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Introduction

It is well known to rock engineering experts in
coal mining and production operators that the
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,
rock engineers use lower strength constants
than the average value of 7.17 MPa in the
Salamon and Munro (1967) pillar strength

formula, like at Sigma Colliery in the Vaal
Basin—Van der Merwe (1993). In other areas,
like 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 by
using a data base of failed pillar cases. In the
case of the stronger coal areas, this could not
be done quantitatively as there are no pillar
failures to form a data base. The magnitude of
the higher constant was thus based on
engineering judgement.

In the absence of a data base 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 coal
strength and the complex influence of size and
shape on the strength of pillars.

During the period 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 diameter-to-length
(d/l) ratios ranged from 0.5 to more than 7.0.

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 were re-analysed with a different
approach and it was found that it was indeed
possible to distinguish coals of different
strength.

This paper describes the method that was
used to analyse the data and shows the results
of the analysis. While these laboratory results
should not yet be extrapolated to determine
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Synopsis

The results of over 900 coal strength tests done during the period
1993–1994 for the SIMRAC project COL021A were re-analysed with
a view to find a method to delineate areas or seams that can be
grouped together for analyses of coal strength and strength decay
characteristics.

It was confirmed that the strength of a coal specimen increases
linearly with increasing diameter-to-length ratio and decreases
exponentially with increasing size of specimen. However, by
extrapolation of the data, it was shown that beyond a diameter of
approximately 2 m, the size effect is insignificant. For larger
specimens, the diameter-to-length ratio (referred to as the width-
to-height ratio for full scale mine pillars) alone continues to
influence the strength.

The slope of the linear strength vs. diameter-to-length ratio
relationship is independent of the size of the specimen and is not
unique for coals from different mines. However, the intercept of
that relationship is unique and is a function of specimen size. This
offers a previously unknown 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 roughly
corresponds to the judgement of practising rock engineers in the
field:

➤ Sigma
➤ ZAC
➤ Goedehoop
➤ Kriel
➤ Bank
➤ Blinkpan
➤ Secunda
➤ Greenside Arnot
➤ Khutala
➤ Delmas
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the strength of full scale pillars, they demonstrate the
important point that there are indeed differences in the
strengths of coal from different areas and seams. This finding
is justification for splitting up the data base of failed pillar
cases in empirical analyses to derive different strength
constants for full scale coal mine pillars in different areas.

The conclusion that beyond a certain size, which is
smaller than the commonly encountered size of full scale
mine pillars, size ceases to play a role in the strength of
specimens, has important implications for the nature of the
formula that is used to predict the strength of pillars.

Characteristics of the data

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 I.

Characteristics of the results

The individual results all displayed linear relationships
between the strength of the groups and the diameter-to-
length (d/l) ratio. As an example, the results for Kriel are
shown in Figure 1. The equations of the relationships
between the strength and the d/l for different specimen
diameters, with the corresponding correlation coefficients, are
also indicated in the Figure.

The Figure illustrates the trends which are apparent for
the other mines’ results as well, namely that the relationship
between strength and d/l is linear, the strength increases for
increasing d/l and the strength decreases for increasing
diameter of specimens. These trends are well known from
great numbers of tests that had been done before in several
countries.

Figure 2 shows the relationships between strength, d/l
and specimen diameter for all the tests. In the Figure, the
diameters of the circles are proportional to the UCS of the
samples. It is seen that the strength decreases for increasing
specimen diameter, that it increases for increasing d/l and
that for constant d/l, the strength decreases with increasing

specimen diameter. It is important to bear in mind that all the
results shown are for laboratory scale samples, not exceeding
300 mm in diameter.

Method of analysis

It has now been shown that the strength correlates linearly
with d/l and that the strength decreases with increasing
diameter. The generic expression for strength, σ, with
constant size—for the test range—is:

[1]

where m is the slope of the line and C is the projected
intercept with the strength axis. Note that logic dictates that a
specimen with zero diameter cannot have any strength, hence
the correct interpretation here is that C is the projected
residual strength of a specimen with infinitesimally small
diameter. It was then attempted to find trends for m and C
with variation of size.

Variation of slope with size

Figure 3 shows the variation of the slope, m in Equation [1],
with variation in specimen diameter. 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, in Figure 4.

A series of CHI-tests were performed on the slopes of the
different specimens’ strength vs. d/l to determine the
independence of the groups. It was found that the data could
not be described as ‘unique’ for the different specimens. 

It can therefore be concluded that the slopes are
independent of specimen size and also that they cannot be
considered as unique for the different mines where the
samples were collected.

Variation of intercept with size.

The intercepts of the strength vs. d/l—C in Equation [1]—
were analysed in the same manner as the slopes. Figure 5
shows the intercepts plotted against variation in specimen
diameter.

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

Table I

Origins of the coal samples, showing the number of tests performed on different diameters

Mine Coal seam Coalfield Nominal sizes tested—specimen diameter (mm)

25 mm 50 mm 100 mm 200 mm 300 mm

Arnot No. 2 Witbank 19 32 28 13 14
Bank No. 2 Witbank 18 11 - 6 5
Blinkpan No. 2 Witbank 14 21 19 5 7
Delmas* No. 2 Witbank 28 28 28 - 3
Delmas (2)* No. 2 Witbank 22 30 27 15 12
Goedehoop No. 2 Witbank 24 23 23 - 8
Greenside No. 2 Witbank 13 26 25 8 13
Khutala No. 2 Witbank 12 21 19 10 14
Kriel No. 4 Highveld 10 27 13 9 9
Secunda No. 4 Lower Highveld 15 23 17 9 4
Sigma No. 2A Vaal Basin 28 28 28 - 3
Zululand Anthracite Main 30 39 17 - -
(ZAC)



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

[2]

where d is the specimen diameter and A and K are constants.

The data were also subjected to a series of CHI-tests, and
it was found that in this sense, the data sets could predomi-

nantly be described as unique even though there were some
similarities in some cases. Figure 7 shows the results of the
CHI-tests. The higher the columns at the intersections of
individual mines’ names, the greater the similarities between
the data sets.

It can therefore be concluded that the intercepts of the
strength vs. d/l relationships correlate exponentially with
variation in specimen size and that the correlations can be
described as unique for the different areas.

C AeKd= ,
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Figure 1—Results of the strength tests for Kriel, showing the relationships between strength and d/l for different specimen diameters

Figure 2—Strength, proportional to the diameters of the circles, as a function of specimen length and diameter
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Table II lists the A and K constants, contained in the
generic Equation [2], for the different areas.

Investigation into the size effect on strength

The decrease in strength is governed by the slope as well as
the intercept of the strength vs. d/l relationship. It has
already been shown that the slope of the strength
relationship is independent of diameter.

As the relationships between intercept and diameter are
exponential, approaching a constant value, it is clear that
there will be a certain diameter beyond which any further
increase will have an insignificant effect on increase of the
magnitude of the intercept. 

Thus, beyond a certain diameter, there will be
insignificant decreases in strength with further increases in

diameter 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
diameter is the first derivative of Equation [2], which is:

[3]

where x is the diameter of the specimens. By choosing a
small value for the slope, 1x10-3, Equation [3] can be
transformed as follows to allow calculation of the ‘critical
diameter’ at which this small slope is reached for each of the
specimens:

[4]
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Figure 3—Plot of slope against variation in specimen diameter

Figure 4—Correlation coefficients for different attempts to correlate slope of strength vs. d/l with specimen diameter
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Table IV lists the ‘Critical Diameter’ for the specimens
from the different mines, sorted in order of the smallest to
the largest.

The average ‘Critical Diameter’ of all the samples is 1317
mm. It is significant that Bieniawski (1968) concluded that
beyond a size of approximately 1.5 m, 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] 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. The
strength will stabilize with respect to size at that particular
size where any further enlargement of the specimen does not
increase the density of discontinuities in the sample. It can

then be concluded that the strength of specimens with the
greatest frequency of discontinuities will stabilize at a smaller
size than samples with less discontinuities. Therefore, the
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 are of major significance. It
is well that the Vaal Basin coal, represented by the Sigma
sample, as well as 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 Delmas result is
suspect, due to the fact that only three small sizes (25 mm,
60 mm and 100 mm) were available for testing. 

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
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Figure 5—Variation of the intercept of the strength vs. d/l relationships, with variation in specimen size

Figure 6—Correlation coefficients for intercept of strength vs. d/l with specimen size

0                50               100             150              200             250             300              350

Diameter

ZAC

Goedehoop

Khutala

Kriel

Blinkpan

’Greenside

Delmas

Sigma
’Bank

Secunda

Amot
Delmas (2)

S
lo

p
e 

(M
P

a/
m

m
)

Intercept vs Diameter
60

50

40

30

20

10

0

1.00

0.90

0.80

0.70

0.60

0.50

0.40

0.30

0.20

0.10

0.00

ZAC

Goe
de

ho
op

Khu
ta

la

Krie
l

Blin
kp

an
Gre

en
sid

e

Delm
as

Sigm
a

Ban
k

Sec
un

da

Arn
ot

Delm
as

 (2
)

C
o

rr
el

at
io

n
 C

o
ef

fi
ci

en
t



A laboratory investigation into the effect of specimen size on the strength of coal

a role, using Equation (2). The average diameter of 1300 mm
was chosen for this purpose. The results are shown in 
Table IV.

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

➤ 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 it is
variable underground.

▲
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Figure 7—Graphical representation of the results of the CHI-tests, indicating that the data sets can predominantly be described as ‘unique’. A CHI-value of
1.0 indicates identical data sets while a value of 0 indicates total independence

Table II

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

Table III

‘Critical Sizes’ for the different specimens

Specimen ‘Critical Diameter’ (mm)

Sigma 570
ZAC 706
Goedehoop 753
Kriel 758
Bank 1167
Blinkpan 1188
Secunda 1211
Delmas (2) 1478
Greenside 1512
Arnot 1624
Khutala 1970
Delmas 2865

Table IV

Intercepts at 1300 mm diameter for the different
specimens

Specimen Intercept (MPa)

Sigma 0.000045
ZAC 0.000529
Goedehoop 0.002066
Kriel 0.002135
Bank 0.117947
Blinkpan 0.149176
Secunda 0.175625
Delmas (2) 0.533073
Greenside 0.622866
Arnot 0.882770
Khutala 2.032668
Delmas 5.452401
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➤ The contact conditions between the pillar and the roof
and floor in different mines are vastly different. In the
laboratory, they are constant.

Conclusions

➤ The strength of a coal specimen increases linearly with
increasing diameter-to-length ratio and decreases
exponentially with increasing diameter of specimen. 

➤ Beyond a diameter of less than 2 m, the size effect is
insignificant. For larger specimens, the diameter-to-
length ratio alone continues to influence the strength.

➤ The slope of the strength vs. diameter-to-length ratio
relationship is independent of the size of the specimen
and is not unique for coals from different mines.

➤ The intercept of the strength vs. diameter-to-length
ratio relationship is unique and is a function of
specimen size, up to a diameter of less than 2 m. This
offers a method to distinguish between the coals from
different mining areas and coal seams.

➤ It has not been attempted in this study to determine the
reasons for the differences that were found. They may
be due to differences in the chemical properties of the
coal, depositional differences, differences in age, etc. It
is believed that this topic should be the subject of
further study.

➤ Ranked from ‘weakest’ to ‘strongest’, the samples
tested from the different mines are in the order shown

here, which roughly corresponds to the judgement of
practising rock engineers in the field.

- Sigma
- ZAC
- Goedehoop
- Kriel
- Bank
- Blinkpan
- Secunda
- Greenside Arnot
- Khutala
- Delmas

Acknowledgements

This work was sponsored by the Coaltech 2020 research
initiative, whose assistance and permission to publish this
paper is gratefully acknowledged.  The contribution through
constructive criticism of Mr Bill Abel of Anglo American is
likewise highly appreciated.

References

MADDEN, B.J. and CANBULAT, I. A re-assessment of Coal Pillar Design
Procedures. SIMRAC Project COL021A. 1993.

BIENIAWSKI, Z.T. The effect of specimen size on compressive strength of coal.
Int. J. Rock Mech. Min. Sci. vol. 5, 1968.

SALAMON, M.D.G. and MUNRO, A.H. A study of the strength of coal pillars.
J. South Afr. Inst. Min. Metall. September 1967.

VAN DER MERWE, J.N. Revised strength factor for coal pillars in the Vaal Basin. 
J. South Afr. Inst. Min. Metall. September 1993.     ◆

A laboratory investigation into the effect of specimen size on the strength of coal

▲279The Journal of The South African Institute of Mining and Metallurgy JUNE  2003

Rio de Janeiro, Brazil—Companhia Vale do Rio Doce (NYSE:
RIO) (CVRD) and Nucor Corporation (NYSE: NUE) (Nucor)
announced today that they have signed an agreement to
construct and operate an environmentally friendly pig iron
project in northern Brazil. The project will utilize two conven-
tional mini-blast furnaces to produce about 380,000 metric
tons of pig iron per year in its initial phase, using CVRD iron
ore from its Carajas mines in northern Brazil. The charcoal
source will be exclusively from eucalyptus trees grown in a
cultivated forest of 82,000 acres with the total project
encompassing approximately 200,000 acres. CVRD and Nucor
will form a joint venture company to operate the facility. It is
anticipated that Nucor will purchase all of the production of
the plant.

Nucor will invest US$10 million in the project while
CVRD’s equity contribution will be the land and the forest
assets (currently owned by its wholly controlled subsidiary
Celmar S.A.). The total capital of the project will be about US$
80 million. The ownership will be split 78% CVRD and 22%
Nucor. 

‘The used of a cultivated forest to produce charcoal allows
for an environmentally friendly approach to pig iron
production since the forest will consume more carbon dioxide
than will be emitted by the mini-blast furnaces,’ stated Dan
DiMicco, Nucor Vice-chairman, President and CEO. ‘We look
forward to a long relationship with CVRD and hope this is
only the first of many projects together.

‘This agreement is the first step in our partnership with
Nucor since we announced our intentions to cooperate one
year ago, and we are very happy with it.’ Roger Annelli, CVRD
CEO commented. ‘This undertaking is intended to leverage
iron ore sales and to indirectly increase CVRD’s penetration in
the North American market, which is in line with the strategy
of generating value for shareholders by focusing on mining. It
is a victory for both companies, Brazil and the environment.’

Nucor is the largest steel producer in the United States and
is the nation’s largest recycler. Nucor and affiliates are
manufacturers of steel products, with operating facilities in
fourteen states. Products produced are: carbon and alloy
steel—in bars, beams, sheet and plate, steel joists and joist
girders, steel deck, cold finished steel, steel fasteners, metal
building systems, and light gauge steel framing.

CVRD is the largest diversified mining company in the
Americas, with a market capitalization of approximately US$
11 billion. CVRD is the world’s largest producer and exporter
of iron ore and pellets and one of the leading global producers
of manganese and ferro alloys. CVRD also produces bauxite,
gold, kaolin, potash, alumina and aluminium, and is a major
logistics player in Brazil. The company also holds some stakes
in steel companies in South America and in the US.     ◆

* Contact: edilson.carvalho@cvrd.com.br,
Website: http://www.cvrd.com.br

CVRD and Nucor announce pig iron project*
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