  
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Rank of coals  

The rank of a coal refers to the degree of coalification endured by the organic matter. Rank is 
estimated by measuring the moisture content, specific energy, reflectance of vitrinite or volatile 
matter. The natural constituents of coal can be divided into two groups:  

• the organic fraction, which can be further subdivided into microscopically identifiable 
macerals; and  

• the inorganic fraction, which is commonly identified as ash subsequent to combustion, 
but which may be isolated in the form of mineral matter by low-temperature ashing.  

The organic fraction can be further subdivided on the basis of its rank or maturity.  

Maceral composition of coals  

Coal is composed of microscopically recognisable constituents, called “macerals”, which differ 
from one another in form and reflectance. Macerals are analogous to minerals in inorganic 
rocks. Three principal maceral groups are identified and these are, in increasing order of carbon 
content: vitrinite, liptinite and inertinite. 

In a single coal, vitrinite, which is usually the most common maceral, has a higher reflectance 
than the associated exinite, but a lower reflectance than inertinite. There is, therefore, a 
correlation between carbon content and reflectance and this is used to determine rank 
precisely. Petrographers in Canada and many other countries use the mean maximum 
reflectance of vitrinite in oil (Romax), at 546 µ, as the level of organic maturity, or rank, of a coal 
sample. 

Vitrinites are the physically weakest of the three maceral groups because of their tendency to 
develop fissures when they are subjected to pressure and shrinkage. The degree of cracking is 
linked to the brittleness of the vitrinite, which often causes it to break down more easily to small 
particles. Liptinites are tougher than vitrinites. Their high tensile strength tends to hold coal 
material together.  Liptinites are known to increase the mechanical strength of coal particles 
during crushing of coal. Inertinites also tend to increase the strength of the coal material.  

A combination of liptinites and inertinites results in coal material that is mechanically strong. 
Coals formed from a mixture of macerals (i.e. bi- and tri-macerite) are much stronger and harder 
than the “pure” mono-macerals coals.  

7.4 Characteristics of the data 

A total of eighteen coal samples were collected from six collieries and five seams. At each 
colliery, sets of samples were collected from different coal seams and panels and from pillars of 
different ages. Table 7 – 1 gives a summary of the data collected for the analysis. 
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Table 7—1 Origins of the coal samples, age calculated from year 2002 

Origin Seam Date mined Age 

Blinkpan No 4 Witbank 1964 38 

Blinkpan No 4 Witbank 1964 38 

Blinkpan No 4 Witbank 1964 38 

Delmas No 2 Witbank 1984 18 

Delmas No 2 Witbank 1990 12 

Delmas No 2 Witbank 2002 0.5 

Delmas No 2 Witbank 1981 21 

Matla No 4 Highveld 2002 0.5 

Matla No 4 Highveld 1996 6 

Matla No 4 Highveld 1997 5 

Matla No 4 Highveld 1980 22 

Matla No 4 Highveld 1988 14 

Sasol No 4 Highveld 1981 21 

Sasol No 4 Highveld 1981 21 

Sigma 2A Vereeniging 2002 0.5 

Sigma 2A Vereeniging 2002 0.5 

Tweefontein No 4 Witbank 1982 20 

Tweefontein No 4 Witbank 1982 20 

7.5 Preparation of the samples for proximate and petrographic 
analysis 

The coal proximate and petrographic analyses were conducted by Coal and Mineral 
Technologies (Pty) Ltd, Pretoria, South Africa. For the air-dried proximate analysis, a 
representative air-dried sample from each colliery and seam was crushed to an upper size of  
1 mm. For the petrographic analysis, a 15g portion of the fine coal was mixed with a binder 
(resin) and formed into a particulate block with a thickness of about 19 mm and diameter of 25 
mm. One face of the block was ground and polished to provide a suitable surface for reflectance 
microscopy under oil immersion using reflected light. The coal particles were evenly distributed 
and made up at least 60 % of the polished cross-sectional area of the block. 

7.6 Proximate analysis results 

The results of the proximate analysis are shown in Table 7—2. Coal with higher moisture 
content is more likely to be susceptible to scaling. This is further increased by prolonged 
exposure to increased temperature and unventilated air in back areas. Figure 7—1 plots 
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measured moisture content against age of pillar; there appears to be very little correlation 
between the two quantities. However, this lack of correlation may result from the unreliability of 
the measured moisture content of the samples.  

Moisture content is difficult to determine accurately because a sample can lose moisture on 
exposure to the atmosphere, particularly when the sample size is reduced for analysis. 
Conversely, moisture content can increase if the coal has spent long periods in a damp or wet 
environment. At the time of sample collection and preparation, no records were kept as to the 
conditions prevailing at the site. 

Some samples were taken from old mined-out areas which are known to be wet and have little 
ventilation. Since moisture content of the sample could vary because of such conditions, it is 
difficult to draw any conclusions relating moisture content to spalling without records of the 
conditions prevailing where the samples were taken. Furthermore, samples taken from the skin 
of the pillar could have a different moisture content from those taken from inside the pillar. 
Water presence, which could affect the moisture content of the samples, is not isolated under 
the standardised test conditions.   
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Figure 7—1 Percentage moisture content plotted against the age of the pillars  
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Table 7—2 Proximate analysis results – air-dry basis 

Petrographic 
Origin 

Proximate analysis 

no. % H2O % Ash % Vol. mattter  % Fixed carbon 

352 Delmas 5.3 15.6 28 51.1 

353 Delmas 5.8 9.9 30.6 53.7 

354 Blinkpan 2.9 19.3 20.9 56.9 

355 Blinkpan 3.0 19.5 19.9 57.6 

356 Blinkpan 3.4 7.9 30.4 58.3 

357 Sasol 5.5 19.8 19.1 55.6 

358 Sasol 5.7 19.7 20 54.6 

359 Tweefontein 3.4 11.4 30.5 54.7 

360 Tweefontein 3.4 19 25.5 52.1 

385 Delmas 4.5 17.6 22.1 55.8 

386 Delmas 5.5 20 26.4 48.1 

415 Matla 6.9 16.7 24 52.4 

416 Matla 6.7 16.7 22 54.6 

417 Matla 4.6 17.7 25.2 52.5 

418 Matla 7.0 15.4 25.4 52.2 

419 Matla 6.5 16.7 26.1 50.7 

433 Sigma 7.9 25 25.4 41.7 

434 Sigma 9.2 21.4 22.8 46.6 
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7.7 Petrographic analysis results 

The petrographic analysis results are shown in Table 7—3 and Table 7—4. In Table 7—3, a 
summary of the maceral composition by % volume, mineral-matter-free basis is shown. Table 7—4 
shows the microlithotype, carbominerite and minerite analysis % volume, mineral-matter basis. The 
results can be categorised in terms of coal rank and petrographic composition. 

Coal rank 

On the basis of results of maceral composition, the Sigma No 2 Seam sample is recognised as a 
Para-bituminous coal. According to the ECE-UN (du Cann, 2002) classification, this type of coal 
falls under Medium Rank D. The rest of the 17 coal samples are categorized as Ortho-bituminous 
coal with Medium Rank C. In each sub-set of samples (i.e. coal seam), the mean random 
reflectance values generally fall within fairly narrow ranges. No general trends can be observed by 
analysing rank because most of the samples fall within the same rank and there is an overlap in 
mean random reflectance values. 

Previous analysis by Falcon and Falcon (1987) also found a wide variation of coal reflectance and 
rank within the same domain (i.e. coal seam and origin), which could not be used to group coal into 
categories in terms of strength. 

Petrographic composition 

The 18 coal samples tested presented very wide variation in maceral composition in comparisons 
between mines and also within similar coal seams. There is no apparent correlation between coals 
from the same seams and same origin. Although vitrinites, liptinites and inertinites are known to 
exhibit different physical characteristics leading to different mechanical strength, it is very difficult to 
make any judgement on this data owing to the limited number of samples taken from each mine.  

The microlithotype analysis reported stronger combination of coal macerals (i.e. bi- and tri-
macerite) in the Delmas No 2 and No 3 seam, Blinkpan No 3 seam, Tweefontein No 1 and Matla 
No 3 seam compared to the other samples. These maceral combinations are known to influence 
the mechanical properties of coal and tend to lead to higher strength than monomaceral 
microlithotypes. In all, there is a clear distinction between bi-and tri-macerals to monomecerals and 
the latter tends to have a lower strength. However, the same coal samples reported the highest 
proportions of “pure” vitrinite. This “pure” vitrinite, at this level of maturity (i.e. Medium Rank C), is 
known to be brittle, which often causes it to break down more easily. Despite the weak “pure” 
virtinite, the bi- and tri-macerals are mechanically stronger and have the biggest influence on the 
physical properties of coal. As a result, the Delmas No 2 and No 3 seam, Blinkpan No 3 seam, 
Tweefontein No 1 and Matla No 3 can be reported as the strongest of the samples.  

Van der Merwe (1993) reports a correlation between strengths given by UCS tests and geological 
origin and coal seams. In terms of monomaceral microlithotypes bi- and tri-maceral microlithotypes, 
there is, however, a variation between coals from the same origin and seams. As a result, it is 
impossible in the current case to identify any trends in origin and seam type using these 
petrographic parameters. This would have been useful to compare with Van der Merwe’s (1993) 
results.  
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In all these samples, a portion of the particles examined displayed extensive cracks and micro-
fissures which are attributed to handling and preparation due to the somewhat brittle nature of coal 
at this level of maturity. These parameters can therefore present a distorted picture, since the tests 
cannot isolate natural cracks from cracks attributed to handling. 
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Table 7—3 Maceral composition results - percentage by volume, mineral-matter-free basis 

Petrographic 

no. 
Origin 

Petrographic analysis 

Vitrinite (%) 
Maceral analysis 

Inertinite (%) Total reactives 
(%) Liptinite (%) 

352 Delmas 52 7 41 69 0.66 

353 Delmas 56 6 38 70 0.64 

354 Blinkpan 22 4 74 50 0.74 

355 Blinkpan 13 3 84 42 0.79 

356 Blinkpan 48 7 45 67 0.73 

357 Sasol 6 2 92 39 0.72 

358 Sasol 5 3 92 40 0.72 

359 Tweefontein 60 6 34 74 0.74 

360 Tweefontein 37 8 55 64 0.79 

385 Delmas 8 3 89 44 0.6 

386 Delmas 32 6 62 58 0.64 

415 Matla 12 4 84 46 0.6 

416 Matla 24 3 73 53 0.69 

417 Matla 28 4 68 55 0.78 

418 Matla 24 4 72 51 0.65 

419 Matla 30 4 66 59 0.66 

433 Sigma 10 4 86 46 0.61 

434 Sigma 7 3 90 44 0.59 
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Table 7—4 Microlithotype, carbominerite and minerite analysis results - percentage by volume, mineral matter basis 

Petrographic 

no. 
Origin 

Petrographic analysis 

Vitrinite (%) 

Microlithotype analysis General condition 

Inertinite (%) Intermediates (%) 
Fresh coal Cracks and 

particles % fissures % 

352 Delmas 25 21 41 72 25 

353 Delmas 32 14 46 67 30 

354 Blinkpan 8 53 24 79 20 

355 Blinkpan 8 56 24 75 24 

356 Blinkpan 23 21 50 78 21 

357 Sasol 2 62 17 53 44 

358 Sasol 1 66 14 48 49 

359 Tweefontein 32 17 42 81 18 

360 Tweefontein 17 29 38 71 28 

385 Delmas 3 66 19 67 32 

386 Delmas 13 27 38 66 31 

415 Matla 7 50 26 58 38 

416 Matla 8 42 28 64 33 

417 Matla 9 35 40 71 27 

418 Matla 8 45 28 61 35 

419 Matla 15 40 30 65 32 

433 Sigma 4 49 17 38 55 

434 Sigma 2 55 18 47 49 
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7.8 Conclusions and recommendations 

In this task, petrographic analyses were conducted in order to characterise coal micro-material 
properties of 18 samples from different mines and coal seams. The intention was to group these 
into categories in terms of strength of coal and possible decay characteristics. Petrographic and 
proximate analyses have been used by the coking and washing industry to group coal 
mechanical properties that could influence its behaviour during beneficiation. Certain trends and 
quantifications have been made about the differences in strengths of coal from different origins. 
However, in this analysis, such trends were not noticeable because of the variation in 
petrographic parameters tested.  

It must be noted that the relationship of petrographic parameters to strength and coal decay 
cannot be said to have been thoroughly studied. The data used is too limited in quantity for any 
conclusions to be drawn. Analysis by Van der Merwe (1993) used a total of 900 samples in 
order to come up with some trends in terms of grouping strengths of coal into different 
categories with respect to origin and coal seam.  

The current analysis is based on a total of only 18 samples: it was therefore difficult to draw any 
statistically meaningful results from such a small sample population. Ideally, a large number of 
samples should be tested in order for conclusions on petrographic and proximate analysis to be 
drawn. Furthermore, more information should be gathered about the conditions at site in order 
to eliminate uncertainties  

The results obtained from these analyses are given in Appendix 3. 
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8.0 Development of a rating system to determine the 
performance of pillars, roof, and support  

8.1 Introduction 

In coal mining underground operations, the two most common dangers are accumulations of 
dangerous gases and falls of ground. Despite many advances in the understanding of roof 
failure mechanisms, accidents brought about by falls of ground are very common owing to poor 
hazard identification and control measures. Identification of underground changes due to mining 
and/or the risk of mining in a section and also reacting in the correct manner are crucial to a 
successful roof control strategy. 

Underground large-scale testing methods in rock engineering are becoming very difficult to 
conduct owing to the cost involved and lack of time to conduct real-time monitoring. As a result, 
visual methods have been developed as part of a risk-based approach, to assessing the 
performance of coal pillars, roof and support from the time of their formation and installation.   

Current visual methods that have been developed by various specialists are typically in the form 
of numerous columns containing identified hazards and associated controls. Examples of these 
methods are Pillar Rating Form (Madden, 1990), Roof Support Installation and Evaluation (Van 
der Merwe, 1998) and Section Risk and Performance Rating (van Wijk et al., 2002). These 
methods have been very successful and widely used for day-to-day usage to assist in managing 
risk. Because of their uniqueness, the methods, however, address specific areas such as roof, 
pillar or support.   

Many collapses of bord-and-pillar workings can be attributed to causes that indicate that the 
pillar was not the weakest element (Van der Merwe and Madden, 2002). An example is the 
case where mechanism of failure has been dominated by the orientation of discontinuities and 
improper hazard control. These elements are not accounted for directly in the empirical strength 
formula. Inclusion of these elements in an analytical formula can be very complex, especially in 
jointed rock and pillars. In addition to the use of computer models, these problems can also be 
analysed visually.  

The empirical approach to pillar design is limited to the cases where the pillar is the weakest 
element in the system comprising the roof, the pillar and the floor. This is also the same for 
roadway empirical design where the roof is the weakest element. However, there is some 
interaction between roof, pillar and floor in the system stability. These interactions are complex 
and not amendable to empirical solutions, especially in jointed rock and pillars. The purpose of 
this task is to use various principles of previous methods to develop a complete system for 
rating the pillar, roof, and floor.  

8.2 Mechanisms of failure 

A coal mine roof and pillar may fail in a number of ways. However failure occurs, most times, 
there will be a certain mechanism that will govern failure. With regard to the failure of roof, pillar 
or floor, it is important to consider the overall situation, and not to single out a single component.  

In this section, a summary of the important mechanisms of failure for roof, pillar and floor is 
discussed. These mechanisms are important aspects that need to be addressed in any risk 
based approach. Mechanisms that govern failure can result from many complex factors. Some 
of these are inherent, such as pre-mining state of stress and the roof composition. 
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Others can be controlled, like the road width and installation of support. 

8.2.1 Roof failure 

From an operational-safety point of view, roof failure is by far the most important aspect. Roof 
stability is worsened by a number of different mechanisms and successful roof control can only 
be obtained if the mechanisms are understood and identified correctly. Roof monitoring is 
covered by a number of different factors. Visual monitoring is the least sophisticated, but the 
simplest, yielding a vast amount of information. The next level is simple instrumentation and 
elementary tests, followed by detailed instrumentation with accurate instruments. 

The ideal measure in roof control would be to identify changes in the roof composition and react 
to them in the correct manner. Visual monitoring therefore provides the ability to identity 
changes in the roof as mining continues. However, visual monitoring does not supply 
quantifiable information by itself. Through a process of identifying the hazards from visual 
monitoring, the risk associated with the hazards can be determined. The quantification of such 
risk can be obtained from consideration of the probability of the event occurring and the 
consequence of the event having occurred. 

The recommended design methods (Van der Merwe, 1998) depend on basic understanding of 
the roof type and consequently the expected failure mechanism. Van der Merwe (1998) has 
given a table of probable causes of roof damage with seriousness ratings as shown in Figure 
8—1. 

  

Figure 8—1 Summary of likely causes of commonly observed roof damage (Van der 
Merwe, 1998) 

There are many support elements used in coal mining roof support, including mechanically 
anchored bolts, resin bonded bolts, split sets, w-straps, etc. These support elements have 
characteristics suited for different applications and will most times perform well for their desired 
function. Well installed bolts can sometimes compensate for a sub optimally designed system, 
but poorly installed bolts will almost certainly result in roof failure.  Van der Merwe (1998) has 
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provided a list of commonly observed roofbolt indicators for underground support observation as 
shown in Figure 8—2. In Figure 8—3, a summary of probable causes of observed roofbolt 
installation defects is given.    

  
Figure 8—2 Commonly observed roofbolt indicators (Van der Merwe, 1998) 
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Figure 8—3 Summary of probable causes of observed roofbolt installation defects 

8.2.2 Pillar failure 

Since the introduction of the Salamon and Oravecz’s (1976) formula for safety factor in South 
Africa, not one loss of life because of pillar failure has occurred. However, there have been a 
number of near misses in pillar extraction and in areas where the coal is weaker than in most 
other areas, notably the Vaal Basin. There are three basic modes of pillar failure, namely 
progressive pillar scaling, foundation failure and fire. Only the first two are critical and will be 
included in the final rating system. 

The mechanisms of pillar failure have been studied extensively by Madden (1990). The strength 
of coal pillar is a function of numerous parameters including:  

• seam strength 

• geometry 

• discontinuities 

• contact conditions with the roof and floor 

• weathering of the coal seam 

• time 

• loading rate 

• geology 

• roof and floor strata 

The three main mechanisms of pillar failure are namely roof failure, floor failure and failure of 
pillar material. Where roof failure occurs, the pillar height increases and pillar strength is 
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reduced. Madden (1990) developed a pillar rating form for rating individual pillars based on: 

• spalling of the pillar sides and corners 

• discontinuities 

• punching of pillar into roof and floor 

• weaknesses in the pillar and  

• deterioration due to weathering. 

The pillar rating form is based on detailed visual observations of pillar conditions. After a bord-
and-pillar panel is visited and the overall ground and pillar conditions in the panel observed, a 
specific pillar near the centre of the panel is selected for detailed classification. The pillar and 
bord dimensions are measured and the condition of the pillar corners and sides, as well as 
details of cracks and weaknesses in the pillar, is entered on a special form. 

Stone dusting was found to be a useful indicator of deterioration in pillar condition over time and 
of the amount of spalling that has taken place. Therefore, the time of stone dusting is added into 
the rating in addition to the amount of stone dusting. In addition, roof failures are known to be a 
cause of pillar failure since they increase the effective height of pillars and thereby reduce the 
strength of the pillars. A record is also kept in the rating system of roof support type, density and 
pattern. Discontinuities such as faults, slips and joints that may influence the strength of pillar 
and roof are also kept. 

This visual pillar rating system has been used successfully for assessment of coal pillars in 
determining the relative strength properties of different seams by Madden (1990). Although the 
parameters in this rating are not part of the empirical pillar design formula, the classification of 
pillars is useful in determining the pillar condition and can be used to evaluate old workings as a 
supplement to the empirical design formula. 

The final rating system takes into account all these aspects into a complete roof-pillar rating 
system. Also, various modifications have been made to account for the subjectivity of individual 
monitoring systems. 

8.3 Relevant parameters of the rating system 

In view of the objectives of this work, it was necessary to identify relevant factors that need to be 
incorporated into a rating system. After a thorough review of past work, it was established that 
the relevant parameters that need to be considered include: 

• dimensions of the pillar and bord measured underground; 

• conditions of the pillar corners and sides; 

• details of cracks and weaknesses in the pillar; 

• time of application of stone dusting; 

• amount of stone dusting remaining on pillar; 

• bands of other geological material within the coal seam; 

• details of the contact of the pillar with the roof and floor; 

• orientation, spacing and persistence of geological discontinuities; 
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• depth of mining, design dimensions and method of mining; 

• general roof conditions in the bord-and-pillar workings; 

• composition of superincumbent strata; and 

• roof support details including type, density, and pattern. 

8.4 Data collection 

The data-collection process requires the completion of nine forms, each aimed at capturing 
specific information about the above-mentioned parameters. While some of the forms can be 
completed from mine plans and by talking to mine personnel, the greater portion of the process 
requires physical measurements and visual observations underground. 

8.5 Rating system 

An existing rating system that captures almost all the above-mentioned parameters was 
described and applied by Madden (1990). In order not to duplicate the work that went into 
establishing the existing system, it was thought appropriate to adopt and modify it to suit the 
objectives of this project. 

Similar to the explanations offered by Madden (1990), the modified system rates conditions 
according to three categories, namely pillar condition rating, roof rating and support rating. 
These rating systems are presented in Table 8—1, Table 8—2 and Table 8—3 respectively. 
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Table 8—1 Pillar condition rating 

Pillar condition rating (Rc) 

Sides (slabbing as a % of mining height) (Ac) Corners (slabbing as a % of mining height) 
(Bc) 

Discontinuity effect on pillar (Cc) 

100 0 – 5% 100 0 – 10% 100 None, no effect 

75 5 – 15% 75 10 – 25% 75 Minor effect on one corner or side 

50 15 – 30% 50 25 – 40% 50 Major effect on corner or side 

25 30 – 50% 25 40 – 55% 25 Major effect on several corners or sides 

0 > 50% 0 > 55% 0 Feature reduces pillar area by 30% 

      

Weakness in the pillar (Dc) Coal weathering (Ec) Pillar punching (Fc) 

20 None 20 > 1 year 100 None 

15 Slight 15 1 – 12 months 75 Slight 

10 Moderate 10 1 – 4 weeks 50 Moderate 

5 Severe 5 1 – 7 days 25 Severe 

0 Very severe 0 < 24 hours 0 Very severe 

      

Stone dusting (Gc) Time since dusting (Hc)   

20 80 – 100%, complete 1.00 > 1 year   

15 60 – 80%, well 0.75 1 – 12 months   

10 40 – 60%, moderate 0.5 1 – 4 weeks   

5 20 – 40%, slight 0.25 1 –7 days   

0 < 20%, none 0 < 24 hours   

      

[ ]ratingHratingGratingFratingEratingDratingCratingBratingAP ccccccccc ×++++++=  

Table 8—2 Roof condition rating 

Roof condition rating (Pr) 

Pillar – Roof contact (Ar) Weathering (Br) Roof competence (Cr) 

100 Very good, no signs of gap 20 Fresh 20 No falls/cracks 

75 Good, slight gap, 2.0 mm 15 Moderate, high strength 15 No falls but cracks 
50 Fair, 2.0 – 10.0 mm 10 Moderate, low strength 10 Occasional minor falls 

25 Poor, > 10.0 mm sides intact 5 Slabbing 5 Falls to competent layer 

0 Very poor, spalling due to contact 0 Rapid deterioration 0 Falls to incompetent layer 

      
Immediate roof strata thickness Dr) Height of falls (Er)   

20 > 2.0 m 20 Nil   

15 2.0 – 1.5 m 15 Slight   

10 1.5 – 1.0 m 10 Moderate   
5 1.0 – 0.5 m 5 Severe   

0 < 0.5 m 0 Very severe   

      

ratingEratingDratingCratingBratingAP rrrrrr ++++=  

Table 8—3 Support rating 

Support rating (Sr) 

Support type (As) Other support type (Bs) Support density (Cs) 

100 None 5 Wire mesh 20 None 

50 Rock bolt 5 Other 15 > 6 m2 

40 Timber   10 3 – 6 m2 
0 Other   5 1.5 – 3 m2 

    0 < 1.5 m2 

      

Support efficiency (Ds) Side support (Es)   
1.00 90 – 100% 20 None   

0.75 80 – 90% 15 > 10 m2   

0.50 70 – 80% 10 5 – 10 m2   

0.25 50 – 70% 5 < 5 m2   
0 < 50% 0 < 5m2 + other   

      

[ ] [ ]ratingDratingEratingDratingCratingBratingAS ssssssr ×+×++= )(  



 
122 

8.6 Application of rating system underground 

These rating systems were applied over 20 bord-and-pillar panels in order to determine the 
effectiveness and practicality of the systems. The previous data collected for a SIMRAC project 
(COL021) and using the same rating system was also used in the analyses. Data from a total of 
160 panels from 5 seams in the Witbank and Highveld Coalfields were used in these analyses. 
The results from underground application of these systems are summarised below. 

8.6.1 Effect of age 

The effect of age on pillar, roof and support performance was investigated using the above 
given rating system. The results are presented in Figure 8—4. This figure indicates that as the 
age of the panel increases the pillar, roof and support performance in the section reduces. This 
is an important finding, which suggests that the secondary extraction (pillar extraction) should 
commence as early as possible after the completion of primary mining. Early pillar extraction 
was also suggested in COALTECH project Task 6.9.1, in order to minimise the environmental 
impacts.  
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Figure 8—4 Effect of age on pillar, roof and support performance 

8.6.2 Effect of pillar design safety factor 

The effect of the design safety factor (calculated using the Salamon - Munro formula) on those 
three ratings was also investigated. The results are presented in Figure 8—5. This figure 
indicates that while the design safety factor plays a major role in the pillar rating (as the safety 
factor increases so pillar rating increases), it has no noticeable effect on the roof and support 
performance. It can therefore be concluded that during the planning and selection process of 
secondary extraction panels, underground observations are required to determine the 
conditions of roof and support. Using only the designed pillar safety factor will result in an 
incorrect interpretation.  
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Figure 8—5 Effect of design pillar safety factor on pillar, roof and support performance 

8.6.3 Effect of areal extraction ratio 

Figure 8—6 presents the effect of extraction ratio on pillar, roof and support performance. As 
can be seen from this figure, as the extraction ratio increases the pillar rating increases, but 
there is a wide spread of data. Increased extraction ratio may not necessarily effect the roof and 
support performance. Although this finding appear anomalous, it was in fact expected. This is a 
typical example of experimental (trial-and-error) design of pillar systems. Where the conditions 
of pillars appeared to be good, the pillars were considered to be over-designed and, 
consequently, the size of the pillars was reduced, thus increasing the extraction ratio. 

8.6.4 Effect of depth 

The effect of depth on pillar, roof and support rating is presented in Figure 8—7. This figure 
indicates that as the depth of workings increases the condition of pillars deteriorates; however, 
the depth does not affect the roof and support performance.  

It is also interesting to note from Figure 8—7 and all the above figures that the support and roof 
rating lines always cross one each other for all above parameters investigated, as expected. As 
the roof conditions deteriorate underground personnel improve the support performance. 
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Figure 8—6 Effect of areal extraction ratio on pillar, roof and support performance 
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Figure 8—7 Effect of depth on pillar, roof and support performance 

8.7 Conclusions 

From the above results it can be concluded that the rating systems for pillar, roof and support 
that were developed by Madden (1990) and improved by this project make up an effective 
system for determining the conditions of bord-and-pillar panels. Although the correlation 
coefficients of the results were relatively low, the followings conclusions are drawn from the 
application of these rating systems. 
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The investigation into the effect of age of panel showed that pillar extraction should commence 
in a panel as soon as the primary extraction has been completed in order to reduce the effect of 
time on pillar, roof and support performance. This finding was also confirmed by Task 6.9.1 with 
respect to environmental impacts of pillar extraction. 

It can also be concluded that while the designed pillar safety factors can give a relatively good 
picture of the pillar conditions, they have a very limited effect on roof and support performance. 
It is therefore necessary for a detailed pre-planning survey of potential secondary extraction 
panels to be conducted in order to determine the roof and support conditions in the panels. 

Section areal extraction presents a reverse relationship with pillar rating; as the extraction ratio 
increases the pillar rating increases. As explained above this was an expected phenomenon 
because as the conditions improve the pillar dimensions are reduced. This phenomenon has 
also been seen in analyses of roof and support ratings: as the conditions deteriorate the support 
performance improves. 

While the depth of workings may also play a major role in the performance of pillars, it has no 
significant effect on roof and support performance. 
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   Appendix 1: Collapsed and intact database 
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Database of failed pillars, normal coal strength  

In the following table, the prefix “s” in front of the case numbers, indicate that the data is from 
the original Salamon-Munro database. Likewise, the prefix “m” indicates that the data was 
gathered by Madden and “n” that the data is post 1995. 

Case 
no 

Colliery Seam Coalfield Depth 
(m) 

Pillar 
width 
(m) 

Bord 
width 
(m) 

Mining 
height 

(m) 

s9 New Largo W4 Witbank 30.5 3.4 6.4 2.6 

s67 Springfield Main South Rand 184.7 15.9 5.5 5.5 

s66 Springfield Main South Rand 193.2 15.9 5.5 5.5 

s64 South Witbank W4 Witbank 61.0 4.7 6.9 3.5 

s60 Coalbrook OFS2 Vaal Basin 152.4 12.2 6.1 4.9 

s59 Cornelia OFS2 Vaal Basin 57.9 5.2 6.4 3.7 

s58 South Witbank W5 Witbank 57.9 5.2 6.4 5.5 

s57 Koornfontein W2 Witbank 88.4 7.2 6.6 4.9 

s55 Blesbok W5 Witbank 68.6 3.4 5.8 1.5 

s54 Welgedacht Springs Springs-Witbank 62.5 6.1 7.6 2.4 

s42 South Witbank W5 Witbank 53.3 5.2 6.4 3.7 

s41 Crown Douglas W2 Witbank 30.5 4.6 7.6 3.7 

s40 Wolvekrans W2 Witbank 33.5 6.1 6.7 5.5 

s39 Kendal W5 Witbank 36.6 4.6 7.6 2.4 

s19 Apex Springs Springs-Witbank 36.6 6.1 7.6 4.9 

s18 Witbank W2 Witbank 27.4 3.7 7.9 2.1 

s17 Wolvekrans W2 Witbank 29.6 5.2 7.0 5.5 

s16 M Steam W2 Witbank 21.3 4.0 8.2 4.6 

s126 Vierfontein Main Free State 87.8 6.1 6.1 2.0 

s122 Springfield Main South Rand 167.6 15.9 5.5 5.5 

s120 Cornelia OFS1 Vaal Basin 128.0 9.8 5.5 3.7 

s12 Coronation W1 Witbank 25.9 3.7 8.5 3.1 

s119 W. Consol. W4 Witbank 41.1 4.3 6.4 3.1 

s118 Waterpan W2 Witbank 57.9 6.1 7.6 4.0 

s117 Waterpan W2 Witbank 61.0 6.1 7.6 3.1 

s116 Waterpan W2 Witbank 61.0 6.1 6.1 4.6 

s115 Union Ermelo Breyten Eastern Transvaal 76.2 4.9 6.1 1.4 

n204 Vierfontein Main Free State 21.0 6.8 5.3 3.2 

n203 Vierfontein Main Free State 53.0 5.6 6.1 1.8 

n202 Vierfontein Main Free State 60.0 7.0 6.0 1.8 

n201 Vierfontein Main Free State 29.0 5.4 6.3 2.9 

n200 New Largo W Witbank 43.0 4.8 6.2 2.8 
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n199 New Largo W4 Witbank 32.5 3.2 6.5 2.1 

n198 New Largo W4 Witbank 32.0 3.3 6.4 2.3 

n196 Sigma OFS2a Vaal Basin 104.0 12.0 6.0 3.0 

n195 Sigma OFS3 Vaal Basin 82.0 12.0 6.0 3.0 

n194 Sigma OFS2a Vaal Basin 96.0 12.0 6.0 6.0 

n188 Umgala Alfred Utrecht 51.5 6.0 6.0 3.9 

n187 Umgala Alfred Utrecht 97.0 9.0 6.6 3.7 

n186 Umgala Alfred Utrecht 100.0 8.5 6.5 3.3 

n185 Umgala Alfred Utrecht 101.0 9.0 6.0 3.8 

n184 Sigma OFS2a Vaal Basin 112.0 11.5 5.5 2.9 

n183 Sigma OFS2b Vaal Basin 88.0 11.0 6.0 2.9 

n182 Sigma OFS2b Vaal Basin 70.0 12.5 5.5 2.9 

n181 Sigma OFS3 Vaal Basin 96.0 12.0 6.0 2.9 

n180 Sigma OFS3 Vaal Basin 82.0 10.0 5.0 2.8 

n179 Ballengeigh   74.0 10.0 5.0 4.0 

n173 Wolvekrans W2 Witbank 41.0 6.4 6.4 6.2 

n172 Wolvekrans W2 Witbank 41.0 6.4 6.4 6.2 

n171 Wolvekrans W2 Witbank 41.0 6.4 6.4 6.2 

m170 Springfield Main South Rand 205.0 17.0 6.0 5.9 

m169 Springfield Main South Rand 195.0 17.0 6.0 4.9 

m168 Springfield Main South Rand 165.7 15.0 5.0 5.9 

m167 Tweefontein W2 Witbank 62.0 6.1 6.1 4.0 

m166 Tweefontein W2 Witbank 62.0 6.1 6.1 4.0 

m165 Springbok W5 Witbank 22.0 3.5 6.5 1.6 

m164 Wolvekrans W2 Witbank 33.0 6.4 6.4 4.9 

m163 South Witbank W4 Witbank 56.0 5.1 6.5 3.3 

m162 Tweefontein W2 Witbank 62.0 7.3 6.2 4.0 

m159 Sigma OFS2 Vaal Basin 108.0 10.6 6.5 3.2 

m157 Sigma OFS2 Vaal Basin 112.0 10.6 6.5 2.8 

m151 Tweefontein W2 Witbank 62.0 7.5 6.4 4.0 

m150 Blesbok W5 Witbank 57.0 3.6 5.4 1.4 

m149 Koornfontein W2 Witbank 90.0 7.5 6.0 4.8 

m148b New Largo W4 Witbank 34.0 3.5 6.7 2.7 

m148a New Largo W4 Witbank 34.0 3.5 6.7 2.7 

m148 New Largo W4 Witbank 28.5 3.8 5.8 2.7 
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Intact Cases 

This table contains the original data in Imperial units and the converted data to metric units. 

Case Depth 

(ft) 

Bord 

width 

(ft) 

Pillar 

width 

(ft) 

Mining 

height 

(ft) 

Depth (m) Bord width 

(m) 

Pillar 

width 

(m) 

Mining 

height(m) 

1 150 17 18 6 45.72 5.18 5.49 1.83 

2 70 22 20 9 21.34 6.71 6.10 2.74 

4 100 18 9 5.1 30.48 5.49 2.74 1.55 

5 130 20 20 8.5 39.62 6.10 6.10 2.59 

6 140 18 18 8.5 42.67 5.49 5.49 2.59 

6a 140 18 14 8.5 42.67 5.49 4.27 2.59 

7 120 20 20 12 36.58 6.10 6.10 3.66 

8 100 20 20 10.5 30.48 6.10 6.10 3.20 

10 150 20 20 13 45.72 6.10 6.10 3.96 

11 150 18 14 3.9 45.72 5.49 4.27 1.19 

13 150 20 20 9.5 45.72 6.10 6.10 2.90 

14 170 20 30 5.5 51.82 6.10 9.14 1.68 

21 160 21 24 8 48.77 6.40 7.32 2.44 

22 210 20.5 20 11.3 64.01 6.25 6.10 3.44 

23 100 21 21 12 30.48 6.40 6.40 3.66 

24 150 21 21.5 11.5 45.72 6.40 6.55 3.51 

25 200 22 23 11 60.96 6.71 7.01 3.35 

26 170 20 25 12 51.82 6.10 7.62 3.66 

27 300 20 35 14 91.44 6.10 10.67 4.27 

28 100 22 18 8.5 30.48 6.71 5.49 2.59 

28a 200 22 23 8.5 60.96 6.71 7.01 2.59 

29 225 18 17 3.9 68.58 5.49 5.18 1.19 

31 210 25 25 10 64.01 7.62 7.62 3.05 

32 200 20 25 13 60.96 6.10 7.62 3.96 

33 150 20 20 5.5 45.72 6.10 6.10 1.68 

34 300 20 20 5.1 91.44 6.10 6.10 1.55 

35 250 18 22 9 76.20 5.49 6.71 2.74 

36 150 20 16 5.4 45.72 6.10 4.88 1.65 

37 200 20 16 5.1 60.96 6.10 4.88 1.55 

38 280 18 27 10.5 85.34 5.49 8.23 3.20 
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38a 280 20 25 10.5 85.34 6.10 7.62 3.20 

43 155 25 20 17 47.24 7.62 6.10 5.18 

44 150 20 20 15 45.72 6.10 6.10 4.57 

45 145 20 20 14 44.20 6.10 6.10 4.27 

46 280 20 25 10 85.34 6.10 7.62 3.05 

48 200 20 25 5.5 60.96 6.10 7.62 1.68 

49 160 20 30 14 48.77 6.10 9.14 4.27 

50 200 20 25 9.5 60.96 6.10 7.62 2.90 

51 296 22 28 9.5 90.22 6.71 8.53 2.90 

52 300 20 20 5 91.44 6.10 6.10 1.52 

53 200 18 32 7.5 60.96 5.49 9.75 2.29 

56 400 18 42 7.5 121.92 5.49 12.80 2.29 

61 320 18 32 10.5 97.54 5.49 9.75 3.20 

61a 320 20 30 10.5 97.54 6.10 9.14 3.20 

62 300 18 20 3.9 91.44 5.49 6.10 1.19 

63 380 20 25 6 115.82 6.10 7.62 1.83 

68 356 22 25 7.5 108.51 6.71 7.62 2.29 

69 356 22 28 7.5 108.51 6.71 8.53 2.29 

70 150 20 20 10 45.72 6.10 6.10 3.05 

71 374 18 42 6.5 114.00 5.49 12.80 1.98 

72 250 20 30 13 76.20 6.10 9.14 3.96 

73 300 20 40 13 91.44 6.10 12.19 3.96 

74 480 18 57 7 146.30 5.49 17.37 2.13 

74a 460 18 57 8 140.21 5.49 17.37 2.44 

76 250 20 30 5.5 76.20 6.10 9.14 1.68 

77 479 18 54 7.9 146.00 5.49 16.46 2.41 

77a 528 20.7 49 9.7 160.93 6.31 14.94 2.96 

77b 538 20.4 49.2 9.2 163.98 6.22 15.00 2.80 

77c 592 19.6 50 9.8 180.44 5.97 15.24 2.99 

79 450 18 42 12 137.16 5.49 12.80 3.66 

80 356 21 29 7.5 108.51 6.40 8.84 2.29 

81 300 18 42 6.8 91.44 5.49 12.80 2.07 

82 125 18 14 5 38.10 5.49 4.27 1.52 

83 135 21 21 6.5 41.15 6.40 6.40 1.98 

84 720 18.3 71.3 10.4 219.46 5.58 21.73 3.17 

85 374 18 57 6.5 114.00 5.49 17.37 1.98 
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87 350 20 40 14 106.68 6.10 12.19 4.27 

88 650 18.7 56.3 9.3 198.12 5.70 17.16 2.83 

89 250 20 25 15 76.20 6.10 7.62 4.57 

90 600 18 52 16 182.88 5.49 15.85 4.88 

91 600 19.5 55.5 8 182.88 5.94 16.92 2.44 

65 550 12.1 47 6.5 167.64 3.69 14.33 1.98 

92 300 20 40 5 91.44 6.10 12.19 1.52 

93 290 20 30 10 88.39 6.10 9.14 3.05 

112 250 20 30 9.5 76.20 6.10 9.14 2.90 

113 300 20 35 9.5 91.44 6.10 10.67 2.90 

128 250 20 25 4.5 76.20 6.10 7.62 1.37 

130 350 18 22 3.9 106.68 5.49 6.71 1.19 

132 300 20 30 15 91.44 6.10 9.14 4.57 

133 300 20 20 5.5 91.44 6.10 6.10 1.68 

133a 300 20 25 5.5 91.44 6.10 7.62 1.68 

134 65 20 25 10.5 19.81 6.10 7.62 3.20 

135 470 18 42 5.5 143.26 5.49 12.80 1.68 

136 110 18 22 13 33.53 5.49 6.71 3.96 

137 380 20 30 6 115.82 6.10 9.14 1.83 

138 350 20 30 5.5 106.68 6.10 9.14 1.68 

139 460 18 42 8 140.21 5.49 12.80 2.44 

140 308 18 32 6.5 93.88 5.49 9.75 1.98 

141 115 18 32 8 35.05 5.49 9.75 2.44 

142 166 20 20 4.5 50.60 6.10 6.10 1.37 

143 250 20 30 4.5 76.20 6.10 9.14 1.37 

144 115 16 24 8.5 35.05 4.88 7.32 2.59 

145 120 16 24 6 36.58 4.88 7.32 1.83 

146 150 20 25 16 45.72 6.10 7.62 4.88 

146a 200 20 30 16 60.96 6.10 9.14 4.88 

146b 250 20 35 16 76.20 6.10 10.67 4.88 

146c 300 20 40 16 91.44 6.10 12.19 4.88 

146d 350 20 50 16 106.68 6.10 15.24 4.88 
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Database of failed pillars, weak coal strength 

In the following table, the prefix “s” in front of the case numbers, indicate that the data is from 
the original Salamon-Munro database. Likewise, the prefix “m” indicates that the data was 
gathered by Madden and “n” that the data is post 1995. 

This database is subject to possible expansion, pending investigation of a number of excluded 
failures. 

Case no Coalfield Depth Pillar width 

(m) 

Bord width 

(m)  

Mining height 

(m)  

n175 Klip River 70.0 7.5 5.0 1.8 

n176 Klip River 63.5 7.5 5.0 2.1 

n177 Klip River 61.0 6.0 5.0 1.9 

n178 Klip River 61.0 7.5 5.0 1.9 

n197 Klip River 74.0 7.7 4.8 2.0 

s59 Vaal Basin 57.9 5.2 6.4 3.7 

s60 Vaal Basin 152.4 12.2 6.1 4.9 

s120 Vaal Basin 128.0 9.8 5.5 3.7 

m157 Vaal Basin 112.0 10.6 6.5 2.8 

m159 Vaal Basin 108.0 10.6 6.5 3.2 

n180 Vaal Basin 82.0 10.0 5.0 2.8 

n181 Vaal Basin 96.0 12.0 6.0 2.9 

n182 Vaal Basin 70.0 12.5 5.5 2.9 

n183 Vaal Basin 88.0 11.0 6.0 2.9 

n184 Vaal Basin 112.0 11.5 5.5 2.9 

n194 Vaal Basin 96.0 12.0 6.0 6.0 

n195 Vaal Basin 82.0 12.0 6.0 3.0 

n196 Vaal Basin 104.0 12.0 6.0 3.0 
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      Appendix 2: Laboratory test results 
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 Z.A.C. TEST RESULTS   

     

DIAMETER LENGTH AREA w/h STRENGTH 

(mm) (mm) m2  (MPa) 

25.18 62.57 4.98E-04 0.40 40 

24.78 62.47 4.82E-04 0.40 47 

25.12 62.5 4.95E-04 0.40 54 

25.18 62.48 4.98E-04 0.40 57 

25.05 24.95 4.93E-04 1.00 80 

25.08 25.05 4.94E-04 1.00 50 

24.72 24.85 4.80E-04 0.99 35 

25.15 25.13 4.97E-04 1.00 64 

24.70 24.95 4.79E-04 0.99 60 

24.85 24.89 4.85E-04 1.00 60 

24.00 12.93 4.52E-04 1.86 57 

24.00 13 4.52E-04 1.85 78 

24.76 12.83 4.81E-04 1.93 63 

25.00 12.98 4.91E-04 1.93 69 

24.00 13.15 4.52E-04 1.83 61 

25.06 12.97 4.93E-04 1.93  

25.07 8.76 4.93E-04 2.86 67 

25.00 8.73 4.91E-04 2.86 66 

25.05 8.68 4.93E-04 2.89 65 

24.68 8.67 4.78E-04 2.85 81 

24.07 6.57 4.55E-04 3.66 78 

25.10 6.47 4.95E-04 3.88 72 

25.00 6.58 4.91E-04 3.80 72 

25.07 6.56 4.93E-04 3.82 75 

25.06 6.52 4.93E-04 3.84 77 

25.07 6.45 4.93E-04 3.89 82 

25.10 5.20 4.95E-04 4.83 104.00 

25.05 5.15 4.93E-04 4.86 96.00 

24.67 4.02 4.78E-04 6.14 99.00 

25.00 4.20 4.91E-04 5.95 113.00 
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DIAMETER LENGTH AREA w/h STRENGTH 

(mm) (mm) m2  (MPa) 

50.80 150.08 2.03E-03 0.34 45.00 

50.82 130.02 2.03E-03 0.39 48.00 

50.80 52.00 2.03E-03 0.98 53.00 

51.00 52.30 2.04E-03 0.98 74.00 

51.90 52.17 2.11E-03 0.99 38.00 

50.50 51.75 2.00E-03 0.98 62.00 

50.95 52.00 2.04E-03 0.98 69.00 

50.50 25.50 2.00E-03 1.98 71.00 

50.25 24.50 1.98E-03 2.05 53.00 

50.80 24.68 2.03E-03 2.06 47.00 

51.80 25.50 2.11E-03 2.03 76.00 

50.50 25.47 2.00E-03 1.98 69.00 

52.00 17.00 2.12E-03 3.06 70.00 

50.14 16.95 1.97E-03 2.96 74.00 

51.00 16.84 2.04E-03 3.03 53.00 

52.00 16.95 2.12E-03 3.07 78.00 

51.00 16.94 2.04E-03 3.01 70.00 

52.00 12.61 2.12E-03 4.12 89.00 

51.83 13.24 2.11E-03 3.91 51.00 

50.15 12.35 1.97E-03 4.06 72.00 

50.85 13.03 2.03E-03 3.90 72.00 

50.77 12.63 2.02E-03 4.02 72.00 

51.76 10.64 2.10E-03 4.86 88.00 

51.78 10.41 2.10E-03 4.97 71.00 

51.84 10.62 2.11E-03 4.88 76.00 

51.85 8.72 2.11E-03 5.95 99.00 

50.81 8.65 2.03E-03 5.87 85.00 

52.00 8.60 2.12E-03 6.05 60.00 

50.00 7.36 1.96E-03 6.79 85.00 

50.80 7.40 2.03E-03 6.86 103.00 

50.90 7.22 2.03E-03 7.05 118.00 

50.81 7.32 2.03E-03 6.94 105.00 

50.73 6.40 2.02E-03 7.93 116.00 

50.85 6.40 2.03E-03 7.95 116.00 

50.80 6.30 2.03E-03 8.06 125.00 

50.86 6.20 2.03E-03 8.20 96.00 
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DIAMETER LENGTH AREA w/h STRENGTH 

(mm) (mm) m2  (MPa) 

99.70 245.00 7.80E-03 0.41 18.40 

99.09 254.00 7.71E-03 0.39 19.50 

98.43 100.05 7.61E-03 0.98 42.00 

98.20 100.07 7.57E-03 0.98 32.00 

98.33 50.03 7.59E-03 1.97 47.00 

95.37 50.00 7.14E-03 1.91 51.00 

98.18 33.24 7.57E-03 2.95 60.00 

98.60 33.32 7.63E-03 2.96 58.00 

98.50 25.05 7.62E-03 3.93 59.00 

98.50 24.82 7.62E-03 3.97 90.00 

97.90 16.99 7.52E-03 5.76 68.00 

97.03 16.94 7.39E-03 5.73 105.00 

99.00 14.20 7.69E-03 6.97 88.00 

97.80 14.10 7.51E-03 6.94 105.00 

98.48 14.19 7.61E-03 6.94 92.00 

98.40 12.45 7.60E-03 7.90 107.00 

98.54 12.57 7.62E-03 7.84 108.00 
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 GOEDEHOOP TEST RESULTS  

     

DIAMETER LENGTH AREA w/h STRENGTH 

(mm) (mm) m2  (MPa) 

25.05 24.92 4.93E-04 1.01 74.00 

25.06 24.87 4.93E-04 1.01 75.00 

25.05 25.00 4.93E-04 1.00 61.00 

25.01 25.02 4.91E-04 1.00  

24.93 12.61 4.88E-04 1.98 88.00 

24.89 12.55 4.86E-04 1.98 69.00 

25.07 12.11 4.93E-04 2.07 86.00 

25.07 12.12 4.93E-04 2.07  

24.89 8.00 4.86E-04 3.11 87.00 

25.05 8.32 4.93E-04 3.01 76.00 

24.10 8.02 4.56E-04 3.00 90.00 

24.89 8.32 4.86E-04 2.99  

25.08 6.29 4.94E-04 3.99 85.00 

25.08 6.22 4.94E-04 4.03 96.00 

25.06 6.20 4.93E-04 4.04 86.00 

25.06 6.21 4.93E-04 4.04  

25.05 5.01 4.93E-04 5.00 120.00 

25.06 5.00 4.93E-04 5.01 107.00 

25.03 4.82 4.92E-04 5.19 83.00 

25.04 4.82 4.92E-04 5.20  

25.03 4.17 4.92E-04 6.00 130.00 

25.05 4.15 4.93E-04 6.04 145.00 

25.15 4.15 4.97E-04 6.06 127.00 

25.06 4.14 4.93E-04 6.05  

     

50.95 52.02 2.04E-03 0.98 40.00 

50.69 52.00 2.02E-03 0.97 41.00 

50.90 51.91 2.03E-03 0.98 42.00 

50.95 52.00 2.04E-03 0.98  

50.85 25.92 2.03E-03 1.96 65.00 

50.80 25.92 2.03E-03 1.96 67.00 

51.00 25.95 2.04E-03 1.97 53.00 
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DIAMETER LENGTH AREA w/h STRENGTH 

(mm) (mm) m2  (MPa) 

50.97 25.95 2.04E-03 1.96  

50.90 17.25 2.03E-03 2.95 66.00 

50.75 17.26 2.02E-03 2.94 68.00 

50.85 17.25 2.03E-03 2.95 75.00 

50.65 17.15 2.01E-03 2.95  

50.90 13.00 2.03E-03 3.92 91.00 

50.94 12.85 2.04E-03 3.96  

50.00 12.80 1.96E-03 3.91 64.00 

50.00 12.99 1.96E-03 3.85 70.00 

50.85 10.33 2.03E-03 4.92 91.00 

50.58 10.31 2.01E-03 4.91 77.00 

50.80 10.48 2.03E-03 4.85 90.00 

50.85 10.42 2.03E-03 4.88  

50.70 7.94 2.02E-03 6.39 108.00 

51.00 8.23 2.04E-03 6.20 121.00 

50.86 7.91 2.03E-03 6.43 102.00 

     

99.10 248.00 7.71E-03 0.40 20.00 

99.27 98.90 7.74E-03 1.00 30.00 

98.88 48.98 7.68E-03 2.02 42.00 

99.15 50.10 7.72E-03 1.98 28.00 

99.00 49.54 7.69E-03 2.00  

98.80 33.30 7.66E-03 2.97 42.00 

98.29 33.19 7.58E-03 2.96  

98.70 33.42 7.65E-03 2.95 38.00 

99.20 24.95 7.72E-03 3.98 31.00 

90.00 24.34 6.36E-03 3.70 49.00 

98.75 25.02 7.65E-03 3.95  

98.34 24.75 7.59E-03 3.97 49.00 

98.54 20.01 7.62E-03 4.92  

98.00 19.98 7.54E-03 4.90 65.00 

99.08 16.45 7.71E-03 6.02  

99.09 16.62 7.71E-03 5.96 69.00 

99.35 17.05 7.75E-03 5.83 74.00 

98.89 14.25 7.68E-03 6.94  

98.43 14.40 7.61E-03 6.84 109.00 
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DIAMETER LENGTH AREA w/h STRENGTH 

(mm) (mm) m2  (MPa) 

99.00 14.98 7.69E-03 6.61 63.00 

98.07 12.44 7.55E-03 7.88  

95.00 11.70 7.08E-03 8.12 134.00 

96.30 12.43 7.28E-03 7.75 99.00 

     

298.00 293.00 6.97E-02 1.02 19.90 

290.00 150.00 6.60E-02 1.93 22.00 

275.00 152.00 5.94E-02 1.81 28.00 

279.00 100.00 6.11E-02 2.79 34.00 

278.00 97.00 6.07E-02 2.87 34.00 

260.00 75.50 5.31E-02 3.44 41.00 

288.00 67.00 6.51E-02 4.30 44.00 

288.00 49.00 0.07 5.88 54.00 

190.00 191.00 0.03 0.99 24.00 

     

 KHUTALA TEST RESULTS  

     

DIAMETER LENGTH AREA w/h STRENGTH 

(mm) (mm) m2  (MPa) 

25.05 25.26 4.93E-04 0.99 46.00 

25.05 24.82 4.93E-04 1.01 75.00 

25.05 12.07 4.93E-04 2.08 56.00 

25.01 11.71 4.91E-04 2.14 55.00 

25.08 8.37 4.94E-04 3.00 68.00 

25.52 8.41 5.11E-04 3.03 83.00 

25.05 8.32 4.93E-04 3.01 78.00 

25.51 6.25 5.11E-04 4.08 105.00 

25.03 6.25 4.92E-04 4.00 90.00 

24.92 5.34 4.87E-04 4.67 110.00 

25.00 4.77 4.91E-04 5.24 117.00 

24.97 4.28 4.89E-04 5.83 129.00 

     

60.00 60.50 2.83E-03 0.99 43.00 

60.80 60.20 2.90E-03 1.01 30.00 

60.40 60.95 2.86E-03 0.99 49.00 

60.70 29.57 2.89E-03 2.05 63.00 
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DIAMETER LENGTH AREA w/h STRENGTH 

(mm) (mm) m2  (MPa) 

58.00 30.02 2.64E-03 1.93 63.00 

60.75 30.29 2.90E-03 2.01 67.00 

60.85 20.61 2.91E-03 2.95 69.00 

60.70 20.52 2.89E-03 2.96 69.00 

60.78 20.32 2.90E-03 2.99  

57.00 14.92 2.55E-03 3.82 72.00 

60.71 14.57 2.89E-03 4.17 113.00 

60.00 12.66 2.83E-03 4.74 74.80. 

60.70 12.59 2.89E-03 4.82 80.00 

60.00 12.63 2.83E-03 4.75 75.00 

60.00 9.15 2.83E-03 6.56 79.00 

60.30 9.61 2.85E-03 6.27 129.00 

60.20 10.56 2.84E-03 5.70 80.00 

60.69 8.65 2.89E-03 7.02 82.00 

60.70 8.25 2.89E-03 7.36 80.00 

60.00 7.15 2.83E-03 8.39 85.00 

60.68 7.40 2.89E-03 8.20 141.00 

     

95.75 99.85 7.20E-03 0.96 40.00 

98.09 100.53 7.55E-03 0.98 33.00 

95.08 98.27 7.10E-03 0.97 43.00 

99.95 50.10 7.84E-03 2.00 50.00 

97.00 49.95 7.39E-03 1.94 44.00 

95.00 33.28 7.08E-03 2.85 54.00 

99.05 33.57 7.70E-03 2.95 64.00 

95.00 25.08 7.08E-03 3.79 67.00 

99.00 25.04 7.69E-03 3.95 74.00 

90.00 24.92 6.36E-03 3.61 68.00 

98.00 19.79 7.54E-03 4.95 76.00 

92.00 20.87 6.64E-03 4.41 71.00 

98.98 19.28 7.69E-03 5.13 78.00 

95.00 16.48 7.08E-03 5.76 77.00 

98.41 15.53 7.60E-03 6.34 79.00 

96.18 14.16 7.26E-03 6.79 82.00 

95.65 14.03 7.18E-03 6.82 112.00 

98.27 12.61 7.58E-03 7.79 85.00 
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DIAMETER LENGTH AREA w/h STRENGTH 

(mm) (mm) m2  (MPa) 

97.97 12.31 7.53E-03 7.96 83.00 

     

190.50 201.50 2.85E-02 0.95 30.00 

190.00 204.00 2.83E-02 0.93 32.00 

190.00 94.05 2.83E-02 2.02 40.00 

189.00 91.44 2.80E-02 2.07 42.00 

191.00 69.31 2.86E-02 2.76 46.00 

190.00 67.28 2.83E-02 2.82 49.00 

190.00 50.00 2.83E-02 3.80 58.00 

189.00 49.57 2.80E-02 3.81 56.00 

189.00 42.30 2.80E-02 4.47 60.00 

182.00 29.58 2.60E-02 6.15 81.00 

     

297.00 295.00 6.92E-02 1.01 24.00 

290.00 297.00 6.60E-02 0.98 29.00 

289.00 145.00 6.56E-02 1.99 32.00 

295.00 143.00 6.83E-02 2.06 33.00 

288.00 143.00 6.51E-02 2.01 37.00 

265.00 101.00 5.51E-02 2.62 42.00 

287.00 106.00 6.47E-02 2.71 40.00 

287.00 72.00 6.47E-02 3.99 49.00 

280.00 74.00 6.15E-02 3.78 46.00 

285.00 59.00 6.38E-02 4.83 48.00 

282.00 60.00 6.24E-02 4.70 48.00 

275.00 60.00 5.94E-02 4.58 49.00 

275.00 50.00 5.94E-02 5.50  

275.00 53.00 5.94E-02 5.19 54.00 
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 KRIEL TEST RESULTS   

     

DIAMETER LENGTH AREA w/h STRENGTH 

(mm) (mm) m2  (MPa) 

     

25.20 25.03 4.99E-04 1.01 39.00 

25.35 25.05 5.04E-04 1.01 42.00 

25.00 12.66 4.91E-04 1.97 71.00 

25.33 12.50 5.04E-04 2.03 76.00 

25.30 8.27 5.02E-04 3.06 78.00 

25.30 6.29 5.02E-04 4.02 106.00 

25.36 6.33 5.05E-04 4.01 81.00 

25.35 5.09 5.04E-04 4.98 94.00 

25.00 5.11 4.91E-04 4.89 87.00 

25.29 4.16 5.02E-04 6.08 100.00 

     

60.69 130.00 2.89E-03 0.47 20.00 

60.70 129.00 2.89E-03 0.47 21.00 

60.70 130.00 2.89E-03 0.47 24.00 

60.80 133.00 2.90E-03 0.46 23.00 

60.70 60.10 2.89E-03 1.01 34.00 

60.00 61.20 2.83E-03 0.98 37.00 

60.10 60.90 2.84E-03 0.99 38.00 

61.50 60.78 2.97E-03 1.01 30.00 

57.70 32.20 2.61E-03 1.79 35.00 

60.82 33.12 2.90E-03 1.84 38.00 

60.80 30.90 2.90E-03 1.97 49.00 

60.90 31.20 2.91E-03 1.95 53.00 

60.00 21.10 2.83E-03 2.84 50.00 

59.00 22.40 2.73E-03 2.63 49.00 

60.80 22.30 2.90E-03 2.73 40.00 

57.00 15.30 2.55E-03 3.73 53.00 

60.00 15.20 2.83E-03 3.95 53.00 

60.00 15.80 2.83E-03 3.80 71.00 

57.00 12.70 2.55E-03 4.49 82.00 

60.80 12.30 2.90E-03 4.94 94.00 
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DIAMETER LENGTH AREA w/h STRENGTH 

(mm) (mm) m2  (MPa) 

60.70 12.40 2.89E-03 4.90 74.00 

60.00 10.20 2.83E-03 5.88 98.00 

60.80 10.40 2.90E-03 5.85 96.00 

60.80 8.80 2.90E-03 6.91 97.00 

60.80 9.30 2.90E-03 6.54 108.00 

60.80 8.50 2.90E-03 7.15 80.00 

57.00 8.30 2.55E-03 6.87 99.00 

     

97.40 100.10 7.45E-03 0.97 24.00 

97.00 99.00 7.39E-03 0.98 31.00 

99.50 100.50 7.77E-03 0.99 29.00 

95.00 48.00 7.08E-03 1.98 37.00 

98.70 50.70 7.65E-03 1.95 46.00 

97.00 50.50 7.39E-03 1.92 32.00 

97.60 50.80 7.48E-03 1.92 45.00 

98.00 35.30 7.54E-03 2.78 50.00 

95.00 35.20 7.08E-03 2.70 51.00 

99.43 26.49 7.76E-03 3.75 61.00 

99.00 30.11 7.69E-03 3.29 48.00 

99.00 18.00 7.69E-03 5.50 68.00 

95.00 13.60 7.08E-03 6.99 78.00 

     

190.00 190.00 2.83E-02 1.00 19.10 

190.00 190.00 2.83E-02 1.00 21.00 

191.00 95.50 2.86E-02 2.00 28.00 

193.00 95.00 2.92E-02 2.03 32.00 

190.00 65.00 2.83E-02 2.92 36.00 

191.00 60.00 2.86E-02 3.18 40.00 

190.00 47.00 2.83E-02 4.04 47.00 

190.00 47.00 2.83E-02 4.04 52.00 

190.00 40.00 2.83E-02 4.75 57.00 

     

287.00 298.00 6.47E-02 0.96 8.40 

287.00 300.00 6.47E-02 0.96 15.00 

278.00 150.00 6.07E-02 1.85 25.00 

280.00 141.00 6.15E-02 1.99 20.00 
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DIAMETER LENGTH AREA w/h STRENGTH 

(mm) (mm) m2  (MPa) 

283.00 97.00 6.29E-02 2.92 39.00 

287.00 71.00 6.47E-02 4.04 49.00 

280.00 70.00 6.15E-02 4.00 35.00 

287.00 60.00 6.47E-02 4.78 53.00 

286.00 50.00 6.42E-02 5.72 55.00 

     

 BLINKPAN TEST RESULTS  

     

DIAMETER LENGTH AREA w/h STRENGTH 

(mm) (mm) m2  (MPa) 

     

25.29 25.04 5.02E-04 1.01 41.00 

25.23 25.08 5.00E-04 1.01 46.00 

25.10 12.59 4.95E-04 1.99 64.00 

25.35 12.50 5.04E-04 2.03 64.00 

25.35 8.18 5.04E-04 3.10 72.00 

24.25 8.16 4.62E-04 2.97 67.00 

24.50 8.06 4.71E-04 3.04 69.00 

25.35 6.32 5.04E-04 4.01 91.00 

25.20 6.31 4.99E-04 3.99 100.00 

25.13 6.27 4.96E-04 4.01 79.00 

25.36 5.06 5.05E-04 5.01 98.00 

25.35 5.07 5.04E-04 5.00 108.00 

25.35 4.26 5.04E-04 5.95 112.00 

25.38 4.28 5.06E-04 5.93 120.00 

     

60.90 60.00 2.91E-03 1.02 55.00 

60.90 60.20 2.91E-03 1.01 52.00 

60.70 60.10 2.89E-03 1.01 36.00 

60.90 59.90 2.91E-03 1.02 45.00 

60.00 30.10 2.83E-03 1.99 61.00 

61.30 30.10 2.95E-03 2.04 52.00 

61.50 30.00 2.97E-03 2.05 63.00 

60.50 19.00 2.87E-03 3.18 51.00 

60.00 20.00 2.83E-03 3.00 70.00 

60.80 15.08 2.90E-03 4.03 85.00 
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DIAMETER LENGTH AREA w/h STRENGTH 

(mm) (mm) m2  (MPa) 

60.80 15.08 2.90E-03 4.03 80.00 

60.80 15.11 2.90E-03 4.02 80.00 

60.84 11.80 2.91E-03 5.16 88.00 

60.81 11.98 2.90E-03 5.08 88.00 

60.78 9.80 2.90E-03 6.20 88.00 

60.80 9.85 2.90E-03 6.17 76.00 

60.70 10.00 2.89E-03 6.07 99.00 

60.70 8.50 2.89E-03 7.14 95.00 

60.60 8.46 2.88E-03 7.16 113.00 

60.60 7.45 2.88E-03 8.13 134.00 

60.70 7.33 2.89E-03 8.28 104.00 

     

100.92 100.30 8.00E-03 1.01 34.00 

98.73 99.77 7.65E-03 0.99 24.00 

90.00 49.37 6.36E-03 1.82 30.00 

95.00 49.90 7.08E-03 1.90 35.00 

90.00 33.00 6.36E-03 2.73 33.00 

98.00 31.79 7.54E-03 3.08 42.00 

99.00 28.00 7.69E-03 3.54 57.00 

98.08 28.25 7.55E-03 3.47 44.00 

98.67 24.95 7.64E-03 3.95 39.00 

99.00 19.70 7.69E-03 5.03 58.00 

99.10 19.90 7.71E-03 4.98 53.00 

98.80 20.00 7.66E-03 4.94 57.00 

97.00 15.90 7.39E-03 6.10 60.00 

99.20 16.10 7.72E-03 6.16 47.00 

99.10 16.60 7.71E-03 5.97 52.00 

99.20 14.20 7.72E-03 6.99 75.00 

99.00 14.20 7.69E-03 6.97 77.00 

98.50 12.70 7.62E-03 7.76 83.00 

99.30 12.53 7.74E-03 7.92 85.00 

     

190.00 195.00 2.83E-02 0.97 22.00 

191.00 100.00 2.86E-02 1.91 26.00 

190.00 64.00 2.83E-02 2.97 33.00 

191.00 48.00 2.86E-02 3.98 39.00 
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DIAMETER LENGTH AREA w/h STRENGTH 

(mm) (mm) m2  (MPa) 

185.00 41.00 2.69E-02 4.51 47.00 

     

292.00 299.00 6.69E-02 0.98 18.40 

285.00 297.00 6.38E-02 0.96 15.80 

288.00 147.50 6.51E-02 1.95 26.00 

288.00 157.00 6.51E-02 1.83 23.00 

285.00 99.00 6.38E-02 2.88 29.00 

285.00 73.00 6.38E-02 3.90 37.00 

285.00 70.00 6.38E-02 4.07 37.00 

     

 GREENSIDE TEST RESULTS  

     

DIAMETER LENGTH AREA w/h STRENGTH 

(mm) (mm) m2  (MPa) 

     

25.02 25.43 4.91E-04 0.98 48.00 

20.30 25.09 3.23E-04 0.81 52.00 

25.21 12.75 4.99E-04 1.98 63.00 

25.40 12.72 5.06E-04 2.00 74.00 

25.30 8.28 5.02E-04 3.06 96.00 

25.30 8.27 5.02E-04 3.06 93.00 

25.44 6.27 5.08E-04 4.06 106.00 

25.30 6.30 5.02E-04 4.02 108.00 

25.42 5.08 5.07E-04 5.00 147.00 

25.41 4.97 5.07E-04 5.11 69.00 

25.43 5.09 5.08E-04 5.00 119.00 

25.35 4.22 5.04E-04 6.01 124.00 

25.00 4.21 4.91E-04 5.94 110.00 

     

60.74 60.56 2.90E-03 1.00 38.00 

60.53 60.15 2.88E-03 1.01 46.00 

60.59 59.98 2.88E-03 1.01 29.00 

60.77 29.93 2.90E-03 2.03 67.00 

60.50 29.93 2.87E-03 2.02 51.00 

60.90 20.02 2.91E-03 3.04 57.00 

60.80 19.94 2.90E-03 3.05 68.00 
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DIAMETER LENGTH AREA w/h STRENGTH 

(mm) (mm) m2  (MPa) 

60.70 14.80 2.89E-03 4.10 52.00 

60.00 15.09 2.83E-03 3.98 73.00 

60.00 15.02 2.83E-03 3.99 63.00 

60.00 15.04 2.83E-03 3.99 54.00 

60.70 12.09 2.89E-03 5.02 62.00 

60.63 12.03 2.89E-03 5.04 96.00 

60.63 11.93 2.89E-03 5.08 64.00 

60.72 12.03 2.89E-03 5.05 63.00 

60.74 9.73 2.90E-03 6.24 82.00 

60.74 9.80 2.90E-03 6.20 72.00 

60.70 10.07 2.89E-03 6.03 116.00 

60.70 10.02 2.89E-03 6.06 93.00 

60.72 8.50 2.89E-03 7.14 144.00 

60.67 8.51 2.89E-03 7.13 117.00 

60.78 8.50 2.90E-03 7.15 140.00 

60.71 8.51 2.89E-03 7.13 118.00 

60.66 7.40 2.89E-03 8.20 344.00 

60.60 7.49 2.88E-03 8.09 294.00 

60.69 7.69 2.89E-03 7.89 187.00 

     

99.25 99.83 7.73E-03 0.99 36.00 

99.00 99.77 7.69E-03 0.99 30.00 

99.50 49.34 7.77E-03 2.02 35.00 

99.00 49.93 7.69E-03 1.98 37.00 

99.18 33.27 7.72E-03 2.98 44.00 

99.02 33.47 7.70E-03 2.96 39.00 

99.02 33.33 7.70E-03 2.97 45.00 

97.00 25.18 7.39E-03 3.85 48.00 

99.00 25.04 7.69E-03 3.95 52.00 

98.00 25.10 7.54E-03 3.90 32.00 

98.92 25.11 7.68E-03 3.94 65.00 

97.00 25.03 7.39E-03 3.88 35.00 

99.10 20.42 7.71E-03 4.85 48.00 

98.60 19.93 7.63E-03 4.95 34.00 

98.50 19.96 7.62E-03 4.93 53.00 

98.30 19.95 7.59E-03 4.93 50.00 
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DIAMETER LENGTH AREA w/h STRENGTH 

(mm) (mm) m2  (MPa) 

95.00 16.65 7.08E-03 5.71 57.00 

99.00 16.51 7.69E-03 6.00 54.00 

99.00 14.20 7.69E-03 6.97 59.00 

97.00 14.40 7.39E-03 6.74 49.00 

95.00 14.20 7.08E-03 6.69 70.00 

98.84 12.47 7.67E-03 7.93 56.00 

98.85 12.61 7.67E-03 7.84 74.00 

99.19 12.46 7.72E-03 7.96 68.00 

98.92 12.40 7.68E-03 7.98 68.00 

     

191.00 199.00 2.86E-02 0.96 22.00 

190.00 201.00 2.83E-02 0.95 25.00 

192.00 97.00 2.89E-02 1.98 38.00 

190.00 100.00 2.83E-02 1.90 36.00 

192.00 65.00 2.89E-02 2.95 44.00 

192.00 48.00 2.89E-02 4.00 48.00 

191.50 40.00 2.88E-02 4.79 51.00 

191.00 32.00 2.86E-02 5.97 54.00 

     

288.00 294.00 6.51E-02 0.98 17.30 

280.00 288.50 6.15E-02 0.97 18.30 

284.00 143.00 6.33E-02 1.99 33.00 

280.00 135.50 6.15E-02 2.07 26.00 

280.00 95.00 6.15E-02 2.95 40.00 

275.00 98.00 5.94E-02 2.81 36.00 

280.00 75.00 6.15E-02 3.73 43.00 

281.00 75.00 6.20E-02 3.75 39.00 

280.00 70.00 6.15E-02 4.00 44.00 

280.00 58.50 6.15E-02 4.79 44.00 

280.00 60.00 6.15E-02 4.67 48.00 

284.00 48.00 6.33E-02 5.92 62.00 

284.00 48.00 6.33E-02 5.92 51.00 
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 DELMAS TEST RESULTS  

     

DIAMETER LENGTH AREA w/h STRENGTH 

(mm) (mm) m2  (MPa) 

     

24.70 63.00 4.79E-04 0.39 27.20 

25.00 62.90 4.91E-04 0.40 26.50 

24.90 63.00 4.87E-04 0.40 38.50 

25.00 63.00 4.91E-04 0.40 24.40 

24.00 63.00 4.52E-04 0.38 37.10 

24.60 25.40 4.75E-04 0.97 48.80 

24.60 24.00 4.75E-04 1.03 56.10 

24.60 25.80 4.75E-04 0.95 54.60 

24.60 25.50 4.75E-04 0.96 42.00 

24.60 26.90 4.75E-04 0.91 56.70 

24.60 25.00 4.75E-04 0.98 56.30 

24.60 24.90 4.75E-04 0.99 50.40 

24.60 25.10 4.75E-04 0.98 54.60 

25.00 12.60 4.91E-04 1.98 71.80 

24.90 12.90 4.87E-04 1.93 64.60 

25.00 12.50 4.91E-04 2.00 59.60 

25.00 12.60 4.91E-04 1.98 67.10 

24.90 12.70 4.87E-04 1.96 63.60 

24.80 8.60 4.83E-04 2.88 110.10 

24.60 8.60 4.75E-04 2.86 97.70 

24.50 8.60 4.71E-04 2.85 103.30 

24.70 8.80 4.79E-04 2.81 106.30 

24.70 8.80 4.79E-04 2.81 101.10 

24.90 6.60 4.87E-04 3.77 130.70 

24.60 6.40 4.75E-04 3.84 122.50 

24.80 6.60 4.83E-04 3.76 133.30 

24.80 6.40 4.83E-04 3.88 99.20 

24.60 6.60 4.75E-04 3.73 119.80 
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DIAMETER LENGTH AREA w/h STRENGTH 

(mm) (mm) m2  (MPa) 

     

53.60 126.40 2.26E-03 0.42 26.60 

53.20 127.20 2.22E-03 0.42 25.60 

53.70 122.40 2.26E-03 0.44 37.40 

53.80 126.50 2.27E-03 0.43 22.00 

53.40 122.40 2.24E-03 0.44 35.70 

53.20 50.60 2.22E-03 1.05 42.50 

53.40 50.20 2.24E-03 1.06 52.60 

53.30 49.00 2.23E-03 1.09 38.30 

53.40 50.20 2.24E-03 1.06 54.20 

53.40 49.20 2.24E-03 1.09 56.20 

53.60 53.80 2.26E-03 1.00 45.10 

53.30 48.90 2.23E-03 1.09 52.40 

53.40 50.00 2.24E-03 1.07 48.70 

53.00 27.90 2.21E-03 1.90 64.30 

53.80 27.80 2.27E-03 1.94 60.60 

53.70 27.40 2.26E-03 1.96 56.80 

53.30 27.60 2.23E-03 1.93 64.50 

53.40 26.00 2.24E-03 2.05 66.00 

53.20 18.50 2.22E-03 2.88 80.90 

53.40 19.00 2.24E-03 2.81 71.30 

53.40 18.50 2.24E-03 2.89 81.40 

53.80 19.00 2.27E-03 2.83 76.40 

53.40 19.20 2.24E-03 2.78 71.80 

53.60 14.10 2.26E-03 3.80 88.50 

53.40 14.00 2.24E-03 3.81 82.50 

53.70 14.20 2.26E-03 3.78 85.50 

53.40 14.10 2.24E-03 3.79 85.60 

53.40 14.10 2.24E-03 3.79 92.00 

     

100.00 250.00 7.85E-03 0.40 28.60 

100.00 268.00 7.85E-03 0.37 30.50 

100.00 264.00 7.85E-03 0.38 25.20 

100.00 254.00 7.85E-03 0.39 28.50 
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DIAMETER LENGTH AREA w/h STRENGTH 

(mm) (mm) m2  (MPa) 

100.00 256.00 7.85E-03 0.39 27.70 

100.00 100.50 7.85E-03 1.00 42.70 

100.00 99.50 7.85E-03 1.01 37.90 

100.00 99.00 7.85E-03 1.01 41.20 

100.00 100.00 7.85E-03 1.00 42.20 

100.00 100.00 7.85E-03 1.00 43.20 

100.00 99.00 7.85E-03 1.01 40.70 

100.00 99.00 7.85E-03 1.01 36.30 

100.00 99.00 7.85E-03 1.01 40.60 

100.00 49.60 7.85E-03 2.02 52.10 

100.10 49.40 7.87E-03 2.03 51.00 

100.00 50.00 7.85E-03 2.00 56.10 

100.00 49.40 7.85E-03 2.02 56.60 

100.00 49.40 7.85E-03 2.02 49.50 

100.00 35.50 7.85E-03 2.82 75.10 

100.00 34.90 7.85E-03 2.87 77.10 

100.00 35.00 7.85E-03 2.86 73.20 

100.00 35.20 7.85E-03 2.84 73.80 

100.00 36.30 7.85E-03 2.75 76.40 

100.00 29.00 7.85E-03 3.45 91.50 

100.00 30.00 7.85E-03 3.33 80.10 

100.00 27.00 7.85E-03 3.70 81.60 

100.00 26.00 7.85E-03 3.85 92.80 

100.00 28.00 7.85E-03 3.57 76.00 

     

294.00 294.00 6.79E-02 1.00 22.50 

291.00 272.00 6.65E-02 1.07 22.70 

290.00 304.00 6.60E-02 0.95 24.40 
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 SIGMA TEST RESULTS  

     

DIAMETER LENGTH AREA w/h STRENGTH 

(mm) (mm) m2  (MPa) 

     

24.20 61.00 4.60E-04 0.40 33.90 

24.20 63.00 4.60E-04 0.38 33.00 

24.20 63.90 4.60E-04 0.38 26.20 

24.20 61.00 4.60E-04 0.40 34.30 

24.20 61.00 4.60E-04 0.40 22.80 

24.20 25.00 4.60E-04 0.97 47.70 

24.20 25.00 4.60E-04 0.97 41.90 

24.20 25.00 4.60E-04 0.97 42.70 

24.20 25.20 4.60E-04 0.96 37.60 

24.20 25.20 4.60E-04 0.96 45.60 

24.20 25.00 4.60E-04 0.97 44.10 

24.20 25.00 4.60E-04 0.97 39.70 

24.20 25.10 4.60E-04 0.96 40.40 

24.20 13.80 4.60E-04 1.75 47.20 

24.20 13.80 4.60E-04 1.75 42.30 

24.20 13.80 4.60E-04 1.75 37.50 

24.20 12.50 4.60E-04 1.94 45.60 

24.20 12.50 4.60E-04 1.94 45.60 

24.20 8.50 4.60E-04 2.85 56.40 

24.20 8.50 4.60E-04 2.85 63.00 

24.20 8.50 4.60E-04 2.85 52.10 

24.20 8.00 4.60E-04 3.03 44.30 

24.20 8.00 4.60E-04 3.03 44.10 

24.20 7.50 4.60E-04 3.23 29.30 

24.20 7.50 4.60E-04 3.23 45.60 

24.20 7.50 4.60E-04 3.23 68.40 

24.20 7.10 4.60E-04 3.41 61.90 

24.20 7.10 4.60E-04 3.41 58.60 
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DIAMETER LENGTH AREA w/h STRENGTH 

(mm) (mm) m2  (MPa) 

     

53.00 132.20 2.21E-03 0.40 62.00 

53.00 127.00 2.21E-03 0.42 60.50 

53.00 132.20 2.21E-03 0.40 76.70 

53.00 136.00 2.21E-03 0.39 58.70 

53.00 132.20 2.21E-03 0.40 85.00 

53.00 53.00 2.21E-03 1.00 31.20 

53.00 53.00 2.21E-03 1.00 34.60 

53.00 53.00 2.21E-03 1.00 36.70 

53.00 55.00 2.21E-03 0.96 34.40 

53.00 53.00 2.21E-03 1.00 41.60 

53.00 53.00 2.21E-03 1.00 25.30 

53.00 53.00 2.21E-03 1.00 32.80 

53.00 53.00 2.21E-03 1.00 36.70 

53.00 27.30 2.21E-03 1.94 53.60 

53.00 27.30 2.21E-03 1.94 50.20 

53.00 27.30 2.21E-03 1.94 54.30 

53.00 27.30 2.21E-03 1.94 44.40 

53.00 27.30 2.21E-03 1.94 49.80 

53.00 18.00 2.21E-03 2.94 66.50 

53.00 18.00 2.21E-03 2.94 63.80 

53.00 18.00 2.21E-03 2.94 69.30 

53.00 18.00 2.21E-03 2.94 68.80 

53.00 18.00 2.21E-03 2.94 64.30 

53.00 14.30 2.21E-03 3.71 66.50 

53.00 14.40 2.21E-03 3.68 78.80 

53.00 14.40 2.21E-03 3.68 69.30 

53.00 14.10 2.21E-03 3.76 79.70 

53.00 14.10 2.21E-03 3.76 73.60 

     

100.00 252.00 7.85E-03 0.40 15.80 

100.00 252.00 7.85E-03 0.40 11.60 

100.00 242.00 7.85E-03 0.41 13.20 

100.00 252.00 7.85E-03 0.40 15.70 
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DIAMETER LENGTH AREA w/h STRENGTH 

(mm) (mm) m2  (MPa) 

100.00 252.00 7.85E-03 0.40 11.30 

100.00 100.50 7.85E-03 1.00 30.10 

100.00 101.00 7.85E-03 0.99 33.20 

100.00 100.50 7.85E-03 1.00 27.50 

100.00 100.00 7.85E-03 1.00 27.70 

100.00 100.00 7.85E-03 1.00 22.90 

100.00 99.00 7.85E-03 1.01 27.30 

100.00 99.00 7.85E-03 1.01 20.30 

100.00 99.00 7.85E-03 1.01 26.70 

100.00 51.00 7.85E-03 1.96 35.10 

100.00 51.00 7.85E-03 1.96 44.90 

100.00 51.00 7.85E-03 1.96 54.70 

100.00 51.00 7.85E-03 1.96 36.10 

100.00 51.00 7.85E-03 1.96 40.70 

100.00 33.00 7.85E-03 3.03 67.90 

100.00 33.00 7.85E-03 3.03 54.90 

100.00 33.00 7.85E-03 3.03 65.60 

100.00 33.00 7.85E-03 3.03 63.60 

100.00 33.00 7.85E-03 3.03 62.00 

100.00 25.20 7.85E-03 3.97 83.20 

100.00 25.20 7.85E-03 3.97 22.90 

100.00 25.20 7.85E-03 3.97 32.40 

100.00 25.20 7.85E-03 3.97 63.60 

100.00 25.20 7.85E-03 3.97 73.70 

     

295.00 300.00 6.83E-02 0.98 11.80 

295.00 295.00 6.83E-02 1.00 12.00 

295.00 298.00 6.83E-02 0.99 11.90 
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 BANK  TEST RESULTS  

     

DIAMETER LENGTH AREA w/h STRENGTH 

(mm) (mm) m2  (MPa) 

     

23.92 23.78 4.49E-04 1.01 34.00 

24.11 23.98 4.56E-04 1.01 70.00 

24.42 23.96 4.68E-04 1.02 75.00 

24.25 23.98 4.62E-04 1.01 48.00 

24.28 11.43 4.63E-04 2.12 71.00 

24.28 11.50 4.63E-04 2.11 71.00 

24.29 10.90 4.63E-04 2.23 73.00 

24.30 10.96 4.64E-04 2.22 103.00 

23.99 7.15 4.52E-04 3.36 97.00 

24.36 7.13 4.66E-04 3.42 100.00 

25.36 6.38 5.05E-04 3.97 89.00 

25.66 6.36 5.17E-04 4.03 99.00 

25.38 5.03 5.06E-04 5.05 110.00 

25.35 5.42 5.04E-04 4.68 83.00 

25.35 5.04 5.04E-04 5.03 99.00 

25.40 4.06 5.06E-04 6.26 98.00 

25.30 4.01 5.02E-04 6.31 97.00 

25.40 4.20 5.06E-04 6.05 97.00 

     

60.70 59.82 2.89E-03 1.01 46.00 

60.00 29.59 2.83E-03 2.03 57.00 

59.00 20.00 2.73E-03 2.95 68.00 

60.00 14.86 2.83E-03 4.04 71.00 

60.50 12.12 2.87E-03 4.99 101.00 

     

95.00 99.00 7.08E-03 0.96 24.00 

98.00 51.00 7.54E-03 1.92 36.00 

90.00 32.42 6.36E-03 2.78 48.00 

98.50 25.00 7.62E-03 3.94 65.00 

99.00 19.97 7.69E-03 4.96 71.00 

99.00 16.80 7.69E-03 5.89 73.00 
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DIAMETER LENGTH AREA w/h STRENGTH 

(mm) (mm) m2  (MPa) 

     

190.00 200.00 2.83E-02 0.95 25.00 

190.00 100.00 2.83E-02 1.90 36.00 

185.00 65.00 2.69E-02 2.85 45.00 

190.00 50.50 2.83E-02 3.76 46.00 

191.00 40.00 2.86E-02 4.78 57.00 

191.00 29.00 2.86E-02 6.59 72.00 

278.00 288.00 6.07E-02 0.97 18.00 

280.00 99.70 6.15E-02 2.81 41.00 

280.00 75.00 6.15E-02 3.73 43.00 

280.00 62.50 6.15E-02 4.48 51.00 

278.00 53.00 6.07E-02 5.25 55.00 

     

 SECUNDA TEST RESULTS  

     

DIAMETER LENGTH AREA w/h STRENGTH 

(mm) (mm) m2  (MPa) 

     

25.40 25.25 5.06E-04 1.01 42.00 

25.36 24.56 5.05E-04 1.03 43.00 

25.10 24.97 4.95E-04 1.01 32.00 

25.36 12.58 5.05E-04 2.02 60.00 

25.00 12.68 4.91E-04 1.97 53.00 

25.36 12.44 5.05E-04 2.04 57.00 

25.41 12.44 5.07E-04 2.04 53.00 

25.16 8.29 4.97E-04 3.03 61.00 

25.25 7.99 5.00E-04 3.16 57.00 

25.30 5.76 5.02E-04 4.39 91.00 

25.40 6.78 5.06E-04 3.75 65.00 

25.43 6.34 5.08E-04 4.01 71.00 

25.34 4.19 5.04E-04 6.05 105.00 

25.35 4.38 5.04E-04 5.79 90.00 

25.00 4.01 4.91E-04 6.23 131.00 
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DIAMETER LENGTH AREA w/h STRENGTH 

(mm) (mm) m2  (MPa) 

60.65 55.84 2.89E-03 1.09 41.00 

60.63 51.69 2.89E-03 1.17 37.00 

60.78 28.28 2.90E-03 2.15 37.00 

60.69 27.58 2.89E-03 2.20 66.00 

60.82 19.61 2.90E-03 3.10 66.00 

60.70 19.41 2.89E-03 3.13 76.00 

60.50 19.57 2.87E-03 3.09 58.00 

60.77 14.78 2.90E-03 4.11 60.00 

60.60 13.63 2.88E-03 4.45 72.00 

60.60 14.02 2.88E-03 4.32 73.00 

60.45 15.43 2.87E-03 3.92 65.00 

60.69 12.02 2.89E-03 5.05 77.00 

60.00 11.85 2.83E-03 5.06 71.00 

60.59 11.90 2.88E-03 5.09 52.00 

60.81 10.07 2.90E-03 6.04 91.00 

60.74 9.92 2.90E-03 6.12 69.00 

60.68 9.56 2.89E-03 6.35 65.00 

60.00 9.61 2.83E-03 6.24 81.00 

60.67 8.62 2.89E-03 7.04 117.00 

60.67 8.66 2.89E-03 7.01 106.00 

60.70 8.59 2.89E-03 7.07 101.00 

60.00 7.56 2.83E-03 7.94 99.00 

60.70 7.34 2.89E-03 8.27 95.00 

     

99.08 100.05 7.71E-03 0.99 28.00 

99.00 100.10 7.69E-03 0.99 20.00 

96.00 50.00 7.23E-03 1.92 38.00 

98.00 48.06 7.54E-03 2.04 39.00 

98.50 33.10 7.62E-03 2.98 42.00 

98.00 33.36 7.54E-03 2.94 35.00 

95.00 34.40 7.08E-03 2.76 37.00 

98.82 24.60 7.67E-03 4.02 53.00 

98.83 24.97 7.67E-03 3.96 43.00 

98.72 19.96 7.65E-03 4.95 57.00 

98.60 19.46 7.63E-03 5.07 61.00 

98.00 17.00 7.54E-03 5.76 71.00 
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DIAMETER LENGTH AREA w/h STRENGTH 

(mm) (mm) m2  (MPa) 

98.00 17.70 7.54E-03 5.54 76.00 

99.20 15.30 7.72E-03 6.48 66.00 

98.20 15.20 7.57E-03 6.46 67.00 

98.18 12.90 7.57E-03 7.61 84.00 

95.00 13.50 7.08E-03 7.04 65.00 

     

190.00 190.00 2.83E-02 1.00 25.00 

189.00 185.00 2.80E-02 1.02 26.00 

189.00 101.00 2.80E-02 1.87 37.00 

190.00 96.00 2.83E-02 1.98 40.00 

180.00 63.50 2.54E-02 2.83 42.00 

190.00 50.00 2.83E-02 3.80 44.00 

186.00 44.00 2.72E-02 4.23 51.00 

185.00 39.00 2.69E-02 4.74 55.00 

191.00 33.00 2.86E-02 5.79 65.00 

     

270.00 300.00 5.72E-02 0.90 16.00 

283.00 150.00 6.29E-02 1.89 30.00 

280.00 103.00 6.15E-02 2.72 40.00 

281.00 76.00 6.20E-02 3.70 46.00 

     

 ARNOT TEST RESULTS  

     

DIAMETER LENGTH AREA w/h STRENGTH 

(mm) (mm) m2  (MPa) 

     

24.85 25.20 4.85E-04 0.99 78.00 

24.99 25.17 4.90E-04 0.99 39.00 

24.93 25.24 4.88E-04 0.99 61.00 

25.01 12.75 4.91E-04 1.96 81.00 

24.92 12.54 4.87E-04 1.99 62.00 

24.97 12.78 4.89E-04 1.95 53.00 

24.96 8.36 4.89E-04 2.99 64.00 

24.89 8.43 4.86E-04 2.95 85.00 

24.91 8.43 4.87E-04 2.95 78.00 

24.84 8.42 4.84E-04 2.95 58.00 
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DIAMETER LENGTH AREA w/h STRENGTH 

(mm) (mm) m2  (MPa) 

25.00 6.61 4.91E-04 3.78 111.00 

25.02 6.61 4.91E-04 3.79 109.00 

25.04 6.62 4.92E-04 3.78 119.00 

25.17 5.16 4.97E-04 4.88 65.00 

25.01 5.00 4.91E-04 5.00 116.00 

24.93 5.35 4.88E-04 4.66 136.00 

25.05 4.24 4.93E-04 5.91 124.00 

25.09 4.57 4.94E-04 5.49 147.00 

25.05 4.34 4.93E-04 5.77 115.00 

     

60.57 60.15 2.88E-03 1.01 32.00 

60.74 59.87 2.90E-03 1.01 29.00 

60.70 60.27 2.89E-03 1.01 32.00 

60.00 60.16 2.83E-03 1.00 58.00 

60.52 29.97 2.88E-03 2.02 57.00 

60.56 30.08 2.88E-03 2.01 58.00 

60.80 29.88 2.90E-03 2.03 46.00 

60.47 30.24 2.87E-03 2.00 56.00 

60.64 20.73 2.89E-03 2.93 52.00 

60.60 20.21 2.88E-03 3.00 57.00 

60.10 19.47 2.84E-03 3.09 72.00 

60.50 20.05 2.87E-03 3.02 95.00 

60.71 14.94 2.89E-03 4.06 46.00 

60.61 14.94 2.88E-03 4.06 77.00 

60.50 14.88 2.87E-03 4.07 73.00 

60.50 15.38 2.87E-03 3.93 68.00 

60.00 12.16 2.83E-03 4.93 79.00 

60.61 11.96 2.88E-03 5.07 73.00 

60.67 12.22 2.89E-03 4.96 45.00 

60.62 11.95 2.88E-03 5.07 104.00 

60.75 10.12 2.90E-03 6.00 98.00 

60.62 9.69 2.88E-03 6.26 77.00 

60.77 10.03 2.90E-03 6.06 116.00 

60.55 9.75 2.88E-03 6.21 62.00 

60.60 8.61 2.88E-03 7.04 74.00 

60.64 8.41 2.89E-03 7.21 41.00 
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DIAMETER LENGTH AREA w/h STRENGTH 

(mm) (mm) m2  (MPa) 

60.00 8.38 2.83E-03 7.16 82.00 

60.01 8.58 2.83E-03 6.99 51.00 

60.68 7.52 2.89E-03 8.07 111.00 

60.76 7.40 2.90E-03 8.21 80.00 

60.74 7.40 2.90E-03 8.21 77.00 

60.77 7.66 2.90E-03 7.93 114.00 

     

98.82 99.99 7.67E-03 0.99 30.00 

98.00 100.58 7.54E-03 0.97 37.00 

98.00 99.70 7.54E-03 0.98 33.00 

98.00 100.05 7.54E-03 0.98 25.00 

98.06 49.89 7.55E-03 1.97 35.00 

98.50 49.72 7.62E-03 1.98 33.00 

98.00 50.11 7.54E-03 1.96 43.00 

98.85 33.50 7.67E-03 2.95 55.00 

98.97 33.10 7.69E-03 2.99 52.00 

98.00 33.92 7.54E-03 2.89 61.00 

98.50    41.00 

99.01 25.16 7.70E-03 3.94 71.00 

98.94 25.03 7.68E-03 3.95 43.00 

99.27 24.53 7.74E-03 4.05 52.00 

98.39 20.18 7.60E-03 4.88 69.00 

98.72 19.73 7.65E-03 5.00 67.00 

98.00 20.03 7.54E-03 4.89 52.00 

98.00 19.84 7.54E-03 4.94 59.00 

99.08 16.43 7.71E-03 6.03 58.00 

98.36 16.57 7.59E-03 5.94 43.00 

98.61 16.55 7.63E-03 5.96 64.00 

98.00 16.27 7.54E-03 6.02 55.00 

98.14 14.09 7.56E-03 6.97 66.00 

98.11 14.49 7.56E-03 6.77 54.00 

98.00 14.24 7.54E-03 6.88 61.00 

98.00 13.88 7.54E-03 7.06 86.00 

98.05 12.66 7.55E-03 7.74 95.00 

98.54 12.68 7.62E-03 7.77 77.00 
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DIAMETER LENGTH AREA w/h STRENGTH 

(mm) (mm) m2  (MPa) 

     

190.00 192.00 2.83E-02 0.99 30.00 

191.00 192.00 2.86E-02 0.99 31.00 

192.00 189.00 2.89E-02 1.02 30.00 

190.00 192.00 2.83E-02 0.99 29.00 

190.00 95.00 2.83E-02 2.00 46.00 

190.00 96.00 2.83E-02 1.98 41.00 

191.00 60.50 2.86E-02 3.16 47.00 

190.00 47.00 2.83E-02 4.04 54.00 

190.00 38.00 2.83E-02 5.00 58.00 

190.00 39.00 2.83E-02 4.87 59.00 

191.00 31.00 2.86E-02 6.16 62.00 

190.00 31.50 2.83E-02 6.03 65.00 

190.00 32.00 2.83E-02 5.94 63.00 

     

280.00 290.00 6.15E-02 0.97 18.10 

284.00 149.00 6.33E-02 1.91 33.00 

250.00 147.00 4.91E-02 1.70 29.00 

280.00 149.00 6.15E-02 1.88 30.00 

280.00 100.00 6.15E-02 2.80 54.00 

281.00 92.00 6.20E-02 3.05 32.00 

281.00 97.50 6.20E-02 2.88 36.00 

280.00 95.00 6.15E-02 2.95 37.00 

280.00 76.00 6.15E-02 3.68 46.00 

280.00 59.00 6.15E-02 4.75 40.00 

281.00 60.00 6.20E-02 4.68 61.00 

270.00 58.00 5.72E-02 4.66 50.00 

280.00 50.00 6.15E-02 5.60 59.00 

280.00 50.00 6.15E-02 5.60 55.00 
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 DELMAS (2. BLOCK) TEST RESULTS 

     

DIAMETER LENGTH AREA w/h STRENGTH 

(mm) (mm) m2  (MPa) 

     

24.96 25.06 4.89E-04 1.00 67.00 

24.87 25.11 4.86E-04 0.99 40.00 

24.90 25.18 4.87E-04 0.99 73.00 

24.92 25.09 4.87E-04 0.99 42.00 

24.93 12.18 4.88E-04 2.05 50.00 

24.96 12.60 4.89E-04 1.98 73.00 

24.98 12.51 4.90E-04 2.00 77.00 

24.97 12.26 4.89E-04 2.04 65.00 

24.90 8.48 4.87E-04 2.94 92.00 

24.91 8.36 4.87E-04 2.98 57.00 

24.70 8.33 4.79E-04 2.97 92.00 

24.50 8.56 4.71E-04 2.86 60.00 

24.90 6.51 4.87E-04 3.82 92.00 

25.00 6.50 4.91E-04 3.85 87.00 

24.90 6.43 4.87E-04 3.87 116.00 

24.20 6.27 4.60E-04 3.86 68.00 

24.98 4.98 4.90E-04 5.02 87.00 

24.90 5.26 4.87E-04 4.73 64.00 

24.12 4.83 4.57E-04 4.99 78.00 

24.90 4.18 4.87E-04 5.96 86.00 

24.98 4.51 4.90E-04 5.54 105.00 

24.95 4.17 4.89E-04 5.98 105.00 

     

60.60 60.21 2.88E-03 1.01 56.00 

60.75 59.47 2.90E-03 1.02 53.00 

60.70 60.14 2.89E-03 1.01 52.00 

60.44 60.06 2.87E-03 1.01 46.00 

60.29 30.06 2.85E-03 2.01 47.00 

60.63 29.65 2.89E-03 2.04 56.00 

60.30 29.73 2.85E-03 2.03 63.00 

60.20 29.84 2.84E-03 2.02 77.00 
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DIAMETER LENGTH AREA w/h STRENGTH 

(mm) (mm) m2  (MPa) 

60.72 19.99 2.89E-03 3.04 85.00 

60.55 20.10 2.88E-03 3.01 78.00 

60.75 19.79 2.90E-03 3.07 75.00 

60.45 19.95 2.87E-03 3.03 76.00 

60.50 14.58 2.87E-03 4.15 52.00 

60.16 14.78 2.84E-03 4.07 63.00 

60.15 14.98 2.84E-03 4.02 72.00 

60.55 11.74 2.88E-03 5.16 108.00 

60.30 11.73 2.85E-03 5.14 63.00 

60.44 12.10 2.87E-03 5.00 90.00 

60.04 12.05 2.83E-03 4.98 61.00 

60.40 10.16 2.86E-03 5.94 90.00 

60.48 10.05 2.87E-03 6.02 88.00 

60.40 10.07 2.86E-03 6.00 58.00 

60.41 9.90 2.86E-03 6.10 86.00 

60.21 8.51 2.85E-03 7.08 90.00 

60.50 8.40 2.87E-03 7.20 98.00 

60.40 8.38 2.86E-03 7.21 122.00 

60.08 8.49 2.83E-03 7.08 93.00 

60.39 7.60 2.86E-03 7.95 141.00 

60.47 7.51 2.87E-03 8.05 136.00 

60.19 7.62 2.84E-03 7.90 104.00 

     

97.10 100.44 7.40E-03 0.97 30.00 

96.00 98.41 7.23E-03 0.98 27.00 

96.00 100.03 7.23E-03 0.96 30.00 

97.60 50.32 7.48E-03 1.94 48.00 

98.26 50.21 7.58E-03 1.96 36.00 

98.30 49.97 7.59E-03 1.97 41.00 

97.10 33.40 7.40E-03 2.91 50.00 

97.65 33.28 7.49E-03 2.93 99.00 

98.01 32.97 7.54E-03 2.97 52.00 

96.40 33.42 7.29E-03 2.88 53.00 

97.83 25.37 7.51E-03 3.86 80.00 

97.54 25.27 7.47E-03 3.86 54.00 

97.58 25.22 7.47E-03 3.87 52.00 
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DIAMETER LENGTH AREA w/h STRENGTH 

(mm) (mm) m2  (MPa) 

96.17 25.25 7.26E-03 3.81 65.00 

97.06 19.89 7.40E-03 4.88 52.00 

97.16 20.09 7.41E-03 4.84 56.00 

97.49 19.61 7.46E-03 4.97 88.00 

96.40 16.55 7.29E-03 5.82 78.00 

96.14 16.70 7.26E-03 5.76 63.00 

98.20 14.38 7.57E-03 6.83 55.00 

96.19 14.36 7.26E-03 6.70 75.00 

96.50 13.87 7.31E-03 6.96 51.00 

96.10 14.33 7.25E-03 6.71 75.00 

97.43 12.62 7.45E-03 7.72 116.00 

98.17 12.19 7.57E-03 8.05 97.00 

98.07 12.37 7.55E-03 7.93 85.00 

97.80 12.44 7.51E-03 7.86 80.00 

     

190.00 192.00 2.83E-02 0.99 23.00 

190.00 192.00 2.83E-02 0.99 30.00 

191.00 97.00 2.86E-02 1.97 42.00 

190.00 97.00 2.83E-02 1.96 55.00 

190.00 66.00 2.83E-02 2.88 45.00 

191.00 65.00 2.86E-02 2.94 46.00 

191.00 64.00 2.86E-02 2.98 61.00 

189.00 49.00 2.80E-02 3.86 56.00 

190.00 49.00 2.83E-02 3.88 57.00 

190.00 49.00 2.83E-02 3.88 56.00 

190.00 39.00 2.83E-02 4.87 62.00 

191.00 39.00 2.86E-02 4.90 63.00 

190.00 31.00 2.83E-02 6.13 67.00 

185.00 31.00 2.69E-02 5.97 60.00 

190.00 33.00 2.83E-02 5.76 100.00 

     

280.00 281.00 6.15E-02 1.00 23.00 

280.00 280.00 6.15E-02 1.00 25.00 

284.00 151.00 6.33E-02 1.88 34.00 

284.00 151.00 6.33E-02 1.88 33.00 

282.00 100.00 6.24E-02 2.82 43.00 
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DIAMETER LENGTH AREA w/h STRENGTH 

(mm) (mm) m2  (MPa) 

280.00 98.00 6.15E-02 2.86 39.00 

280.00 75.00 6.15E-02 3.73 48.00 

280.00 76.00 6.15E-02 3.68 47.00 

280.00 61.00 6.15E-02 4.59 55.00 

273.00 61.00 5.85E-02 4.48 58.00 

283.00 50.00 6.29E-02 5.66 61.00 

283.00 50.00 6.29E-02 5.66 58.00 
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       Appendix 3: Results from petrographic analyses of coal 
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