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Abstract

The mechanism of strength and failure in squat coal pillars with large width-to-height
ratio has piqued the interest of researchers and mining operators for many years. In
South Africa, the view has been adopted that pillars with width-to-height ratios greater
than 5 have the ability to increase their peak load-bearing capacity exponentially and
therefore obey a distinctly different law than the more slender pillars.

This view has not always been shared in the international mining community, for good
reasons: a literature review of evidence and indications on squat pillar behaviour is not
conclusive. A competing philosophy on strength and failure in squat pillars is that such
structures did not exhibit a peak strength, but rather performed in a ductile or strain-
hardening manner. If this holds true, they were able to increase their load-bearing ca-
pacity beyond the point of yield with increasing deformation.

Hence, the research presented in this thesis is designed to investigate the mechanism
of strength and failure in squat coal pillars in greater detail.

A statistical survey of the mechanical properties of coal in South Africa was conducted
with the intention to evaluate coalfield-, seam-, or site-specific patterns, which may de-
mand individual treatment in the further analysis of pillar performance. Such differences
are, however, not discernible from a laboratory specimen point-of-view. The average
uniaxial compressive strength of coal seams is practically constant in South Africa and
there are indications that this is also the case for individual mining sites. Only the triaxial
compressive strength of coal specimens from different seams shows individual trends,
but further statistical evidence is required to substantiate these. Nevertheless the survey
yields important insights into the adverse influence of natural discontinuities on the
strength of coal, which is observed to diminish in a sufficiently large triaxial confining
environment. It is postulated that this confining environment can be generated in pillars
with large width-to-height ratios, which ultimately means that the presence of natural
discontinuities does not have a major influence on the strength of squat pillars.

A comparative laboratory study into the relationship between strength, failure, and the
width-to-height ratios of model pillars of different materials reveals the following insight:

(1) The residual strength of model pillars after crushing increases progressively with in-
creasing width-to-height ratio.

(2) The relationship between the peak pillar strength and the width-to-height ratio is bi-
linear, whereas the second branch of strength increase is steeper than the first one. This
behaviour is termed the squat effect.

(3) At sufficiently large width-to-height ratios, the peak strength trend ends in a brittle-
ductile transition.

Bi-linearity is an entirely newly observed phenomenon and has been identified for hard
and soft rock materials, as well as for a soft composite material, but notably not for coal.
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The described characteristics (1 — 3) are qualitatively reproduced in a numerical model-
ling investigation, which yields the following insights as to the mechanism behind the
trends:

(Ad 1) The rate of progressive strength increase in the residual domain is controlled by
the residual material properties. The higher the residual material properties, the more
rapid the strength increase, and the lower the critical width-to-height ratio for brittle-duc-
tile transition in pillars.

(Ad 2) Bi-linearity in the peak strength trend is caused by a change of failure mechanism
in pillars from a critical width-to-height ratio onwards.

In the first and slower ascending branch of the bi-linear relationship, typically up to a
width-to-height ratio of 5, the pillar's maximum load-bearing capacity is reached when
the first shear band develops in the pillar sidewall. The pillar cannot recover from this
initial failure, and fractures soon propagate further into the core while the load-bearing
capacity gradually decreases with further deformation.

In the second and faster ascending branch of the bi-linear relationship, pillars do re-cover
from the first shear band in their extremities. The pillars then regain and increase their
load-bearing capacity until core failure occurs.

The critical width-to-height ratio at which the squat effect occurs is dependent on the
residual material properties. The higher the residual properties, the lower the critical
width-to-height ratio. Also, the rate of strength increase in the second branch of bi-line-
arity depends significantly on the competence of the residual material properties.

(Ad 3) Brittle-ductile transition appears to be only a practical concept for the interpretation
of the stress-strain behaviour of pillars. Every model pillar is seen to ultimately show a
certain amount of strength drop at the point when its core fails, even if 50 % strain or
more is required at very large width-to-height ratios. However, because such large
strains are unlikely to occur for coal pillars in-situ, the concept of brittle ductile transition
may remain valid for practical purposes.

The new insight into the outstanding importance of residual material properties for the
performance of squat pillars stimulates the demand for further research, in particular for
rock pillars, for which the characteristics (1 — 3) have been observed in physical tests.

Coal model pillars, however, evidently behave different from rock: All physical tests in
the laboratory demonstrate unambiguously that the strength versus width-to-height rela-
tionship in coal follows one single, continuous trend from w/h= 1 up to 9 or 11. A squat
effect is not discernible in this range for coal. This suggests that, at the current state of
knowledge, coal pillar strength in South African mines is most suitably addressed by
extrapolating established empirical strength equations into the squat range to at least
w/h=10. The extrapolation is further validated by experience made with squat coal pillars
in mines in the United States.
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1 General introduction

Coal pillar design for underground roof support must operate at an optimal trade-off be-
tween economic benefit and safety. Both factors depend directly on each other: the
smaller the pillars left behind in the working environment, the higher the deposit extrac-
tion but the less competent the structures are. Historically, this trade-off can be quantified
by the average extraction rate in South Africa of around 65 %, with the remaining coal
being sacrificed in the form of permanent pillars for the sake of mine stability and safety.

Optimizing the extraction rate for underground coal mines without compromising safety
has therefore been of keen interest to researchers and mine operators. The question
gained momentum through the coal mine disaster of Coalbrook in 1960, where thou-
sands of coal pillars in the underground workings collapsed and 437 miners lost their
lives.

The pioneering work of Salamon and Munro (1967) from the South African Chamber of
Mines Research Organization (COMRO) was directed at developing a statistical method
to distinguish collapsed and stable pillar layouts based on the pillar and panel layout
geometry. This led to the world-renowned coal pillar strength equation and safety factor
design approach named after the authors, which is still applied as state-of-the-art in
many countries.

The developed technique was also sufficiently convenient to facilitate the update of
knowledge around coal pillar strength in the different coalfields and seams of South Af-
rica in the course of time. The idea that the best pillar strength design equation is one
that distinguishes optimally between failed and stable cases was taken further by Van
der Merwe (2003b) and resulted in the development of a reliability-based design ap-
proach for coal pillars.

Other pioneering work was conducted by Bieniawski (1968a) from the Council for Scien-
tific and Industrial Research (CSIR), who was the first in South Africa to address the
question of coal pillar strength by conducting underground large-scale compression tests
on model coal pillars. This was subsequently followed by researchers Wagner (1974)
and Van Heerden (1975) who conducted similar testing programmes at different sites in
the country.

All this research created a wealth of information on in-situ coal pillar strength and failure
— knowledge that was sourced from, and for, a South African coal mining environment
which remained fairly unaltered in the second half of the 20" century. The depth of mining
seldom exceeded 250 m, with mined seam thicknesses of average 3 m and typical pillar
width-to-height ratios of 3 — 4.

It is therefore not surprising that comparatively little research has been directed at the
prediction of coal pillar performance in deeper lying deposits, where squat pillars of larger
width-to-height ratios will be required to support the overlying strata. Nevertheless, a
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thorough understanding of squat pillar performance will be required, should the remain-
ing deep coal deposits be extracted in future, for instance in the Waterberg or Ermelo
coalfields of South Africa.

The current expectation of squat coal pillar strength in South Africa is such that some
form of exponential strength increase should occur for pillars with width-to-height ratios
greater than 5. This idea was advocated by Salamon (1982; Salamon and Wagner,
1985), and substantiated through laboratory tests and field observations by Mad-
den (1990, 1991). If this holds true, then squat pillars must obey a distinctly different
mechanism of strength and failure than pillars with smaller width-to-height ratios, for
which only a linearly or regressively increasing strength versus width-to-height relation-
ship is evident.

The question as to why a change in strength trends should occur, and what would cause
the squat pillar strength trend to take an exponential form, remains largely unanswered
so far. There is also a question as to how the current squat coal pillar formula, if valid,
can be adopted to fit continuously with the new empirical strength equations for slender
pillars (Van der Merwe and Mathey, 2013c).

Interestingly, the South African interpretation of squat pillar strength has not always been
accepted in other mining countries of the world. For instance in the United States the
understanding is such that for squat pillars there is no deviation from the strength trend
that is known for slender pillars, only that brittle-ductile transition occurs eventually. The
brittle-ductile transition means that at some point a pillar might be sufficiently squat to
not exhibit a peak strength drop at failure, but rather is able to sustain or even increase
a high load-bearing capacity with further deformation forced upon it.

The conflict between the two philosophies highlights the need for further research into
the mechanisms of strength and failure in coal pillars with large width-to-height ratios.
The investigation conducted in the present thesis outlines as follows:

In Part I, the international advances in the understanding of squat coal pillar strength and
design are reviewed and discussed. Evidences from in-situ pillar behaviour, insights from
laboratory testing and indications from numerical and analytical models are taken as a
basis to identify the requirements for research in this thesis.

A statistical analysis of the basic mechanical properties of coal in South Africa, con-
ducted in Part Il, is aimed at establishing possible coalfield-, seam-, or site-specific re-
quirements for squat pillar strength considerations.

Part Ill is designed as a laboratory study into the role of mechanical material properties
for shape and possible squat effects in physical model pillars. A series of compression
tests on selected coal, rock and coal-crete materials of slender and squat shape is con-
ducted in order to evaluate the different strength, deformation and failure patterns.

A conceptual study of shape and possible squat effects in numerical model pillars is
conducted in Part 1V, with particular reference to the influence of residual mechanical
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properties of crushed material. The phenomena associated with strength and failure ob-
served on physical specimens in the laboratory are qualitatively reproduced, and allow-
ance for in-situ boundary conditions is made in an attempt to bridge the gap between the
laboratory and the underground mining environment.

The research findings from Parts | — IV are reconciled in the overall conclusions of Part V,
where a unified understanding of squat pillar strength and failure is presented and impli-
cations for pillar design are discussed. Finally, indications for further research are given.
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2 Squat pillar terminology

The use of the term squat pillar differs internationally and is discussed in this chapter for
the purpose of clarity and use in this thesis.

Pillars of unmined ground are left behind in underground mines to ensure excavation
stability on a regional or local scale. The terminology for the various kinds of pillars usu-
ally relates to their function and location in the mine.

For example, barrier pillars are designed to prevent the collapse of a mining panel from
spreading towards adjacent excavations or to prevent water flow between different re-
gions in the mine. A bracket pillar is a piece of unmined ground on either side of a fault
or other major discontinuity in the rock mass, designed to prevent mining-induced stress
changes that affect the stability of the discontinuity and the accompanying risk for exca-
vation stability. A shaft pillar serves a similar function, namely to avoid adverse impacts
of mining on the stability of the shaft and shaft-service infrastructures. Further, pillars
inside a production panel, which serve as support for the immediate roof above them,
are termed in-panel pillars. In contrast, those pillars which are intended for regional im-
provement of stresses and displacement around excavations are called regional or sta-
bilising pillars.

The term squat pillar does not prescribe a certain location nor a function of the structure
but merely describes the pillar shape, i.e. the width-to-height ratio. A squat pillar may
therefore serve as in-panel roof support for production panels at great depth, as a safety
pillar in geologically disturbed ground, or to ensure entry stability adjacent to longwall
panels.

As the term implies, a squat pillar is one with a relatively large width-to-height ratio, i.e.
w>>h in general. However, the critical width-to-height ratio above which a pillar is con-
sidered to be a squat pillar is not agreed upon internationally.

In the United States, Mark (2000) suggested the following definition of coal pillars ac-
cording to their width-to-height ratio by considering the mode of their collapse:

e Slender pillars (w/h< 3.0), which have little residual strength and which are prone
to massive collapse when used over a large area;

¢ Intermediate pillars (4< w/h< 8), where ‘squeezes’ are the dominant failure
mode in room-and-pillar mining, and where empirical strength formulae seem to
be reasonably accurate, and;

e Squat pillars (w/h> 10), which can carry very large loads and are strain-harden-
ing, and which are dominated by entry failure (roof, rib and floor) and by coal
bumps.

In other words, according to Mark (2000) a squat pillar is one that does not have an
ultimate compressive strength, because a strain-hardening pillar increases its load-bear-
ing capacity with increasing deformation. Yet, the pillar can fail to provide its ground-
control function because it allows excessive deformations to take place in the surround-
ing strata, which ultimately causes failure of the same.
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Mark (2000) also noted that the strength of pillars of up to w/h= 8 appear to conform to
empirical strength formulae. It can therefore be argued that no squat effects occurs in
this width-to-height range, since all empirical coal pillar strength formulae describe pillar
strength as a merely linearly or regressively increasing function of the pillar width-to-
height ratio.

In South Africa, the development of knowledge around coal pillar behaviour was initially
focussed only on the lower width-to-height ratio range (i.e. w/h< 4) because this was
the only range where pillars were observed to collapse. The pioneering work of Salamon
and Munro (1967), Bieniawski (1968a), Wagner (1974) and Van Heerden (1975) was
fundamental to this knowledge and proved that (a) the peak strength of pillars in this
interval increases only linearly or regressively and (b) the residual strength of pillars is
relatively low. Yet, it was agreed amongst rock engineers that at some very large width-
to-height ratio, presumably w/h> 10, the strength of a coal pillar would be such that it
becomes practically indestructible.

Therefore it was suggested that the strength of pillars had to increase drastically from
some critical width-to-height ratio onwards. This critical width-to-height ratio was as-
sumed to be around w/h= 5, since no pillar collapse had been observed above this
value. An individual pillar strength formula with exponential strength increase was sug-
gested by Salamon (1982; Salamon and Wagner, 1985) and investigated by Madden
(1990, 1991). The formula was termed the squat pillar formula, implying that all pillars
beyond a width-to-height ratio of 5 were squat pillars.

The difference in the understanding of squat pillars in the U.S. and in South Africa are of
major mechanical significance: while in the U.S. the squat effect is assumed to be strain-
hardening behaviour (i.e. no ultimate strength exists) in pillars above a width-to-height
ratio of 10, in South Africa it is assumed to be an exponential increase in the maximum
load-bearing capacity beyond a critical width-to-height ratio of 5.

This discrepancy already sketches the scope of investigation in this thesis. Therefore a
definition of squat pillars by a fixed width-to-height ratio or by a strength or failure mech-
anism does not appear to be meaningful at this stage.

The term squat pillar is preliminarily used in this thesis for all pillars with width-to-height
ratios outside the range of which empirical evidences on strength and failure mecha-
nisms are established in South Africa, i.e. w/h> 4.4. In the course of research, the term
might be adapted according to new evidences for changes in strength and failure mech-
anisms in pillars above a critical width-to-height ratio. These changes, which can mani-
fest either as a true deviation from previously experienced trends in peak-strength (i.e.
linear or regressively increasing trends), or as a transition from strain-softening into
strain-hardening behaviour, will then be termed accordingly as the squat effect.
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3 Literature review and own contributions

The literature review is conducted with the aim of providing background to the current
South African squat coal pillar strength formula and the performance of pillars designed
accordingly. In the same context, the international strength equation for coal pillars with
large width-to-height ratios and for pillar design at greater depth will be identified.

Published evidences on in-situ squat pillar behaviour from South African and interna-
tional sources, as derived from statistics on stable and collapsed cases, field observa-
tions on pillar fracturing or stress measurements, will be compiled and discussed.

A review of laboratory tests on coal and rock specimens in the slender and squat shape
range will provide insight into the trends in the strength versus width-to-height relation-
ship and possible changes in the failure mode of specimens.

Numerical modelling has been used extensively in the past 20 years to evaluate the
performance of the pillar system (coal pillar-interface-rock strata) in different geological
conditions and findings will be reviewed in order to identify crucial factors influencing
squat pillar design.

Analytical models and their applicability to squat coal pillar design will be included in the
review for completeness.

3.1 South African and international strength formulae for
slender and squat pillars

3.1.1 South African pillar strength formulae

The South African approach to squat pillar design must be seen in relation to established
knowledge on pillar strength in the slender shape region of w/h< 5, which is therefore
briefly summarized in the following.

The first pillar strength formula for South African coal was published by Salamon and
Munro (1967). They based their research on a database of 27 collapsed and 98 stable
pillar geometries and derived a statistical maximum likelihood pillar strength equation
under the argument that collapsed pillars must have a predicted safety factor close to
one and stable pillars should have safety factors larger than one. This resulted in the
following formula,

Strength = 7.2 w0-46/,9-66 1)

where strength is in MPa units, wis the pillar square width [m] and h the pillar height [m].
The formula has remained the most frequently applied pillar strength equation in South
Africa.

At around the same time of the investigation of Salamon and Munro, Bieniawski (1968a)
conducted in-situ compression tests on large-scale specimens of coal at Witbank colliery
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in order to determine the elastic deformation and peak-strength characteristics. His pillar
strength formula,

Strength = 2.5 + 2 w/h (2)

took a linear expression and found subsequently widespread application in the United
States. In the 1970s, researchers Wagner (1974) and Van Heerden (1975) followed the
example of Bieniawski and conducted further in-situ compression tests on coal at Usutu
and New Largo colliery, using some modifications in the testing setup. The resulting pillar
strength equations are:

Strength = 7 + 4.0 w/h 3)

in the case of Wagner’s tests at Usutu and

Strength = 10 + 4.2 w/h (4)
for Van Heerden’s tests at New Largo.

The linearized versions of the site-specific pillar strength equations as summarized by
Van Heerden (1975) are used here for the ease of comparison.

It is apparent that the site-specific strength of coal pillars varies significantly. The cube
strength of coal at Witbank was found to be 4.5 MPa, while at New Largo it is more than
three times as high with 14.2 MPa. The formula by Salamon and Munro (1967) for the
average strength of failed coal pillars predicts a cube strength value of 7.2 MPa that lies
in the lower middle field of the compression test results.

Over the years, the pioneering work of the aforementioned researchers has been further
updated by different investigators, for instance by Madden (1991), who in his re-analysis
of collapsed and stable cases only found smaller deviations from the Salamon and Munro
(1967) formula.

Van der Merwe (2003b) introduced a new approach to the statistical evaluation of stable
and collapsed coal pillars, subsequently termed the overlap reduction method (Van der
Merwe and Mathey, 2013c), and defined pillar strength in “normal” coal areas as:

Strength = 3.5 w/h (5)

Furthermore, Van der Merwe (2003b) distinguished the Klip Rivier and Vaal Basin coal-
fields from the areas of “normal” coal in South Africa and grouped them as areas of
“weak” coal, since a great number of pillars of very high safety factors failed there. In the
latest 2011 statistical review of coal pillar strength in South Africa based on failed and
stable cases, Van der Merwe and Mathey (2013c) utilized both the maximum likelihood
and the overlap reduction technique in comparison. From a database of 86 failed and
334 stable cases, two alternative pillar strength equations were derived for coalfields of
normal coal strength. For maximum likelihood estimation:

Strength = 6.61 w5/r%’ (6)
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And for the overlap reduction technique:

Strength = 5.47 w%8/h (7)

Also, the Free State coalfield was added to the list of weak coal areas. Equations (1) to
(4) as well as (6) and (7) are plotted in Figure 1 on page 25 for comparison. Extrapola-
tions outside the empirical ranges are shown as dotted lines. A pillar height of 3 m was
assumed for this plot, which is important to note, since the power-law of Equations (1),
(6) and (7) introduce a volume-effect on the predicted pillar strength.

It should also be noted that a number of seam-specific pillar strength equations have
been developed for South African coals (Salamon, Canbulat and Ryder, 2006), based
on failed and collapsed cases and the maximum likelihood method as used initially by
Salamon and Munro (1967).

All the above mentioned coal pillar strength formulae are only valid within the empirical
range from which they were derived. In terms of pillar shape it means that only width-to-
height ratios of less than 5 are considered.

Salamon (1982; Salamon and Wagner, 1985) recognised that his strength equation for
the more slender square pillars of w/h< 5 should not be extrapolated beyond the range
of statistical evidence. A separate equation for squat pillars with width-to-height ratios
greater than 5 was therefore proposed.

The fundamental assumption was made that the strength of a squat coal pillar increases
progressively with increasing width-to-height ratio, as opposed to the regressive strength
increase determined for slender pillars. Salamon and Wagner (1985) stated that the rea-
soning behind the squat pillar formula was based on limit-equilibrium considerations for
cohesionless granular ribsides, on further experimental work conducted on ribs consist-
ing of granular material, and on compression tests conducted on cylindrical sandstone
specimens.

The South African squat pillar formula was hence designed such that it connects to the
established Salamon and Munro (1967) strength formula for normal coal pillars at a so
called critical width-to-height ratio and to predict an exponential strength increase for
increasing width-to-height ratios beyond this threshold.

The proposed ‘squat’ pillar strength equation takes the following form:

__ . R (0.5933 [/R\® (8)
Strength =7.2 5oy 1~ <R_o) “1[+ 1

Ry: Critical width-to-height ratio
R: Pillar width-to-height ratio

V: Pillar volume [m?]

€. rate of strength increase

The formula contains two parts: The first term standing outside the curly brackets is re-
sponsible for connecting the ‘squat’ to the ‘normal’ pillar strength equation. In fact, it can
be shown that this term is identical with the Salamon and Munro formula when w/h is
substituted for Ry and w2h for V. However, Ry is not a variable but a fixed parameter which
defines the threshold for the transition from a normal coal pillar to a squat pillar with
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exponential strength increase. A critical width-to-height ratio of R,= 5 was suggested
based on the observation that no pillar with width-to-height ratio greater than R= 3.6 had
been observed to collapse in South Africa.

The second part of the equation features the strength increase factor ¢, for which a value
of e= 2.5 was proposed. A plot of this formula can be seen in Figure 1.

Madden (1990) reviewed the proposed parameters of the squat pillar formula based on
field observations on fracturing of sidewalls of squat coal pillars, and on laboratory tests
on sandstone specimens. He concluded that the proposed values for Ry, and € can be
regarded as conservative estimates, but was not able to determine more accurate pa-
rameters.

The production benefit which can result from the introduction of the squat pillar formula
as compared to the Salamon and Munro formula will theoretically depend on the depth
of the mining operation and the mined seam thickness, provided that the pillar safety
factor and the bord width are constants in the mine design. The general trend is that the
smaller the mining thickness and the greater the mining depth, the higher the production
benefit will be.

Madden demonstrated that for a pillar of 3 m height, the production benefit may be as
much as about 3 % at 200 m depth, 8 % at 300 m and about 12 % at 400 m depth. With
pillars of only 1 m height the possible improvement in production at the same depth in-
tervals will be approximately 7 %, 12 % and 18 % respectively. In all scenarios a safety
factor of 2.0 and a bord width of 6 m was assumed. These results demonstrate the sig-
nificant implication of the equation for the industry.

=——Salamon & Munro =#—Bieniwask =&=\Wagner
—=—Van Heerden —Van der Merwe & Mathey, MLM ¥—Van der Merwe & Mathey, OR

——Squat pillar formula
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Figure 1. Comparison of South African coal pillar strength formulae for an assumed pillar
height of 3 m.
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3.1.2 International squat coal pillar formulae

The methodology developed in South Africa by Salamon and Munro (1967) to predict
coal pillar strength based on a stochastic evaluation of stable and failed cases and the
assumption of an exponential increase in strength for squat coal pillars have also been
adopted in Australia.

Galvin and Hebblewhite (1995) published the first Australian coal pillar strength equation
for pillar width-to-height ratios up to 5 based on maximume-likelihood estimation:

Strength = 7.4 w0-46/p0-66 9)

Their assumptions on the critical width-to-height ratio and the exponential strength in-
crease factor for pillars in the squat range are essentially the same as in South Africa.
The Australian squat coal pillar formula for pillar width-to-height ratios above 5 is given
as:

stenath o 1924 {0057 [(V25 1, (10)
trength = = o 1asp0067 | G -

These strength equations were repeatedly reviewed in the years following their publica-
tion. In its latest review by Galvin et al. (1999), the Australian and South African data-
bases on collapsed and stable cases were merged and analysed together. This resulted
in the following pillar strength equations:

For w/h< 5:
Strength = 6.88 w%5/h%’ (11)
And for w/h> 5:

19.05 VANGE
= - —) - 12
Strength  0133,0.066 {0.253 [(Sh) 1]+1} (12)

Equations (11) and (12) are plotted in Figure 2 on page 28.

In the United States the question of coal pillar strength was initially approached through
laboratory testing of the size and shape effect in coal specimens from different coal
seams and extrapolating the results to in-situ pillars, e.g. Greenwald (1939) and
Gaddy (1956). Further tests were conducted by Meikle and Holland (1965) to investigate
the influence of the interface friction between coal and strata on the strength of coal.

Different coal pillar strength equations emerged from these research efforts, the interna-
tionally best-known being the so called Holland and Gaddy (1957) coal pillar strength
formula,

Strength = kvw/h (13)

where kis a constant strength factor for each coal seam.
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The laboratory derived equations presented the challenge that laboratory tests had to be
extrapolated to in-situ coal pillar behaviour. This was overcome in South Africa by direct
testing of large-scale coal specimens in-situ. The linear strength equation developed by
Bieniawski (1992) found acceptance in the United States:

Strength = S.,, (0.64 + 0.36 %) (14)

Where Scue is the representative cube strength for a coal seam. Bieniawski (1992) stated
that the equation provided a good fit to in-situ observations on pillar strength up to a
width-to-height ratio of 12. Above this value, it would provide a conservative estimate.
The Bieniawski strength equation is plotted in Figure 2 on page 28 for Pittsburgh coal
(Scure= 6.4 MPa).

Equation (14) has been subsequently modified into the so-called Mark-Bieniawski equa-
tion (Mark and Chase, 1997), which can also account for pillars of rectangular shape with
width w and length I

w? (15)
Strength = S, [0.64 (0.54 - 0.18 T )]

Mark (2000) comments that the empirical strength formulae appear to be reasonably
accurate for pillar width-to-height ratios up to 8. In this range, they are also used by other
U.S. based researchers for calibration of numerical models (Esterhuizen, Mark and Mur-
phy, 2010).

A unique approach to pillar design was presented by the India-based researchers Sheo-
rey et al. (1987), in that their strength equation accounts for the influence of pre-excava-
tion or virgin stress conditions on the load-bearing capacity of the pillar. The fundamental
assumption made was that a pillar may be able to retain some of the original horizontal
confinement existing in the coal prior to excavation, depending on its width-to-height ratio
and its contact conditions to the surrounding strata. Therefore, with increasing depth, the
pillar confinement and vertical load bearing capacity should increase. For average coal
measures of India, the formula is given as

Strength = 0.270, K%+ 1 (¥_1) (16)
where o, is the strength of 25 mm cubic coal specimens, h is the pillar height [m], w the
pillar width [m] and H the depth below surface [m]. The equation implies that the shape
effect in pillars is linear. The fixed coefficients used in the equation were found by eval-
uation of failed against stable cases in Indian coal seams. It should be noted that a sub-
sequent refinement of the equation was proposed by Sheorey (1992).

Despite the formula not being designed particularly for pillars with large width-to-height
ratios, it nevertheless offers an intriguing solution to the challenge of pillar design at
greater depth.
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Figure 2. Shape effects in coal pillars as predicted by the Bieniawski formula for the
United States and the combined Australian and South African formulae.

3.2 Evidence from in-situ pillar behaviour

The only means to establish confidence into the behaviour of underground pillars is
through field observations. In the following sections, the most-recent update of the South
African coal pillar databases on collapsed and stable cases is discussed with regards to
the general squat pillar performance and seam- or site specific pillar behaviour.

Findings from in-situ pillar monitoring, e.g. stress measurements and fracture observa-
tions on local and international squat coal pillars are also included in the review.

3.2.1 Pillar collapses and stable cases

Since the first review of coal pillar performance in South Africa based on collapsed and
stable cases by Salamon and Munro in the 1960s, the database has increased about
threefold. In the latest update of the database in 2011 by Mathey (2011) a number of 86
failed and 334 stable cases across all South African coalfields was compiled.

The new cases of pillar failures did not change the overall characteristics of the database
in a significant way. However, the maximum width-to-height ratio of collapsed pillars in-
creased from the original 3.6 to 4.4, as can be seen in Figure 3.
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Figure 3. Frequency distribution of collapsed pillar width-to-height ratios.

The cases of pillar failures with w/h> 3.6 come from mining operations in the Vaal Basin,
Klip River and Free State coalfields, which are known to produce failures at higher safety
factors and are therefore classified as areas of weak coal in South Africa.

Still, no pillar failure beyond the critical width-to-height ratio of 5 has been observed.
Therefore Salamon’s assumption on a squat effect occurring at w/h= 5 remains unchal-
lenged.

Based on the updated database of collapsed and stable cases, the probability of failure
(PoF) has been determined (Van der Merwe and Mathey, 2013a). The PoF was based on
a direct comparison between the number of observed pillar failures at a given safety
factor to an observed and extrapolated number of stable cases of the same safety factor
in all coalfields in South Africa. The link between the updated maximum likelihood pillar
strength equation and the failure probability is plotted in Figure 4. For instance, it can be
seen that the failure probability of a pillar with SF= 1 is estimated to be less than 10 %.

The fact that mining panels are being found in stable conditions despite the calculated
safety factor for the pillars being one or less may point again to the seam- and site-
specific nature of coal pillar strength. The current strength equations (see Chapter 3.1.1)
derived from failed cases only give the average strength of failed cases and may there-
fore be only a lower-strength estimate for coal in the country. This has also been found
in the in-situ compression tests by Wagner and Van Heerden, who found significantly
higher strength values than predicted by the statistical equations.
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In the context of squat pillar design this means that a single strength equation which
adequately approximates the strength of squat coal pillars in all seams and sites in the
country is not likely to be found.
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Figure 4. Link between the safety factor and failure probability for coal pillars whose
strength is calculated with the updated maximum likelihood strength equation.

3.2.2 Field observations on squat pillar behaviour

In South Africa, confidence into the squat coal pillar formula was established by Mad-
den (1990) through fracture monitoring on sidewalls of pillars and extensive field trials.

He inspected the sidewalls of squat pillars for the depth of fracturing at Piet Retief and
Longridge collieries in KwaZulu-Natal. Table 1 summarizes his findings and presents the
relevant pillar safety factors calculated according to the Salamon and Munro (S/M) and
squat pillar formula (see column ‘Squat’ in Table 1).

Table 1. Observed sidewall fracturing in squat pillars in KwaZulu-Natal collieries.

# Colliery Mining dimensions Safety factors Fracturing
H w h w/h SIM Squat Depth % of w
[m] [m] [m] [m]

Longridge 155 15.3 25 6.2 1.86 1.92 2.6 34.0
Longridge 252 32.0 25 12.8 2.18 4.07 15 9.4
Piet Retief 550 28.0 2.0 14.0 1.04 2.19 1.9 13.6

Madden (1990) concluded that fracturing was restricted to the outer zones of the pillars
and that the Salamon and Munro (1967) strength formula was very conservative when
extrapolated to pillars at a depth of 550 m below surface. In further field trials at Hlobane
and Piet Retief collieries the squat coal pillar formula was found to give stable pillar di-
mensions.
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The predicted exponential increase in strength by the squat pillar formula suggests that
pillars will become practically unfailable under the normal loads they are subjected to in
regular mining practice, perhaps at width-to-height ratios of around 15.

This is challenged by findings from Maleki (1992) who reported that in the United States
squat pillars with width-to-height ratios up to 15 have been observed to fail under load.
In back-analysing the average peak vertical stresses on collapsed pillars from 7 coal
seams and 8 collieries through means of empirical, numerical and stress-measurements
analysis, he established strength versus width-to-height curves for coal pillars far into
the squat pillar range.

In the analysis, he distinguished the confinement-controlled pillar collapses in competent
geological environments from those where the failure mechanism appeared to be struc-
turally controlled, i.e. failure was aided by persistent cleats and in-seam contact planes.

His pillar strength equations, modified to account for strength in MPa units, are repro-
duced in Figure 5. Maleki (1992) is the first author who proposes that coal pillars of even
very squat dimensions do have a limited maximum strength, i.e. about 32 MPa or 26
MPa depending on geological conditions. He states that above these limits, stability prob-
lems may occur as a result of failures in roof, seam and floor. His strength equations
therefore follow a regressive strength increase over width-to-height ratio, reaching an
asymptotic value of between w/h= 10 — 15.
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Figure 5. Coal pillar strength after Maleki (1992).

The influence of the geological environment on the strength of slender and squat coal
pillars has also been noted in field observations by Australia-based researcher
Gale (1999), who compared the pillar stress-measurement data with numerical models.
His findings are discussed in Chapter 3.5.1.
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3.3 Insights from laboratory testing

Laboratory testing cannot provide a quantitative assessment of in-situ pillar strength, due
to the practical restrictions with regards to test specimen sizes, loading rates and bound-
ary conditions. However, in comprehensive testing programs, the test parameters can
be varied so as to give a qualitative estimate of what the expected in-situ pillar behaviour
could be.

Typically, a pillar-oriented test design makes use of a range of specimen sizes and
shapes. The specimens are tested in compression with a constant loading rate between
hardened-steel loading platens. The ultimate load-bearing capacity of the specimens and
the full stress-strain response are recorded and the alteration over different specimen
shapes are compared. This provides useful insight into (a) the phenomena accompany-
ing failure, e.g. fracture patterns or acoustic emissions, (b) trends in the yield, peak and
residual strength, and (c) the mode of failure, e.g. brittle or ductile, of that particular ma-
terial when shaped into different geometries.

In more complete investigations, the impact of boundary conditions can be investigated
as well. The specimens are clamped between the loading-platens due to the friction act-
ing along the specimen-steel-interface, which can impact the overall load-bearing capac-
ity or deformational behaviour of the test specimens. Because this magnitude of friction
is not necessarily the same as that experienced by the in-situ pillar sandwiched between
the rock strata, it may be desirable to modify the contact friction angle in the test setup
to extreme values, i.e. very low or zero friction and very high friction, so as to qualitatively
assess the impact of the contact friction angle.

3.3.1 Shape effect in intact coal specimens

Such a series of compression tests on coal specimens with large width-to-height ratios
has been conducted by Meikle and Holland (1965) in the Unites States. Three series of
20 specimens each were tested at width-to-height ratios of between approximately 4 — 8
by keeping the specimen height constant at 9.5 mm and varying the square width be-
tween 38 — 76 mm. The contact friction coefficient between coal and steel was kept nat-
ural, i.e. unaltered, in the first test series (u= 0.3) and then reduced through lubrication
for the following two series (u= 0.15 and u= 0.04 respectively).

The tests yielded the trends as shown in Figure 6 on page 34. The peak specimen
strength reduces considerably with a reduction of the contact friction between the spec-
imen and the steel platens. However the trends in all three test series take the form of a
regressive increase in strength over specimen width-to-height ratio, irrespective of the
contact friction. No squat effect is observed.

Khair (1994) conducted compression tests on coal specimens with a similar scope as
Meikle and Holland (1965), ranging specimen width-to-height ratios between 4 — 8 and
applying various boundary friction coefficients between y= 0.04 — 0.51. The test results
were generally similar to the findings of Meikle and Holland (1965), with the magnitude
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of strength being reduced for all specimens of different shape for a lower contact friction.
A regression analysis of the data fits a linear or regressively increasing trend in the
strength over width-to-height relationship equally well. Again, a progressive increase in
strength or brittle-ductile transition was not observed in the test series, even for those
specimens tested with strong frictional contacts between the specimen and the platen
(u= 0.51 or = 27"°).

A regressively increasing trend in the relationship between the compressive strength and
the width-to-height ratio of specimens was also established by Kroeger, Roethe and
Li (2004) in their laboratory tests on coal specimens from selected lllinois seams in the
United States. Specimens of various square side length between 48 — 140 mm and
width-to-height ratios up to 12.5 were considered in the investigation. Strain-hardening
behaviour in specimens or an exponential increase in strength was not noted by the
investigators. The equation for the shape effect as determined for the Murphysboro seam
is presented within its empirical range in Figure 6 on page 34.

In South Africa, the shape effect in coal specimens has been studied intensively by Mad-
den and Canbulat (1995) in the SIMRAC research project COL21. Twelve blocks of coal
were sampled from 11 different collieries and over 900 specimens with varying sizes and
shape were prepared. Strength magnitudes were found to vary significantly with changes
in specimen size and origin. Size and shape effects up to w/h= 8 were analysed statis-
tically, and it was found that the equation

Strength = k w0-139/,0:449 17)

with k being a strength coefficient, w and h the specimen width and height in meter units
respectively, provided an adequate fit to the data. The equation is plotted in Figure 6 on
page 34 in its empirical width-to-height range, assuming the average strength factor for
all collieries, k= 15.83 MPa, and a specimen width of 200 mm. Notably, the function
describes a regressively increasing relationship between strength and width-to-height
ratio. Neither an exponential increase in strength nor strain-hardening occurred in the
tested specimens.

Das (1986) was the first investigator to present full compressive stress-strain curves for
coal specimens modified in shape. He used specimens of coal from 5 different Indian
seams, cut into constant cylindrical width of 54 mm and varying height, in order to obtain
width-to-height ratios up to 13.5. He noted that all specimens with w/h< 9 failed in a
brittle manner, i.e. exhibiting a significant loss in strength upon failure. Specimens of
w/h= 10 — 11 and higher did not fail brittle but in a ductile, strain-hardening manner.

Das did not provide a regression analysis for the peak strength in the range of brittle
specimen failure, but provided the full stress-strain curves. When the peak strength val-
ues for all specimens from the different seams are carefully read out from the diagrams
and analysed together, the linear trend as shown in Figure 6 is suggested.
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It should be noted that because of the generally non-linear character of the equations
(i.e. the different exponents for w and h) plotted in Figure 6, the relationships are ambig-
uous. The strength plots in Figure 6 and in the following Figure 7 are for illustration of
trends only.
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Figure 6. Compression tests on laboratory sized specimens of coal in the squat region
by different investigators.

The review of compression tests on coal specimens has revealed so far that specimens
in the suspected squat range of w/h> 5 do not show an exponential increase as as-
sumed by the squat pillar formula. This appears to be irrespective of the contact friction
angle between the specimen and the loading platens. A possible squat effect in coal
could only be attributed to the occurrence of strain-hardening specimen behaviour, which
is likely to occur at width-to-height ratios greater than 10.

3.3.2 Shape effect in intact rock specimens

Since coal itself is difficult to prepare in specimens, due to its friability and sensitivity to
environmental changes, researchers have frequently made use of alternative modelling
materials to investigate shape effects in pillars. Sandstone is commonly the preferred
material for this purpose.

Cruise (1969) conducted compression tests on sandstone specimens of 12.7 mm height
and varying square width, covering a width-to-height range between 1.8 — 6.6. The over-
all strength trend over width-to-height is clearly non-linear, i.e. upward curving and was
found by Cruise to be best described by a polynomial curve, as shown in Figure 7 on
page 36.
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Bieniawski (1986) tested 145 sandstone specimens of 125 mm square width and varying
width-to-height ratios up to 10. His analysis of the results suggested that a linear increase
in specimen strength with width-to-height ratio occurs between w/h= 1 — 5. Thereafter,
he observes a rapid increase in strength up to a w/h= 10, above which the specimens
could not be broken in a 10 MN compression machine. It should be noted that no speci-
mens between w/h= 5 — 10 were tested. Stress-strain curves for the specimens are not
provided in the publication. The indicated trends by Bieniawski are reproduced in Figure
7 on page 36.

In his review of appropriate parameters for the squat coal pillar formula, Madden (1990)
conducted a number of 222 compression tests on sandstone specimens of varying size
between 24 — 100 mm and width-to-height ratios between 1 and 8. He established that
the peak strength of specimens in all size categories increased linearly up to a w/h in-
terval of 5 — 6. Thereafter, brittle-ductile transition occurred in the specimens. The aver-
age linear regression for all specimen sizes is plotted in Figure 7. Beyond this transitional
interval, specimens did not exhibit an ultimate load bearing capacity but failed in strain-
hardening (ductile) mode.

York et al. (1998) reported on compression tests on cylindrical Merensky Reef speci-
mens with diameters ranging between 50 — 250 mm and shapes of w/h=1, 3, 4 and 6.
For all specimen diameters, a strong linear correlation was observed between the peak
strength and the shape ratio of the specimens. No indication of a progressive strength
increase above w/h= 5 could be found. Figure 7 plots the relationship between the
strength and the w/h-ratio of 248 mm diameter Merensky Reef specimens.

For further background, some results of compression tests conducted by other research-
ers (Babcock, 1969; Sheorey and Singh, 1974; Baker-Duly, 1995) on hard rock speci-
mens in the region of w/h< 5 are plotted in Figure 7 as well. All the data fits linear trends.
Test setup of Babcock is unique in that the specimens were not directly tested between
steel platens, but the specimen roof and floor where shaped continuously from the same
rocks.

It is seen that linear relationships between strength and the specimen shape are well
established for hard rocks and w/h< 5. Madden’s tests suggest that this trend also re-
mains valid for slightly larger specimen width-to-height ratios, until the brittle-ductile tran-
sition occurs. However, Cruise and Bieniawski advocate a progressive increase in
strength.

The results from Madden on sandstone generally compare to those from Das on coal,
only with the difference that in coal the brittle-ductile transition occurs at much higher
width-to-height ratios. The progressively increasing trends for specimen strength as
found by Bieniawski and Cruise on sandstone, however, stand in contrast to the estab-
lished regressive increase in coal specimen as shown by Meikle and Holland (1965),
Madden and Canbulat (1995) and Kroeger, Roethe and Li (2004).
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Figure 7. Compression tests on laboratory sized specimens of hard rock in the squat
region by different investigators.

3.3.3 Shape effect in cohesionless, granular rock materials

Several researchers have reported on compression tests on cohesionless, granular rock
piles in order to evaluate the performance of un-cemented backfill in mines. The perfor-
mance of such granular rock fills in compression tests depends predominantly on the
placement packing density or void ratio of the material and, in unconfined compression
tests, on the width-to-height ratio of the specimen. Other influencing factors are the ma-
terial’s angle of internal friction, the magnitude of imposed loading rates and breakdown
of material particles during loading.

A cohesionless granular material is different from intact cohesive material in its stress-
strain relationship, because it experiences no major breakdown in load bearing capacity.
Granular materials do not exhibit a peak load bearing capacity, but instead the stress-
strain relationship follows a progressively upward curving trend.

A peak strength trend can therefore not be observed from width-to-height ratio tests on
such granular materials. Nevertheless they can still provide a comparative insight into
the influence of specimen shape on the capacity of a material as a resistant to loading.

In this context, Schimann and Cook (1967) tested granular piles of granite and quartzite
with trapezoidal cross-section and various width-to-height ratios in the laboratory. The
material was poured loosely into shape and loaded axially in compression. It was ob-
served that the stiffness of laterally unconfined ribs increased significantly from an initial
low w/h= 4 up to approximately w/h= 10. A further increase in shape was found to have
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only a negligible influence on the strength and stiffness of the fill, as can be seen in the
reproduction of the test analysis of Schimann and Cook (1967) in Figure 8.
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Figure 8. Relationship between specimen width-to-height ratio and average load bearing
capacity of crushed granite aggregates at various levels of compression, reproduced
after Schiimann and Cook (1967).

In another test series, Schimann and Cook (1967) applied small lateral confinement to
the toe of the samples and found that, despite the minimal strength of the constraint,
lateral flow in the early stages was inhibited to the extent that the stiffness of narrow ribs
was increased significantly. The conclusion was that “slight lateral constraint, which can
be achieved in practice, increases the strength of narrow constrained ribs to the extent
that for equal strength the width of a constrained rib can be reduced to a third of that of
an unconstrained rib” (Schimann and Cook, 1967).

In other words, the experiments have shown that the shape effect in unconfined samples
is one of induced lateral constraint. The larger the width-to-height ratio, the greater the
induced triaxial stress state. The more confinement is induced in the material, the stiffer
the material’s response to loading. The tests also demonstrate that a critical width-to-
height ratio exists, at which optimal triaxial stress conditions are produced within the
material.

These findings have been confirmed in a study conducted by Briggs (1988). He con-
ducted various unconfined compression tests on crushed waste rock with various sample
width-to-height ratios and with rectangular cross section. The tests showed an increase
in stiffness with increasing width-to-height ratio up to approximately w/h= 8. For com-
pression tests on de-slimed tailings, the critical value was again w/h= 10.
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It is important to note that the critical width-to-height ratio appears to be fairly similar for
a wide range of crushed rock aggregates investigated by the researchers (i.e. ranging
from coarse crushed quartzite to fine de-slimed tailings).

3.4  Contributions from analytical models

Analytical pillar models attempt to predict a theoretical pillar stability and strength based
on (a) basic mechanical properties for the pillar material, (b) its contact to the surrounding
strata, (c) appropriate strength criteria for both the pillar material and interface and (d)
an initial elastic vertical stress distribution across the pillar width. The analysis of pillar
stability and strength follows the natural progress of failure, from the pillar sidewall into
the core. Fundamental to all analytical pillars is therefore the assumption that any intact
pillar must consist of at least two zones: An outer crushed or yielded zone, which is not
capable of taking high loads but which provides constraint to the pillar core, and an intact
pillar core, which is assumed to behave elastically. It is implicit in the differentiation of
zones that the pillar exhibits non-uniform stress distributions across its width. Suitable
model input parameters can be established by calibrating the model so that the predicted
depth of yield is equal to the depth of failure observed in pillars in-situ.

Modelling starts by dividing a pillar of given size and shape into a number of thin slices,
as shown in Figure 9. The forces acting on each slice are the vertical forces o,(x)dx, the
horizontal forces ou(x)h, ou(x+dx)h and the shear force along the pillar strata interface
tdx. It is postulated that all forces acting on both intact and failed slices must remain in
equilibrium, so as to obtain a stable rib.
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Figure 9. Limit equilibrium conditions around a pillar ‘slice’ in analytical models.

An initial elastic stress distribution is estimated across the pillar, usually obeying a hy-
perbolic or logarithmic function that simulates very high peak stresses at the pillar side-
walls and a rapid stress decrease towards the pillar centre. The integral value of this
stress distribution is commonly equal to the estimated magnitude of tributary area load.

The strength of each slice is determined from an appropriate strength failure criterion.
Slices close to the pillar sidewall have a comparatively low compressive strength, as only
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little horizontal confinement exists there. Slices located more towards the pillar centre,
however, are assumed to have a high triaxial strength due to high confinement in the
core.

The stability of each slice is evaluated based on the comparison between the individual
amount of stress that the slice is supposed to sustain and its inherent strength. Should
a slice ‘fail’, i.e. the imposed stress exceeds the inherent strength, the pillar stress distri-
bution is adjusted such that the failed slice only carries a residual stress and the peak
stress is carried by the next intact slice in the pillar. Peak pillar strength is obtained after
some amount of sidewall failure, however, the pillar core must remain intact. The pillar
is finally deemed to have failed when all slices have failed and the pillar’s residual load
bearing capacity is calculated from the final stress distribution.

There are several different analytical pillar models published in literature (Wilson, 1981;
Barron and Pen, 1992; Salamon, 1992; Napier and Malan, 2007) . The models differ in
their assumptions on elastic stress distributions and build-up stress gradients across the
yielded and the remaining intact slices, both vertically and horizontally in the pillar. The
failure criteria and the complexity in which the pillar-strata interaction is simulated may
differ as well.

To what extent these models have been used to evaluate the performance of squat pil-
lars could not be determined from the literature review. Also, a calibration of appropriate
material properties to be used in the models is not available. However, the models have
assisted in predicting the theoretical influence of pillar width-to-height ratio on the resid-
ual and peak load-bearing capacity of the structures. A brief summary is provided in the
following sub-sections.

3.4.1 Closed-form solutions for residual pillar strength

From limit equilibrium considerations described earlier (see Figure 9), Barron and
Pen (1992) and Napier and Malan (2007) derived closed-form solutions for the distribu-
tion of stresses and the residual load-bearing capacity of crushed pillars.

The authors have shown that the vertical load bearing capacity in a crushed pillar rises
exponentially with distance from the pillar sidewall. Also, it was shown that the residual
load bearing capacity of a pillar increases exponentially with increasing width-to-height
ratio. However, the derived closed-form solutions differ between the models of Barron
and Pen (1992) and Napier and Malan (2007), which is likely to be due to a different
choice of boundary conditions in the integration process of the differential limit equilib-
rium equations.

Napier and Malan’s solution for the residual strength of pillars with varying width-to-
height ratios (Du Plessis, Malan and Napier, 2011) is given by Equation (18),

Strength .y = m
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where S is the residual unconfined compressive strength of rock, h is the pillar height,
u= tan¢ the coefficient of friction of crushed rock, k= (1+sing)/(1-sing) the triaxial
strength factor, ¢ the angle of internal friction of crushed rock and w is the pillar width.

A demonstration of this equation for different values of ¢ is shown in Figure 10. One
observes that the solutions are sensitive to the choice of an appropriate angle of internal
friction ¢ of crushed coal.

The model also requires an estimate of the residual unconfined load-bearing capacity of
the slice at the immediate pillar sidewall. Following suggestions by Salamon (1992), this
value has been chosen to be S= 0.1 MPa for demonstration purpose. The pillar height is
assumed to be h=3 m.

Also plotted in Figure 10 is the updated MLM pillar peak strength formula as derived from
collapsed coal pillar cases (see Chapter 3.1.1). Brittle-ductile transition is supposed to
occur in pillars when the predicted residual pillar strength equals the estimated peak
pillar strength. This point of intersection may therefore indicate the critical width-to-height
ratio at which squat pillar behaviour begins.
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Figure 10. The residual strength of coal pillars for different internal friction angles ¢ ac-
cording to the analytical model of Napier and Malan.

3.4.2 Indications for peak pillar strength

It has been shown experimentally by Wagner (1974) and analytically by Salamon (1992)
that the peak load-bearing capacity of a pillar is only reached after some amount of failure
has occurred along the pillar perimeter. How far failure can penetrate into the pillar before
the structure has reached its load bearing capacity depends on the residual material
strength properties, the mechanical properties of the pillar-strata interface and the stress
decay distribution in the elastic portion of the pillar. Because of the complex relationship
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between the contributing factors, no generally agreed closed-form solution for the rela-
tionship between peak pillar strength and the pillar width-to-height ratio has been devel-
oped so far.

However, some analytical models have been subjected to case studies. Some indica-
tions for the relationship between pillar width-to-height ratio and peak load-bearing ca-
pacity can be derived from these case studies.

The analytical model developed by Salamon (1992) was applied to a mining situation in
a 2 m thick seam at 700 m depth below surface (Salamon et al., 2003). The pillars were
assumed to have width-to-height ratios of w/h=3, 5 and 10. Incremental loading of pillars
was simulated by stepwise enlarging the width of roadways surrounding the pillar and
hence the tributary area load. In the specific environment, and with the assumed material
properties, the pillar peak strength was determined to be 19.3 MPa (w/h= 3), 28.6 MPa
(w/h=5) and 33.6 MPa (w/h= 10) by the analytical model.

It is obvious from these numbers that Salamon’s analytical solution for pillar strength
does not predict a progressive increase in pillar strength over width-to-height ratio, but
that rather a regressively increasing trend is indicated.

This also agrees with with the prediction of pillar strength based on the Barron and
Pen (1992) analytical model. The authors estimated modelling parameters for coal based
on the coal geology in the South African Witbank coalfields. The prediction for coal pillar
strength based on their analytical model for square pillars is shown in Figure 11, where
it can be seen that up to w/h= 12 there is a satisfying agreement with the magnitude of
strength predicted by the South African squat pillar formula. However, it should be noted
that the analytical solution on square pillar strength predicts a regressively increasing
trend, and not an exponential trend as assumed in the established South African squat
pillar formula (shown as ‘Salamon formulae’ in Figure 11).

One further and important observation has been made by Salamon et al. (2003) in their
case study on coal pillar strength: For a pillar width-to-height ratio of 5 and higher the
analytical solution predicted that the boundary between the yielding and elastic coal in-
side the pillar can become unstable and that the yielded pillar edges may disintegrate.
They concluded that this event is likely to be sudden and therefore accompanied by
some form of coal bump, which is potentially associated with severely adverse conse-
guences for strata conditions.

This prediction coincides well with practical experiences made in the United States with
pillars of intermediate and squat shape (see discussions in Chapter 2).
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Figure 11. Comparison between the pillar strength for the Witbank coalfield predicted by
the Barron and Pen (1992) analytical model and the South African squat pillar formula.

3.5 Contributions from numerical modelling

While empirical and analytical pillar design approaches can only consider the mechanics
involved in a pillar system to a limited degree, numerical models are capable of consid-
ering it in greater complexity. The orientation and magnitude of the stress field as well
and the material properties of pillars and the surrounding rock mass can be varied. Nu-
merical models can also consider structural weaknesses within the pillar, such as bed-
ding planes and joints. Non-linear computation codes can provide the opportunity to
model the full loading behaviour of pillars, including the simulation of the post-failure
strain-softening or strain-hardening.

Most of the published coal pillar models consider the mining environment essentially as
a continuum with the only discontinuities being the interfaces between the coal pillar and
the rock strata. Constitutive failure criteria for coal are usually based on Mohr-Coulomb
or Hoek-Brown parameters. For a realistic assessment of the performance and possible
failure progress in the pillar, however, it is important that the chosen strength parameters
are allowed to evolve at the onset of failure. For instance, Mohr-Coulomb cohesion and
friction are typically reduced in increments with further plastic strain to reach a residual
level at some stage. This is called the Mohr-Coulomb strain-softening approach, but the
same principle can be adopted for the equivalent Hoek-Brown parameters. If the pillar
itself is considered to be the weakest link in the roof support system, the strata surround-
ing the pillar is usually modelled as an elastic medium. The interfaces between pillar and
strata may obey a simple Mohr-Coulomb shear strength criterion.

3.5.1 Models to evaluate the performance of the pillar-strata system

Considerable efforts have been made by different investigators to evaluate the perfor-
mance of individual components in the pillar system (strata-interfaces-seam):
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Lu et al. (2008) conducted a comprehensive numerical study on the effects of coal-rock
interface properties on the strength and stress-strain behaviour of slender and squat coal
pillars. Mohr-Coulomb strain-softening parameters were assigned to the coal pillar, while
the interface assumed a bi-linear Mohr-Coulomb behaviour: At low normal stresses, the
interface was given only a frictional resistance to sliding. At higher normal stresses, the
interface was then assumed to develop an effective cohesive strength that is due to the
shear strength of asperities.

Four model pillars with width-to-height ratios between 3 and 10 were designed to inves-
tigate brittle-ductile transition in the structures dependant on the coal-rock interface prop-
erties. It was concluded that the critical width-to-height ratio, at which a pillar transits
from strain-softening to strain-hardening failure, will depend on the shear strength of the
pillar/rock interface. For weak interface conditions (e.g. cohesion in the range of 0.35
MPa) the amount of confinement induced in the pillar was insignificant, even if the w/h-
ratio was as large as 10. The width-to-height threshold for brittle-ductile transition de-
creased with a higher interface cohesion: w/h= 7 for a cohesion of 1.03 MPa and w/h=
5 for 2.1 MPa.

The effect of interface friction between specimens and steel loading platens has also
been investigated numerically for coal (York, Canbulat and Jack, 2000) and Merensky
Reef samples (York et al., 1998). The models were calibrated to linear peak-strength
equations as obtained from laboratory testing. By varying the contact friction angle in the
numerical models, the occurrence of a squat effect was studied. The squat effect mani-
fested as an abrupt peak-strength increase at a critical width-to-height ratio. It was found
that the higher the interface friction angle, the lower the critical width-to-height ratio at
which a squat effect occurs.

Su and Hasenfus (1999) used finite element codes to investigate various factors which
are thought to have impact on the ultimate strength of coal pillars. Pillars modelled be-
tween strong roof and floor strata yielded similar results as predicted by the Bieniawski
strength equation up to w/h= 3. The confinement generated in the pillar through the
frictional resistance at the interfaces between the pillar and its surrounding strata was
observed to accelerate pillar strength at a width-to-height ratio of 3. Thereafter, a more
rapid, yet approximately linear strength increase up to w/h= 7 was observed. Finally,
the slope of the strength versus width-to-height curve flattened again to assume a slope
similar to the Bieniawski empirical formula (Su and Hasenfus, 1999).

The authors also found that rock partings in the coal seams will have a variable effect on
the pillar strength: while a competent shale parting may reduce the effective height of a
pillar and thus increase the pillar strength, a weak clay stone parting is likely to decrease
pillar strength (Su and Hasenfus, 1999).

For pillars with squat dimensions they concluded that the seam strength itself would have
a negligible impact on pillar strength. A more significant influence, however, was ascribed
to the competency of the surrounding rock mass on the strength of the system: for in-
stance, the authors predicted that weak floor rocks may decrease the ultimate pillar
strength by as much as 50 %.
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This latter conclusion is in accordance with findings made by Gale (1999), who states
that the immediate strata surrounding a coal pillar is an equally important factor to the
strength of the system as the coal itself. He postulates that “the strength of a pillar is
determined by the magnitude of vertical stress that can be sustained within the strata-
coal sequence forming and bounding it” (Gale, 1999).

If a pillar is being loaded due to underground mining and its tendency to expand into the
adjacent voids is restricted by strong cohesive coal-rock interfaces, then additional lat-
eral confinement can be built up, which allows the pillar to sustain high vertical stresses
(Gale, 1999). Conversely in poor mining conditions with low shear strength along coal-
rock interfaces lateral slip can occur totally unresisted and the pillar strength is limited to
its unconfined value.

Gale (1999) assesses the performance of various pillar-interface-strata systems in a se-
ries of numerical models and his results are summarized in Figure 12. Also indicated in
Figure 12 is the current South African squat pillar strength formula and the possible op-
portunity for improvement, assuming that most South African coal pillar design takes
place in competent strata.
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Figure 12. Strength and width-to-height for different geological environments, according
to Gale (1999), overlain with current South African squat pillar strength and improvement
opportunity.

The effect of jointing on coal pillar strength has been addressed by Esterhuizen (2000).
The numerical models were set up in a way to account for varying frequency, orientation
and shear strength of joints.

The models confirmed the expectation that the strength of pillars decreases with de-
creasing shear strength of joints and an increasing number of joints per meter. Pillars
were also found to reach a minimum strength when the joints dip at an angle of 45 degree
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towards the direction of loading, while the strength rises relative to this minimum with
both an increasingly higher and lower dipping angle of the joints.

The most significant finding with regards to squat pillars, however, was that the weaken-
ing effect of jointing in pillars diminishes with increasing pillar width-to-height ratio.

Following the trends indicated by the computer models, Esterhuizen (2000) developed
equations suitable for downgrading the strength of jointed coal pillars relative to non-
jointed pillars according to the frequency, orientation and shear strength of joints:

0pj = 0, €Xp(-0.017F) (19)

In this equation oy, is the strength of jointed coal pillars, g, is the strength of pillars without
any joints and F is a function of the pillar height (h) and width-to-height ratio (w/h), the

joint frequency per meter (Jy), the joint orientation (n) and the peak angle of friction (¢) of
joints:

o2 10 (w/W)™°5 (1- exp(-0.231V) (20)
- n tang

The joint orientation factor n is a numerical value representing the influence of the angle
of dip of joints on pillar strength and can be sourced from a table presented in the paper
published by Esterhuizen (2000).

Figure 13 demonstrates the predicted percentage reduction in strength for jointed pillars
with increasing width-to-height ratios for j= 0.5, ¢= 30" and n= 0.3.
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Figure 13. Reduction of strength for pillars of 2 — 4 m height due to a set of 2 m distant
joints inclined at an angle of 30°.

It should be noted that the equations are strictly speaking only valid for pillar width-to-
height ratios of 2< R< 6. The extrapolation made in Figure 13 for 6< R< 12 is therefore
indicated as a dash-dotted curve.
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Figure 13 indicates that the weakening influence of joints on pillars in the squat range
can be as low as about 10 %, presuming that the frequency of joints is relatively moder-
ate. A higher frequency of, for example, three joints per meter is predicted to weaken the
pillar by about 25 %. A loss of strength in this range can still be tolerated if the common
approach to design pillars with a safety factor of 1.6 or higher is adopted.

3.5.2 Calibrated models to predict squat coal pillar behaviour

Calibration of the material and interface properties (and their evolution with plastic strain
in the strain-softening approach) is usually conducted against an empirical peak strength
criterion. The aim of such calibration is to match the model pillar peak strength at different
width-to-height ratio with the predicted peak strength from empirical equations, e.g. Sala-
mon and Munro (1967), Bieniawski (1968a), Wagner (1974) or Van Heerden (1975)
eqguations or a combination of them. In-situ stress measurements, observations on side-
wall fracturing, or full stress-strain curves for large-scale model pillars can serve as
means of calibration as well.

Shen et al. (2010) report on a calibration procedure where the model pillar peak strength
is matched against the combined South African and Australian coal pillar strength for-
mula, Equation (11), in its empirical range. Extrapolating the model to larger width-to-
height ratios beyond the empirical range of the strength equation predicted that brittle-
ductile transition could occur in pillars at width-to-height ratios between w/h=5 - 6.7.

Esterhuizen, Mark and Murphy (2010) presented a numerical coal pillar model that was
calibrated to satisfy both the empirical coal pillar strength formula of Bieniawski (1992),
Equation (14), and stress profiles measured in coal pillar ribs. The measured stress pro-
files also served in determining appropriate coal-rock interface properties. The resulting
values of ¢= 25" and ¢= 0.1 MPa were decided to be typical for coal-rock interfaces.
The Hoek-Brown strength criterion was used for coal with the relevant parameters being
allowed to soften from the onset of plastic strain.

The model pillar behaviour was compared to Bieniawski’'s peak strength criterion, Equa-
tion (14), in the range of w/h= 3 — 8 and the agreement was found to be satisfying. The
predicted stress-strain response of the calibrated model pillars was such that a clear
peak strength followed by strain-softening post-peak behaviour did only occur for width-
to-height ratios of up to 6. At width-to-height ratios of 8 and higher, the model pillars had
already transited into strain-hardening failure mode. This conclusion would be in line with
the estimated point for brittle-ductile transition for coal pillars in Figure 10, for a residual
angle of internal friction of ¢p= 25".

Tesarik, Whyatt and Larson (2013) calibrated the material properties of their coal pillar
model against the full stress-strain curves of a 1.4 m square specimen of coal with
w/h= 2.78 as obtained by Van Heerden in his in-situ large-scale compression tests'. The

1 It should be noted that in the publication from Tesarik, Whyatt and Larson (2013) the compres-
sion tests are incorrectly referred to as Bieniawski’'s compression tests.
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constitutive model for coal followed a Hoek-Brown strain-softening approach, while the
pillar roof was kept elastic and floor strength parameters were varied from elastic to
Mohr-Coulomb plasticity with various strength properties inferred from in-situ floor heave
monitoring.

The model was then extrapolated to greater width-to-height ratios of up to 16 to study
the shape effect in pillar strength, depending on the different floor strength parameters.
For both the competent elastic and inferred plastic floor conditions, it was found that the
peak pillar strength developed in a regressively increasing manner over width-to-height,
until the brittle-ductile transition occurred. The critical width-to-height ratio for brittle-duc-
tile transition was found to be about 12 for pillar models with strong elastic roof and floor
conditions, while models with a plastic floor transited into ductile behaviour only at ap-
proximately w/h= 16.

It should be noted that Van Heerden’s in-situ stress-strain curve for a pillar of w/h= 2.78
was also used by Yavuz and Fowell (2001) to calibrate a coal pillar model in FLAC.
However, they chose boundary conditions and grid sizes different from Tesarik, Whyatt
and Larson (2013), so that the calibration yielded different elastic properties for coal. The
constitutive law of coal in Yavuz and Fowell’s case followed a Mohr-Coulomb strain sof-
tening approach, so that a further comparison to Tesarik, Whyatt and Larson’s model is
difficult. However, the magnitude of drop in strength properties (i.e. ¢ and ¢ for Mohr-
Coulomb, and m and s for the Hoek-Brown model) assumed in the post-peak stress-
strain range is significantly lower in Yavuz and Fowell model, even though the calibra-
tions for the residual pillar strength appear to be equally matched in both models.

From this it may be seen that calibration procedures are highly dependent on the indi-
vidual model setup.
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4 Discussion of advances in squat coal pillar
strength and design

In South Africa the design of squat coal pillars is based on the assumption that an expo-
nential increase in strength does occur for pillars with w/h> 5 (Salamon, 1982; Salamon
and Wagner, 1985; Madden, 1991). This suggestion has been adopted in Australia (Gal-
vin and Hebblewhite, 1995) without further investigations, but in the U.S. the view on the
shape effect is such that no meaningful deviation from empirical strength formula does
occur until the pillar experiences brittle-ductile transition at some higher width-to-height
ratio of approximately 8 (Mark, 2000) or 12 (Bieniawski, 1992). In India, the approach to
pillar design at greater depth is very different, in that it is assumed that especially wide
pillars can retain some of the pre-excavation confinement stresses and hence experi-
ence a strength increase with greater depth of mining (Sheorey, 1992).

Squat pillars in South Africa have not been observed to collapse so far (Van der Merwe
and Mathey, 2013b). In-situ compression tests on large-scale squat coal specimens have
only been conducted up to w/h-ratios of 3.4. Therefore, physical evidence of the strength
magnitudes and shape effect related to squat coal pillars is not available in South Africa.
Experiences in the U.S. with pillar failures involving cases of width-to-height greater than
5 suggest that coal pillars may fail in a brittle manner up to w/h= 8 — 10 (Mark, 2000). At
greater width-to-height ratios the pillar may fail in a strain-hardening manner.

Intensive international research has been directed at the form of strength increase over
pillar width-to-height ratio (i.e. progressive, linear and regressive) in the squat range and
into the failure mode (brittle or ductile) of coal pillars.

Based on the literature review, a progressive increase of peak pillar strength in the squat
range, as suggested by the South African squat pillar formula, appears to be highly un-
likely. Some laboratory tests on sandstone conducted by Cruise (1969) and
Bieniawski (1986) showed that such a progressive trend may indeed exist for rocks.
However, more comprehensive tests on sandstone performed by Madden (1990) rather
suggest that the strength increase is linear up to approximately w/h= 6 and that speci-
men failure thereafter is characterized by strain-hardening behaviour. Compression tests
on Merensky Reef specimens (York et al., 1998) up to w/h= 6 exhibited neither a pro-
gressively increasing trend in strength nor brittle-ductile transition in the empirical range.
The compression tests on hard rock are therefore inconclusive.

Furthermore, coal appears to behave different from rock in laboratory tests: Investiga-
tions into shape effects consistently show that the strength of coal increases approxi-
mately linearly (Das, 1986; Khair, 1994) or regressively (Meikle and Holland, 1965; Mad-
den and Canbulat, 1995; Kroeger, Roethe and Li, 2004). The brittle-ductile transition is
only likely to occur at width-to-height ratios of about 10 or higher (Das, 1986), but has
not always been encountered in the tests of different investigators. For instance Kroeger,
Roethe and Li (2004) conducted tests on specimens with width-to-height ratios of up to
12.5 without noticing brittle-ductile transition.
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It is important to note that extensive empirical tests on the influence of weak and strong
interface friction coefficients between the coal specimens and loading platens (Meikle
and Holland, 1965; Khair, 1994) did not produce a squat effect in coal specimens, neither
in the form of a progressive increase in peak specimen strength beyond a critical width-
to-height ratio, nor as brittle ductile-transition. This is opposed to numerical modelling
results (York et al., 1998; York, Canbulat and Jack, 2000), which predicted a squat effect
for coal and Merensky reef specimens in the form of an abrupt strength increase at a
critical width-to-height ratio that depends on the interface friction.

The fact that some rocks do indeed exhibit a progressive strength increase or early brit-
tle-ductile transition in laboratory shape tests, while coal consistently resists these effects
even at high contact friction angles, raises the questions as to the mechanism behind
the trends. It seems likely that the phenomenon may be attributable to basic mechanical
or textural material properties, rather than boundary conditions. This deserves further
investigation.

Theoretical considerations on pillar strength in analytical models from Barron and
Pen (1992) and Napier and Malan (2007) have shown that the residual load-bearing
capacity of a crushed pillar increases exponentially with increasing width-to-height ratio.
This should eventually lead to the brittle-ductile transition in coal pillars, at the point
where the residual strength equals the peak pillar strength. The critical width-to-height
ratio for occurrence of brittle-ductile transition in pillars will therefore depend significantly
on residual strength properties of coal.

Case studies (Barron and Pen, 1992; Salamon et al., 2003) in which the analytical mod-
els developed by Salamon (1992) and Barron and Pen (1992) were applied to predict
the peak load-bearing capacity of coal pillars showed that the maximum pillar strength is
unlikely to increase progressively. The limited information rather suggests that a regres-
sively increasing trend exists between pillar strength and width-to-height ratio.

Numerical models which are calibrated to in-situ coal pillar behaviour agree that a pro-
gressive increase in the relationship between strength and width-to-height ratio cannot
be expected for the squat pillar range. Shen et al. (2010) calibrated model pillars against
the empirical peak strength criterion for the combined South African and Australian coal
pillar database. The extrapolation of their models into the squat range predicted brittle-
ductile transition in pillars between w/h= 5 — 6.7. Esterhuizen, Mark and Murphy (2010)
calibrated models against Bieniawski’s linear strength equation (Bieniawski, 1992) and
stress-profiles in pillar ribs. They showed that brittle-ductile transition occurred in the
numerical model pillars at around w/h= 8. Tesarik, Whyatt and Larson (2013) on the
other hand calibrated models against one stress-strain curve as tested by Van Heerden
and observed a regressive strength increase in coal pillars up to at least w/h= 12 or 16,
depending on mine floor conditions, before brittle-ductile transition occurred.

The only conclusive results derived from these model studies with regards to the likely
behaviour of squat coal pillars is that a progressive strength increase does not occur.
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At least the qualitative influences of individual components in the pillar-strata-system on
the overall strength of the structure are agreed upon:

Additional layers of rock inside the coal seam can weaken or strengthen the pillar-sys-
tem, depending on the properties of the rock, as shown by Su and Hasenfus (1999). A
weak roof or floor strata reduces pillar strength, as demonstrated by Gale (1999) and
Tesarik, Whatt and Larson (2013).

Weak interfaces between the coal pillar and the surrounding strata move the critical
width-to-height ratio for brittle-ductile transition further into the squat range (Lu et al.,
2008) but can also weaken the overall magnitude of strength as observed in the labora-
tory investigation by Meikle and Holland (1965) and Khair (1994). Gale (1999) further
concluded from modelling exercises and field observations that the rate of strength in-
crease is seriously affected by the strength of the coal-rock interface and the amount of
confinement that is induced in the pillar.

However, the actual strength of the coal seam appears to have a comparatively lower
influence on the overall strength of a squat pillar system. This was concluded by various
authors using numerical models, e.g. Su and Hasenfus (1999) and Gale (1999). Ester-
huizen (2000) demonstrated in his analysis of jointing on coal pillar strength that the
influence of joints diminishes for pillars with large width-to-height ratios.

So far one would have to conclude from the literature review that the predicted progres-
sive strength increase in squat coal pillars by the South African formula is unlikely to
exist. Physical evidence from compression tests on coal specimens, theoretical predic-
tions in analytical models and predictions by calibrated numerical models do not support
this theory. It is likely that the linear or regressively increasing trend between strength
and shape as found for the more slender pillars of w/h< 5 is also valid in the squat range,
until brittle-ductile transition occurs at some elevated width-to-height ratio. From the lit-
erature review it is suggested that the critical width-to-height ratio for brittle-ductile tran-
sition is around w/h= 10. This supports the American view on squat coal pillar strength
as expressed by Mark (2000) and discussed in Chapter 2.

This conclusion contradicts Madden’s in-situ observations on squat pillar sidewall frac-
turing (Madden, 1991), which suggested that the strength of the investigated pillars was
considerably higher than predicted by the Salamon and Munro (1967) formula. It was
therefore suggested by Madden that the South African squat pillar formula is likely to be
a better strength estimate for very wide pillars.

There is however another possible explanation as to why the investigated pillars seemed
so much more competent than that predicted by the Salamon and Munro (1967) formula:

The Salamon and Munro (1967) strength equation and its subsequent updates, e.g. the
latest by Van der Merwe and Mathey (2013c), only give the average strength of failed
coal pillars in South Africa, but not necessarily the average strength of all coal in the
country. Therefore, it is likely that significant differences exist in the actual strength of
coal pillars. This has been demonstrated effectively by the in-situ compression tests of
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large-scale coal specimens in three different collieries by Bieniawski (1968a), Wagner
(1974) and Van Heerden (1975). The cube strengths of coals at New Largo and Usutu
collieries was double as strong as compared to Witbank colliery. Moreover, the Salamon
and Munro formula predicts a pillar strength that is in the lower range of the results from
the large-scale in-situ compression tests.

Furthermore it has been shown by Van der Merwe and Mathey (2013a) in their analysis
of the failure probability of coal pillars that cases of stable pillars with a predicted safety
factor of less than one exist. This points again to locally higher strength in coal pillars
than assumed by the empirical strength equation.

The reason for the higher strength observed by Madden (1991) in pillars in KwaZulu-
Natal may therefore be found in a higher site-specific strength of coal. The quest for an
improved design of squat coal pillars in South African collieries is therewith open for
further investigation.
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5 Research scope and objective

It has been shown that the predictions for squat coal pillar strength vary between the
different coal mining countries. The only agreement found in international literature is
that an optimal squat coal pillar design must adopt to the seam-specific or site-specific
conditions of mining. Furthermore it appears that the exponential increase in pillar
strength, as predicted by the current South African squat pillar formula, is likely to be
technically misleading, as most findings from laboratory tests and numerical modelling
point to a linear or regressive strength increase with width-to-height ratio and that a squat
effect only occurs in the form of brittle-ductile transition in pillars.

Direct physical evidence, in the form of failed squat pillar cases or large-scale in-situ
compression tests on squat specimens would be the preferred method to establish con-
fidence into the mechanical behaviour of these structures. However, in South Africa no
squat pillar has been observed to collapse so far, and due to time and budget constraints,
large-scale in-situ compression tests are beyond the scope of this investigation.

In absence of direct physical evidence, the research will have to utilize methods to de-
duce the most likely in-situ squat pillar behaviour through various techniques. As such
the following will be considered in this study:

e a statistical review of coal mechanical properties in the different seams of South
Africa;

e laboratory testing on coal and other rock specimens in the slender and squat
shape range;

e numerical modelling of coal pillars with calibration against in-situ observations.

The findings from these studies will be translated into a most-likely in-situ squat coal
pillar behaviour by sound engineering judgement.

The objective is to establish both the correct shape effect in squat coal pillars in terms of
the trend in the strength over width-to-height relationship and to provide a practical so-
lution for the mining industry to design coal pillars at greater depth. The following aspects
are considered to be crucial for this investigation (for further background see Chapter 4):

Seam-specific coal strength

Previous research has shown that a single pillar strength formula which accurately ap-
proximates the strength of all coal pillars in the country does not exist (Salamon, Canbu-
lat and Ryder, 2006; Van der Merwe and Mathey, 2013c). It is rather suggested that a
coalfield, seam-, or even site-specific coal pillar strength must be considered. Broad ap-
proaches to identify coalfields of weak and normal coal strength have been successful
already, but a further distinction between the individual seam strength in the coalfields is
challenged by a lack of sufficient statistical evidence of collapsed pillars.

It is therefore imperative to investigate the different coal seam strength in South Africa.
It is postulated that the components contributing to the strength of a coal pillar are (a) its
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size and geometry (shape), (b) its direct geological environment, i.e. the surrounding
strata and discontinuities in the pillar itself and (c) the intact material strength of the coal.

Aspect (a) has already been covered intensively by different investigators in South Africa
and aspect (b) has been dealt with in terms of coal pillar jointing. Therefore, it falls within
the scope of this thesis to approach the seam-specific coal strength from another angle:
the angle of the intact material strength of different coal seams.

Laboratory tests on coal are usually treated with great caution by rock engineers, due to
the variability of sampling procedures and the friability of the material, which possibly
affects the test results adversely. However, the approach chosen here is to collect a
comprehensive database of coal mechanical properties at different sites and seams from
the various coal mining houses in South Africa and to evaluate the performance of coal
on a statistical basis.

Shape effect in coal and rock specimens

The majority of literature reviewed for this thesis points to a regressive or linear strength
increase over width-to-height ratio of squat coal specimens and pillars. A squat effect
appears to be only likely to occur in terms of the brittle-ductile transition in specimens
and pillars at very large width-to-height ratios, but not as an exponential strength in-
crease as suggested by the current squat pillar formula.

Nevertheless, some important questions remained unanswered in the work conducted
so far, in particular as to what causes the brittle-ductile transition to occur and at which
width-to-height ratio it is likely to happen. The literature survey indicated that in coal
specimens or pillars, the critical width-to-height ratio may vary between w/h= 8 — 16 and
that this may depend on the frictional effects between the specimen/ pillar and the sur-
rounding loading platens/rock strata.

Some other influencing factor is also apparent from the literature review, namely the
influence of material type. Some researchers had indeed observed a progressively in-
creasing specimen strength in granular sandstone, but at least one has described the
shape effect in sandstone as linear until brittle-ductile transition occurred. Tests on Me-
rensky Reef specimen also did not show brittle-ductile transition or a progressive in-
crease in strength in the same width-to-height range. Furthermore, tests done on coal
with various strong and weak frictional contact between the specimen and the loading
platens showed that coal generally resists a squat effect in the form of a progressive
increase in strength and that up to w/h= 8, the occurrence of brittle-ductile transition is
highly unlikely. Therefore it is likely that the material texture and its basic mechanical
properties are linked to the shape effect.

A key to the understanding of the mechanics involved in the shape effects and brittle-
ductile transition in coal may therefore be found in a comparative assessment of different
rock types tested in various shape configurations and compression.
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In addition to laboratory testing on specimens, numerical modelling will have to be con-
ducted in order to estimate the shape effect in full-size coal pillars. It is believed that the
most accurate way to determine the shape effect in the squat range numerically is to
calibrate models against the trends in stress-strain curves observed by Van
Heerden (1975) in his in-situ tests. Finally, the findings from numerical modelling and
laboratory testing will be compared and the most-likely squat coal pillar behaviour will be
concluded based on engineering judgement.



PART I

Survey of the mechanical properties of intact coal in
South Africa
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6 Introduction to the properties survey

The strength and shape effect of coal pillars in South Africa is commonly judged based
on the characteristics of pillar failures within the different coal fields and coal seam. Sala-
mon and Munro (1967) were the first to determine an average coal pillar strength for
South Africa based on statistical review of failed and unfailed pillar dimensions. With
further pillar failures occurring in the course of time, their work has been updated by other
investigators, e.g. Madden (1991), Van der Merwe (2003b), Salamon, Canbulat and Ry-
der (2006) and Van der Merwe and Mathey (2013c). This work has revealed that distinct
differences exist between the pillar strength characteristics in different parts of the coun-

try.

Van der Merwe (2003b) showed that in some coalfields, namely the Vaal Basin and Klip
Rivier, pillars frequently failed at very high safety factors, i.e. in excess of SF= 1.6, while
this was not the case in any of the other coalfields. Hence, he distinguished coal pillar
strength in ‘weak’ and ‘normal’ coal areas. Subsequently the Free State coalfield was
added to the list of ‘weak’ coal areas (Van der Merwe and Mathey, 2013c).

An attempt to refine this broadly regional approach to pillar strength in the country was
conducted by Salamon, Canbulat and Ryder (2006), who separated the occurrence of
pillar failures by coal seams in order to derive statistical seam-specific strength formulae.
The project concluded that except for the coal mining areas around Witbank, there would
not be enough information on pillar collapses available to make reliable predictions.

The most recent statistical coal pillar strength review by Van der Merwe and Mathey
(2013c) shed more light on coal pillar strength in the country. It was shown that even in
the ‘normal’ coal areas, where the safety factors of failed pillars are closely scattered
around SF= 1, the failure probability of such pillars is likely to be relatively small, i.e. 9 %
for a pillar safety factor of one. This was demonstrated by comparing the amount of col-
lapsed pillars with the statistically estimated number of pillars ever mined in the ‘normal’
coal areas at the same safety factor.

The implication of this finding is that the currently available coal pillar strength formulae
do not represent the average coal pillar strength in the country (or in the relevant areas),
but only the average strength of failed pillars. The average coal strength of all coal must
be higher.

This conclusion is also supported by the in-situ large-scale compression tests on coal
specimens conducted in South Africa. The three collieries at which the experiments were
conducted, Witbank, Usutu and New Largo respectively, are situated within the identified
coalfields of ‘normal’ coal strength. Yet, the experienced magnitude of coal strength var-
ied significantly under very similar testing conditions, coal being more than double as
strong at New Largo as compared to Witbank colliery. Also, the coal strength encoun-
tered at New Largo and Usutu is considerably stronger than predicted by the latest up-
dated coal pillar strength formula for these areas.



6 Introduction to the properties survey 57

Not only the magnitude of strength differed in these large-scale compression tests, but
also the rate of strength increase over specimen width-to-height. The stronger the coal,
the more rapidly the specimens appeared to increase their strength with increasing
width-to-height ratio.

In summary, itis clear that coal strength can vary significantly in South Africa, even within
regions which exhibit similar pillar failure characteristics. The difference may affect the
magnitude of compressive strength of coal but also the shape effect in coal, and there-
fore also the behaviour of squat coal pillars.

For an improved site, seam and coalfield specific understanding of coal pillar strength it
is therefore imperative to study the distribution of mechanical coal properties in the coun-
try.

As this task can only be conducted on laboratory-scale, it bears the limitation that a direct
transfer of established parameters to the in-situ magnitude is not possible. However, it
provides the opportunity to identify the relative distribution of strength parameters across

the country, and therefore of localized weakness and strength differences, provided that
a large amount of tests can be compiled for statistical interpretation.

The database must therefore be sourced from the wealth of information on mechanical
coal tests that is available in the coal mining houses and through open source research
programs.
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7 The mechanical coal properties database

7.1 Overview

A database of mechanical coal properties in South Africa has been compiled from avail-
able information at Anglo Thermal Coal SA, Xstrata Coal SA and BHP Billiton Energy
Coal SA. Further sources include the compression tests conducted under SIMRAC Pro-
ject COL21A (Madden et al., 1993) and, to a smaller extent, compression tests on coal
conducted by the author.

The information stored within the database comprise the uniaxial compressive strength,
Young’s Modulus and Poisson’s Ratio, triaxial compressive strength and indirect tensile
strength of coal specimens. An additional number of tests has also been conducted on
a series of specimens modified in size and shape to investigate the related strength-
reducing or strengthening effect in coal from different collieries.

The total amount of 1819 individual tests on coal in this database comes from 5 different
coalfields and covers 13 different seams:

e Witbank Nos. 1, 2, 4 and 5 seams

¢ Highveld Nos. 2 and 4 seams

e Vereeniging-Sasolburg Nos. 2 A, 2 B seams and Top and Middle seams
e Ermelo E and C Lower seams

¢ Nongoma Main seam.

The database further splits into 491 tests in uniaxial compression, 198 triaxial compres-
sion, 186 indirect tensile tests and 944 tests on the shape effect in coal.

The focus of this investigation will be on the uniaxial compressive and triaxial compres-
sive strength, elastic moduli and the indirect tensile strength only. Size and shape effects
have already been covered in the SIMRAC Project COL21A report (Madden et al., 1993)
and by Van der Merwe (2003a).

Around 80 % of all UCS tests specimens were prepared from 60 mm diameter borehole
cores, the rest comes from 25 mm to 100 mm diameter cores drilled out of sample blocks.
All of the indirect tensile strength specimens had diameters of 60 mm. Also, the vast
majority (95 %) of triaxial compression tests were conducted on 60 mm specimens.

7.2 Data validation

Before the database can be analysed for the distribution of coal strength in the different
coalfields and seams, the included information must be inspected for errors which may
adversely impact on the consistency of the database. A verification method is proposed
in the following paragraphs.
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7.2.1 Verification method

It is to be expected that the observed mechanical parameters of coal are subjected to a
certain amount of scatter. The scatter is a result of errors in the measurement and re-
cording of parameters as well as of natural fluctuation in the composition of the examined
coal specimens. Errors are to be rejected, while natural fluctuations are to be accepted.

For the analysis of the coal database it is therefore imperative to be able to detect errors.
Different types of errors can be distinguished in this context:

e Specimen preparation errors, such as non-parallel and non-flat loading surfaces.
Also for coal, the influence of time elapsed between in-situ sampling and testing
in the laboratory and the related changes in specimen humidity plays arole. Since
coal is very friable in handling, specimens may also be damaged in the coring,
cutting and grinding process.

e Testing errors, such as significant changes in the specimen loading rates, incor-
rect positioning of specimens in the testing apparatus or unbalanced loading.

¢ Measurement error, as they can result from incorrect positioning of strain gauges
or from using a non-calibrated testing machine. In the latter case, the error is
systematic if it impacts all tests by the same magnitude and can therefore be
corrected.

e Recording error, when the measured data is entered incorrectly into record files.

¢ Confusion of material type is an especially severe case of error, for instance when
mudstone, shale or sandstone was mistaken for coal.

Even without these erroneous influences some scatter will remain in the data. It is pos-
tulated that this remaining scatter is due to random influences.

For instance, if a number of specimens from a single borehole in a single seam are
analysed for compressive strength at that point, the error-free measurements will scatter
randomly around the expected value due to random changes in the petrographic and
micro-tectonic composition of the coal specimens. The frequency distribution of the
measured strength values will therefore resemble a normal or lognormal distribution.

If samples are taken from the same seam but from different boreholes in close proximity,
so that the overall composition of the coal has not changed significantly, it is to be ex-
pected that measurements which are free of error will again exhibit a normal or lognormal
frequency distribution, characterized by a mean and a standard deviation.

It is possible that samples taken further/far apart from each other in a coal seam may not
exhibit a single normal or lognormal distribution of their characteristics, because the na-
ture of the coal seam would differ significantly over its vast extent. Also, a comparison of
samples from different coal seams does not necessarily exhibit a single normal or lognor-
mal distribution. However, in the absence of errors, a histogram over the entire range of
the observed parameters should still indicate a number of independent normal or lognor-
mal frequency distributions, representing the individual parameters of seams or areas
within them.
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Therefore, it is proposed that the database entries are validated by checking for normal
or lognormal distributions amongst the observations. A normal or lognormal distribution
would suggest random deviations in the sampled values, which are therefore to be ac-
cepted, while data points which deviate significantly from these distributions (outliers) will
be regarded as errors and are rejected.

7.2.2 Specimen size and shape limitations

Further, it is of importance that only specimens of similar size and geometry are com-
pared in the analysis, due to the known effects of specimen size and shape on specimen
strength and deformational behaviour.

In the context of specimen size, it has already been said in Chapter 7.1 that the vast
majority of specimens used for the determination of UCS, elastic moduli, TCS and ITS
come from boreholes with 60 mm diameter. This is well above the ISRM recommended
minimum specimen diameter of 50 mm for UCS tests and 54 mm for triaxial tests.

In the process of the analysis it has also been decided to include all test specimens
between 42 mm and 100 mm diameter, as the test results of these specimens were
consistent with the results obtained from 60 mm specimens. Only specimens with a di-
ameter smaller than 42 mm differed in behaviour in that they showed a marked increase
in strength, and were therefore excluded from the further comparative analysis.

The shape effect in coal specimens is not subject of investigation at this stage, because
it has already received attention by other investigators, (Madden and Canbulat, 1995;
Van der Merwe, 2003a). Of importance, however, is the shape of test specimens for UCS,
elastic moduli, TCS, ITS. The ISRM suggested methods (Ulusay and Hudson, 2007) for
tests on UCS is a minimum specimen length-to-diameter ratio of I/d= 2.0 in order to min-
imise the end-effects.

About 35 % of all UCS test specimens in the database exhibit //d- ratios smaller than 2.0.
In order to avoid an unnecessary discard of too great a number of tests, it was decided
to include all specimens of a minimum [/d= 1.8 in the analysis. Thus the amount of
discard was reduced significantly to 3 %. Again it was checked that the inclusion of spec-
imens with I/d-ratios smaller than 2.0 did not have an adverse impact on the overall
database characteristics.

About 60 % of triaxial test specimens in the database exhibit //d-ratios below 2.0. In
some cases the 1/d-ratio was as low as one. However it could be observed that the
expected end-effect was not pronounced for these specimens, probably due to the ap-
plied lateral confinement overshadowing the induced frictional confinement along the
specimen/loading platen contacts. Since no deviating behaviour could be observed for
these specimens, it was decided that no restrictions had to be made for the length-to-
diameter ratio of triaxial test specimens.
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The specimens for indirect tensile strength tests either agreed or deviated minimally from
the ISRM suggested minimum [/d-ratio of 0.5 and were therefore all included in the anal-
ysis.

7.2.3 Data validation

Some of the possible errors sources listed in Chapter 7.2.1, in particular testing errors,
cannot be identified in the database. Nevertheless errors in specimen preparation and
load-deformation measurements should be distinguishable in the database. For in-
stance, an incorrect specimen preparation may lead to unbalanced loading (point-load-
ing) of specimens, which should consequently fail at comparatively small average axial
deformations. By contrast, very large axial deformations could be obtained from malfunc-
tioning strain gauges. Outliers in histograms on axial strain at failure or the elastic mod-
ulus give an indication in this regards.

Figure 14 plots a histogram for the average axial strain at failure observed for 373 UCS
specimens or 92.6 % of all available UCS specimens (left). The values appear to follow a
lognormal distribution in ranges between 1 — 16 mStr. Three outliers are detected and
rejected from further investigations.

The hypothesised lognormal distribution of the data is verified in the QQ-plot (right). In
the QQ-plot, the observed quantiles of the standardized sample distribution is plotted
against the quantiles of the standardized normal distribution. The sample values have
been converted to their logarithmic values to check the assumption of a lognormal distri-
bution in the data. An ideal lognormal distribution follows the straight line indicated in the
QQ-plot. It can be seen that the logarithmic sample data follow this line favourably. Only
very few outliers occur at the right extremity of the distribution. It is therefore assumed
that the sample is lognormally distributed in ranges between 1 — 16 mStr.
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Figure 14. Histogram of the axial strain at strength failure for UCS specimens (left) and
QQ-plot (right) for a hypothesised lognormal distribution of the data.

Further, it can be assessed whether the database includes errors which could have been
introduced by confusing other materials, such as sandstone, mudstone or shale with
coal. The materials can be distinguished from coal by their density. Coal has the lowest
density of the aforementioned materials, the expected value being around 1.5 g/cm3.
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Sandstone, on the other hand, has the highest density of typically 2.6 g/cm?. The density
of mudstone and shale are scattered between these extremes, but commonly in excess
of 2.0 g/cm3. Figure 15 to Figure 17 plot density histograms for the UCS, TCS and ITS
specimens respectively in the database.

160 3
140 T 2
120 -~
3 g
€ 100 =
2 c
o 80 So
2 T
w60 o
2 =
40 £
© 5 0
0 — = I B o == - 3
1.21.314151.61.71819 2 21222324252627 -3 -2 -1 0 1 2 3
Density [g/cm?] Theoretical normal quantiles

Figure 15. Density histogram for UCS specimens (left) and QQ-plot (right) for a hypothe-
sised lognormal distribution of UCS specimen density up to 2.1 g/cm?®.
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Figure 16. Density histogram for all ITS specimens (left) and QQ-plot for a hypothesised
lognormal distribution of the density up to 2.0 g/cm?3 (right).
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Figure 17. Density histogram for all TCS specimens (left) and QQ-plot for a hypothesised
lognormal distribution of the density up to 1.9 g/cm?3 (right).

From the histograms it appears that the density could be lognormally distributed in inter-
vals: in the case of UCS up to a value of about 2.1 g/cm3, in the case of ITS up to 2.0 g/cm?
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and in the case of TCS about 1.9 g/cm3. However, a satisfying lognormal fit in the speci-
fied ranges can only be observed in the QQ-plot for the ITS specimens. Some significant
deviations from the straight-line are observed for the UCS and TCS specimens, indicating
that there might be some errors in the dataset.

Above the specified upper limits the data appears to be even more erroneous, with the
density being in the range of rock materials. It was confirmed that this data did not come
from a single borehole or single mine so that an influence of regional coal anomalies
could be excluded. Also, the uniaxial compressive strength of these outliers was in av-
erage 70 MPa, with some tests indicating strength as high as 106 MPa. These are typical
values for sandstones and the relevant data points have therefore been discarded from
further analysis

In absence of a conclusive, error-free density distribution for all datasets, it is decided
that only specimens with a density less than 2.1 g/cm?® are used for further analysis. This
preliminarily cut-off value is applied consistently for UCS, TCS and ITS specimens and
does not discard an unreasonably large number of tests. Also, the impact of the few
possible outliers remains relatively small. For instance, it will be seen later in Chapter
8.5 that UCS specimens with densities between 1.9 and 2.1 g/cm?® do indeed have
strength values very close to the database average and are therefore not outliers. It is
therefore decided that a further reduction of the upper density limit for inclusion of spec-
imens in the analysis is not required.

The average density of the remaining UCS, TCS and ITS specimens is 1.54 g/cm?3,
1.50 g/cm?, 1.50 g/cm? respectively.
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8 Results

In the following sections, the validated database of mechanical coal properties is ana-
lysed in terms of central tendencies and spread in the uniaxial and triaxial compressive
strength as well as the indirect tensile strength of coal. Possible correlations between
the mechanical parameters are investigated as well.

It should be noted that the arithmetic mean is used as the measure of central tendencies
in the samples, irrespective of the symmetry of the sample distribution. The implication
is that for asymmetric (e.g. lognormal) distributions, the arithmetic mean may overesti-
mate the central tendency in the samples and hence the central tendency of the popula-
tion. This will have to be taken into account when conclusions are being drawn on the
population of mechanical coal characteristics and the related practical implications.

Nevertheless, the arithmetic mean is used to describe all samples for the purpose of
consistency and to facilitate a comparison with internationally published average coal
strength data. The standard deviation of the samples, given as the measure of spread,
are therefore also calculated based on the arithmetic mean.

8.1  The uniaxial compressive strength

A number of 403 tests on the uniaxial compressive strength are evaluated for the overall
coal strength of South African seams. Amongst them, 350 tests provided complete infor-
mation for a distinction of strength characteristics in 13 different seams and 6 different
coalfields.

Figure 18 plots the histogram for the uniaxial compressive strength in all coalfields and
seams. It is suggested that the data approximately exhibits a lognormal distribution (left),
which may also be supported by the QQ-plot (right). Pronounced deviations from the ideal
diagonal line only occur at the left and right extremity of the data. The arithmetic mean
strength of all UCS tests on coal is 22.943 MPa, with a standard deviation of 9.523 MPa.
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Figure 18. UCS histogram for all 403 specimens (left) and QQ-plot for a hypothesised
lognormal distribution of the UCS (right).
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Strength values above 50 MPa do not appear to obey the lognormal distribution of coal
strength and were investigated for regional, i.e. seam or coalfield specific patterns. How-
ever, the origin of these specimens is dispersed across the country and their values
stand in contrast to test results for other specimens derived from the same sample or

borehole. It could therefore be that the deviational behaviour was caused by some rock,
e.g. shale or sandstone intrusions in the coal specimens.

For a number of 284 tests, information on the failure mode in the specimens were re-
ported by the test agencies and are available for analysis. Based on the reported figures,
it is concluded that the peak uniaxial compressive strength of 92.3 % of all UCS speci-
mens was influenced by failure on one or more discontinuities in the specimens. The
remaining 7.7 % of specimens failed in shear-sliding mode through intact material or
even exhibited complete double-cone developments during the tests.

Figure 19 plots the normalized frequency distributions of the strength of specimens failed
through loss of intact material strength and through influence of discontinuities. Appar-
ently, the influence of discontinuities in specimens manifests not only as a reduction of
the average strength of specimens but also as a wider scatter of individual strength val-

ues. The specimens whose failure was reportedly not influenced by discontinuities are
on average 27.8 % stronger and are scattered more closely.
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Figure 19. The influence of discontinuities on the strength of coal in uniaxial compres-

sion.
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It should be noted that the presence of discontinuities also appears to be the predomi-
nant contributor to the skewness of the overall UCS sample histogram (Figure 18).

The absence of regional or systematic patterns in the histogram for all coal across the
country in Figure 18 suggests that the distribution of unconfined compressive strength in
the different seams and coalfields is relatively consistent.

To investigate regional coal strength further, the database is then split according to coal
seams. An overview of the number of tests available per seam and the determined
strength characteristics is given in Table 2.

It should be noted that only very little data was available for the Main seam in Nongoma
coalfield and for coal in the Waterberg coalfield and therefore the table may not be rep-
resentative of the entire sample. Some of the data collected under Witbank Nos. 2, 4 and
5 seams and Vereeniging-Sasolburg (V-S) Top and Middle seams had originally been
subdivided in the database as No. 5 A, No. 2 L, Top seam Upper, Middle seam Lower
etc., referring to local splits in the mother seam. The data has been unified here under
the name of the mother seam since not enough data was available for statistical treat-
ment of the subdivisions.

Table 2. Uniaxial compressive strength characteristics for different coal seams.

Coalfield Seam No. of UCS, ave. Ucs, SD  UCS, min  UCS, max
©stS  vipa [MPa]  [MPa]  [MPa]
Witbank No. 1 7 19.29 8.34 11.65 35.95
Witbank No. 2 82 23.95 10.58 7.13 63.20
Witbank No. 4 61 20.10 6.28 8.49 36.37
Witbank No. 5 26 22.38 5.57 9.65 34.60
Witbank Unknown 23 25.08 10.53 10.87 56.02
Highveld No. 2 13 24.32 8.48 9.78 40.07
Highveld No. 4 69 24.20 8.16 9.31 61.10
Highveld Unknown 11 15.35 9.52 3.10 32.41
V-S Top 19 22.36 6.92 8.76 34.07
V-S Middle 22 19.92 7.82 6.86 37.44
V-S No. 2 A 8 31.10 24.33 11.30 62.00
V-S No.2 B 13 25.86 6.66 16.72 37.54
V-S Unknown 7 24.27 7.71 11.25 31.85
Ermelo C Lower 21 22.32 9.69 6.07 44.68
Ermelo E 5 22.41 12.27 14.58 43.06
Nongoma Main 4 32.73 6.92 8.76 34.07

Waterberg Unknown 2 26.59 7.71 11.25 31.85
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In Table 2 it is also important to observe that for two seams, namely the Witbank No. 2
and Highveld No. 4 seams, the observed maximum strength exceeds the 3o (three times
the standard deviation) interval of the entire population. This again points to possible
outliers in the data and the reason behind this could possibly be rock intrusions in the
coal.

The maximum strength observed for No. 2 A seam coal from the Vereeniging-Sasolburg
coalfield exhibits a similar value compared to the suspected outliers in the Witbank No. 2
and Highveld No. 4 seams. All 8 specimens tested from this seam come from one sample
block, of which 5 specimens had an average strength of 14 MPa only, while three spec-
imens were in excess of 60 MPa. Clearly some significant heterogeneity must have been
encountered in the coal sample and the tests cannot be taken as representative for the
seam.

Whether or not the discussed outliers are to be discarded from the coal database de-
pends on personal and not statistical judgement. While it is likely that the relevant spec-
imens consisted predominantly of non-coal components (and should therefore be re-
jected as not representative for coal), it is nevertheless sometimes the case that this type
of coal-rock mixture is the very element out of which underground pillars consist and
therefore should remain included.

In the interest of having a more accurate view on what is likely to be pure coal strength,
Figure 20 summarizes the average strength and standard deviation of coal in the differ-
ent seams after discard of the outliers. Also included in the figure are tests from coalfields
to which no seam could be related (labelled as ‘N/A’ in the plot). The results for the
sample of Vereeniging-Sasolburg No. 2 A seam coal are excluded from the plot due to
the significant heterogeneity encountered, as explained above.

Figure 20 confirms the assumption made earlier that the average uniaxial compressive
coal strength is relatively consistent throughout the seams in the country.

The average strength values for the individual coal seams scatter within the interval of
19.29 (No. 1 seam) to 25.86 MPa (No. 2 B seam). The seam specific standard deviations
are generally large, in the range of 25 to 55 % of the seam-specific mean value.

The average uniaxial compressive strength across all seams calculates to 22.23 MPa
with a standard deviation of 7.65 or 34.2 % of the mean. Further, the average seam-
specific values scatter at a maximum of 15 % around the population mean and therefore
all lie within the standard deviation of the entire population.
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Figure 20. Seam-specific average UCS with accompanying standard deviations of coal in
various coalfields in South Africa after removal of outliers in the dataset. The amount of
tests evaluated per coal seam are given in the base of the columns.

Because of the relatively small difference in the average strength of coal from different
regions and seams in South Africa, a further subdivision of the coalfields by mines is not
required.

However, it is worth noticing that the distribution of intact coal strength is also random,
i.e. non-systematic, for individual collieries. For example, Figure 21 (left) plots the fre-
quency distribution of strength of 44 UCS specimens, sampled from 11 boreholes across
one mine site in the Highveld coalfields.

It can be seen in Figure 21 (right) that in the interval 16 — 33 MPa the coal strength is
lognormally distributed. Only 6 outliers above and below this interval do not conform to
this distribution. The average uniaxial compressive strength in this example is 23.57 MPa
with a standard deviation of 6.55 MPa.
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Figure 21. UCS histogram (left) for 44 specimens sampled from 11 boreholes on a mine
site in the Highveld coalfield and QQ-plot for a hypothesised lognormal distribution of the
UCS in ranges between 14 — 33 MPa (right).

8.2 Elastic moduli

A total number of 322 tests provides results on the elastic deformation characteristics:
Young’s Modulus (E) and Poisson’s Ratio (v) of coal. The values are determined as both
the tangential and secant moduli at 50 % of the peak stress stored in the database. The
following examination makes use of only the tangential Young’s modulus E; and Pois-
son’s Ratio v; at 50 % stress level.

Figure 22 gives a histogram for the distribution of E; across 5 different coalfields and 11
different seams. The histogram suggests a lognormal distribution of the data, which is
found to be confirmed in the QQ-plot of the lognormal sample quantiles against the theo-
retical normal quantiles.

The average elastic modulus of coal specimens equates to 4.45 GPa with a standard
deviation of 2.04 GPa.
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Figure 22. Histogram for the tangential elastic modulus measured on 322 coal specimens
(left) and QQ-plot for a hypothesised lognormal distribution of the sample data (right).

Figure 23 displays the histogram of the Poisson’s Ratio of the same coal specimens, for
which the elastic modulus has been evaluated. It should be noted here that some values
in excess of 0.5 have been recorded, which are obviously erroneous and have to be
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discarded. Also it should be noted that the distribution can best be approximated by a
normal distribution. This is also shown in the QQ-plot, where the normal sample quantiles
are plotted against the theoretical normal quantiles.

The average Poisson’s Ratio for the 290 specimens with v,= 0.5 is 0.306 with a standard
deviation of 0.147.
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Figure 23. Histogram for the tangential Poisson’s Ratio measured on 322 coal specimens
(left) and QQ-plot for a hypothesised normal distribution of the sample data (right).

8.3  The triaxial compressive strength

A total of 198 coal specimens were tested in triaxial compression at confinement levels
between 1.5 — 20 MPa. The tests cover 8 different coal seams and 4 coalfields. Two-
thirds of all tests were performed at 2.5 MPa, 5 MPa and 10 MPa confinement levels and
provide the basis for the following analysis of triaxial strength of coal in different seams
of South Africa.

Frequency distributions of the specimen strength at 2.5 MPa, 5 MPa and 10 MPa con-
finement are presented in Figure 24 to Figure 26. It is hypothesized that the data is nor-
mally distributed, which can be seen to be confirmed in the related QQ-plots.

A lognormal distribution, as found for the UCS, may satisfactorily describe the data set
but data in both the upper and lower extremes are more accurately described by a normal
distribution.

Information on the strength failure patterns are available for 186 triaxial compressive
strength specimens. It has been shown previously that for the vast majority, i.e. 92 % of
unconfined test specimens, strength failure is influenced by one or more discontinuities
in the coal.
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Figure 24. Histogram of the strength of 41 coal specimens at 2.5 MPa confinement (left)
and QQ@-plot for a hypothesised normal distribution of the data (right).
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Figure 25. Histogram of the strength of 44 coal specimens at 5 MPa confinement (left)
and QQ-plot for a hypothesised normal distribution of the data (right).
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Figure 26. Histogram of the strength of 47 coal specimens at 10 MPa confinement (left)
and QQ-plot for a hypothesised normal distribution of the data (right).

The influence of discontinuities is seen to be substantially reduced for specimens tested
at lateral confinement, as shown in Figure 27. Only about 25 % of all specimens fail on
discontinuities at relatively low confinement levels of 2.5 MPa, with the remaining speci-
mens failing by shear sliding through intact material. This ratio is further seen to remain
fairly constant for higher lateral confinement levels up to 20 MPa, i.e. an increased lateral
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constraint does not further decrease the relative number of specimen failures on discon-
tinuities. The average ratio of these specimen failures to the overall number of triaxially
tested specimens in the range of 1.5 — 20 MPa is 27 %.
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Figure 27. Influence of confinement on the failure mode and average peak strength of
coal specimens.

For each confinement level, the average strength of specimens which failed in shear of
intact material and the average strength of specimens that failed on discontinuities are
compared in Figure 27. The differences in peak strength Ao, for the two groups of spec-
imen failures reduces linearly in a confinement range between 0 — 10 MPa. At higher
confinement levels, i.e. 15 MPa and 20 MPa, Ac:shows a larger scatter around the pre-
dicted linear trend. The reason for this may be that only very few numbers of tests (i.e.
three and 4 at confinements of 20 MPa and 15 MPa respectively) are available for the
calculation of the average failure strength of specimens influenced by discontinuities.

Nevertheless, the observations made over the entire range of 0 — 20 MPa confinement
levels are reliable enough to assume a linearly decreasing influence of discontinuities on
specimen peak strength (see correlation in Figure 27). The weakening influence of
discontinuities is predicted to become practically zero at a confinement of around
20 MPa.

For further analysis of possible seam-specific trends, the samples of all triaxial tests con-
ducted at 5 MPa and 10 MPa confinement are split into seam-specific groupings and
average strength is determined for the different coal seams. The results are presented
in Figure 28, together with the average uniaxial compressive strength of the seams.
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The average uniaxial compressive strength has previously been shown to be relatively
consistent throughout the coal seams (Chapter 8.1), so that the comparison of strength
increase with confinement in between the seams is based on a fairly even level.

Notably it can be observed that coal from some seams can pick up in strength quicker
than others after increase in confinement. In particular the Witbank No. 5 and Highveld
No. 4 seams exceed all other seams in strength already after a moderate confinement
increase to 5 MPa. After a further increase to 10 MPa confinement, the Witbank No. 2
seam catches up with these aforementioned seams at strength levels between 83 —
94 MPa and exceeds the somewhat weaker group of Witbank No. 4, Vereeniging-Sasol-
burg Middle and Top seams and the Ermelo C Lower seam, which range at around 70 —
75 MPa.

This trend indicates that the coal in the different seams may have different cohesion and

internal friction properties. This is to be examined further.
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Figure 28. The average compressive strength of coal specimens from different seams at
0 MPa, 5 MPa and 10 MPa confinement. The number of tests evaluated for each con-
finement level are given at the base of the bars.

Figure 29 provides o;— o3 plots for the entirety of triaxial tests conducted in the Witbank
Nos. 2, 4 and 5 seam, the Highveld No. 4 seam, Vereeniging-Sasolburg Top and Middle
seams and the Ermelo C Lower seam. A linear curve is fitted to the seam-specific data,
providing the average gradient of strength increase [, over confinement and the intercept
with the y-axis, which is the estimated intact compressive strength o. at 0 MPa confine-
ment.
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Figure 29. o;— o3 plots of triaxial coal strength in different coal seams.

The Top and Middle seams in the Vereeniging-Sasolburg coalfield exhibit very similar
triaxial strength behaviour in terms of both gyand o.. The gradient fyin the Witbank Nos.
2 and 4 seams is also very similar to the ones observed in the Vereeniging-Sasolburg
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coalfield. However, a difference in o, is apparent, with the No. 2 seam being the strongest
one of the 4 aforementioned seams and the Witbank No. 4 seam being the weakest.

The Witbank No. 5 and Highveld No. 4 seams have higher gradients of strength increase
in the group of analysed seams, i.e. 54 % and 33 % higher than the average of the 4
aforementioned seams. The strength o, lies within the range observed for the 4 seams.

Another individual in terms of 5, is the Ermelo C Lower seam, which has the lowest
strength increase gradient of all investigated seams.

Another point of interest is that the predicted unconfined strength by the equations in
Figure 29 is in all cases substantially higher than the average UCS tested for the same
seams. The explanation for this phenomenon lies in the cleating and discontinuities pre-
sent within the coal specimens: the unconfined uniaxial strength of coal specimens is
unavoidably affected by these discontinuities. The measured strength is therefore not
necessarily the intact strength of coal. However, with lateral confining stresses being
applied to the specimens the detrimental impact of discontinuities is gradually reduced.
Some researchers, e.g. Medhurst and Brown (1998), therefore suggest that the intact
and unconfined strength of coal could better be determined by loading specimens under
low confining pressures and extrapolate a more appropriate unconfined strength.

A set of Mohr-Coulomb and Hoek-Brown parameters for different coal seams has been
calculated from the a;— o3 plots and is listed in Table 3. The distribution of Mohr-Coulomb
cohesion c and the angle of internal friction ¢ in the different coalfields follow the same
trends as described for o.and B, above. The parameters o.; and m; in the Hoek-Brown
notation of triaxial strength are the equivalents of Mohr-Coulomb cohesion and angle of
internal friction.

Table 3. Mechanical parameters for TCS specimens from different coal seams.

Coalfield Seam Mohr-Coulomb Hoek-Brown

c ¢ O¢ Bo Oci m;

[MPa] [7] [MPa] [MPa] -
Witbank No. 2 13.61 3296 3.39 50.10 46.47 7.56
Witbank No. 4 9.33 34.81 3.66 35.72 29.15 11.53
Witbank No. 5 10.33 4296 5.28 4745 39.92 16.82
Highveld No. 4 9.30 39.88 4.57 39.77 31.26 15.62
V-S Top 11.09 3223 3.29 40.22 36.50 7.60
V-S Middle 10.90 3295 3.39 40.13 38.05 6.89
Ermelo ClLower 1422 2821 2.79 4753 4423 4.48

8.4  The indirect tensile strength

The indirect tensile strength (also Brazilian tensile strength) for coal has been determined
on a number of 186 specimens from 4 coalfields, 10 collieries and 10 different seams.
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The samples exhibit a lognormal frequency distribution as shown in Figure 30. Only ten-
sile strength values below 0.5 MPa are not well represented by the lognormal distribution.

The average indirect tensile strength of the sample is 1.60 MPa with a standard deviation
of 0.72 MPa.
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Figure 30. Histogram for the indirect tensile strength of South African coal determined
on 186 coal specimens (left) and QQ-plot for a hypothesised lognormal distribution of the
sample data (right).

The indirect tensile strength of coal was further investigated by grouping the database
according to individual coalfields and seams. Figure 31 plots the results. The seam-spe-
cific indirect tensile strength ranges from 1.05 MPa (Top seam) to 1.89 MPa (No. 5
seam). The individual deviation from the overall sample average of 1.59 MPa is therefore
significantly larger than previously observed for the characteristics of the uniaxial com-
pressive strength in the different seams.

The reason for this phenomenon could be that coal specimens for UCS testing are gen-
erally loaded perpendicular to the bedding plane of the coal, hence the determined load
bearing capacity is easier to compare. Indirect tensile test specimens, however, are cut
from a borehole core and loaded parallel to the bedding plane and the outcome of the
test is affected by the anisotropy in this plane. Results may vary according to the orien-
tation of the specimen in the testing machine.

In summary, the indirect tensile strength tested appears to be less uniformly distributed
across the coal seams in the country. However, it is not clear whether the scatter is
attributable to real differences in the coal or to unavoidable shortcomings of ITS labora-
tory testing. It should be noticed that only very few tests are available for most of the coal
seams, in particular the No. 2 (Highveld), Top and C Lower seams. The latter two coal
seams exhibit a very high standard deviation. It is therefore unlikely that the presented
indirect tensile strength averages are representative of the actual seam-specific values.

A further sub-grouping of coal seams by collieries is hot meaningful because of the lim-
ited data available.
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Figure 31. Seam-specific average ITS with accompanying standard deviations of coal in
various coalfields in South Africa. The number of tests evaluated per coal seam are given
in the base of the columns.

8.5 Correlations

Correlations between material properties are of interest because they allow reasonable
estimation of rock behaviour when only limited test data is available.

Some fundamental links between material properties are already established for rock
materials, for instance the correlation between the uniaxial compressive strength and the
tensile strength or between the uniaxial compressive strength and the elastic modulus.
Other correlations are of particular interest in the context of squat pillar design, particu-
larly the correlation of material properties with the depth of the seam.

Depth-dependent rock specimen behaviour, for instance, was advocated by Wat-
son (2010) in his review of rock behaviour of the Bushveld Merensky reef. He investi-
gated 11 anorthosite specimens sampled from boreholes in depth between 600 — 1100 m
below surface. Strength and elastic modulus tended to decrease with increasing depth,
while the Poisson’s Ratio increased. Even more significantly, he observed that speci-
mens below 1000 m depth exhibited non-linear elastic deformation behaviour, as op-
posed to the linear elasticity of specimens at shallower depth.

Watson (2010) related the phenomena to the closing and sliding of micro-cracks in the
rock. He theorised that a critical stress-drop threshold is required for the opening and
development of micro-cracks in first case. The stress-drop being caused by excavation
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of the rock from its environment. This in return will only occur in specimens at greater
depth, i.e. greater in-situ virgin stresses.

In terms of coal one observed that most specimen deformation behaviour is non-linearly
elastic, irrespective of the depth of sampling. This is due to the unavoidable presence of
cleats, fissures, pores and other micro-cracks in coal, which upon loading first close and
then slide. The elastic part of the stress-strain curve is therefore generally upward curv-
ing at first, i.e. the specimen stiffness increases gradually. This is also manifested by the
fact that at 50 % peak-stress level, the tangent modulus of coal is generally larger than
the secant modulus.

8.5.1 Coal density versus sampling depth

The majority of specimens analysed in this study come from a depth of less than 120 m
below surface and exhibit a large scatter in density, as previously discussed in Chap-
ter 7.2.3. However, some data is also available for a depth of 430 m below surface.
Figure 32 plots the distribution of measured coal density versus depth.
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Figure 32. Coal specimen density versus depth below surface.

One observes no trends between the two parameters. The density of coal scatters in all
depth fairly consistently around the overall mean value of 1.5 g/cm3. Therefore no trend
exists between the two parameters. However, the density plotted is measured on de-
stressed specimens and the in-situ density of coal is likely to increase under the increas-
ing pressures at greater depth.
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8.5.2 UCS versus density, depth, Eand ITS

The uniaxial compressive strength of coal is investigated for its relationship to the depth
of sampling and elastic modulus as measured on the same specimens. It is also of inter-
est to evaluate how the uniaxial compressive strength relates to the indirect tensile
strength of coal. Since both characteristics cannot be determined on the same specimen,
the comparison must be done on the basis of average UCS and ITS for specimens from
the same borehole/sample and seam.

The relationship between the specimen density and the UCS is plotted in Figure 33. So
far it has been assumed that the higher the specimen density, the higher the chance that
the coal may contain portions of rock, or that in worst case the entire specimen was not
of coal but of rock material. If this is true, then the higher densities should also correspond
to higher UCS values. This, however, is not found to be the case. Various specimens at
around 2.0 g/cm? density, for instance, are seen to have UCS values well in the range
which has been identified for coal in South Africa. In general, no correlation between the
specimen density and the UCS in the database can be observed.
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Figure 33. UCS versus density of coal specimens.

The relationship between the UCS of all specimens in the database and the correspond-
ing depth below surface is plotted in

Figure 34. It is observed that the UCS of coal does not correlate with the depth of the
seam. It appears that both the magnitude of UCS and its scatter remains relatively con-
sistent across the entire depth of sampling. This can also be confirmed based on an
individual seam analysis. For example, Figure 35 displays the relationship between coal
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specimen strength and depth of sampling for the Witbank No. 2 and the Highveld No. 4
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Figure 35. UCS versus depth of coal specimens from the Witbank No. 2 seam (left) and

Highveld No. 4 seam (right).

The relationship between the specimen UCS and elastic tangent modulus E; is presented
in Figure 36. The scatter is relatively large for both individual parameters. It can also be
seen that no correlation exists. Also, a sub-division of the data set according to seams
and collieries did not result in improvement of the correlation between the two parame-

ters.



8 Results

81

70

60

50

40

UCS [MPa]

30

20

10

UCS = 1.529E, + 15.214
R?=0.106

7.5

E,[GPa]

10.0 12.5
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The uniaxial compressive strength and the indirect tensile strength, as compared on a
borehole-average or sample-average level, is presented in Figure 37. A correlation be-
tween the two parameters cannot be identified.
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8.5.3 ITS versus sampling depth

The relationship between the indirect tensile strength and the depth of sampling below
surface is plotted in Figure 38. No correlation exists between the two parameters. Instead
it appears that the magnitude of ITS and its scatter remain relatively consistent through-
out the entire depth of sampling.
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Figure 38. ITS versus depth of all coal specimens.

8.5.4 Comparison with international coal strength

In order to assess the compressive strength characteristics of South African coal in an
international context, the findings of this research are evaluated against available data
from the United States, and India.

The compressive strength of coal in India is presented by Ghose and Chakraborti (1986)
and was derived by sampling each one block of coal from 13 different coal seams and
testing of the uniaxial compressive strength on 50 mm diameter cores and w/h= 2. The
U.S. data, published by Mark and Barton (1996), was compiled by the authors from a
literature survey on published coal strength tests. It includes tests with an average w/h=
1 and covers 54 coal seams. Only 36 coal seams for which at least 10 specimens were
tested have been selected for the following comparative analysis.

Because of the shape restriction to w/h= 1 the magnitude of coal strength in the U.S.
may not be directly comparable with the Indian and South African strength magnitudes.
Nevertheless it is of interest how the coal strength varies between the different seams.
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Figure 39 plots the normalized frequency distribution of average specimen strength from
coal seams in South Africa, India and the United States. The laboratory strength of South
African coal seams is again seen to cluster very closely around the average value of 22.3
MPa (here calculated from the individual average seam strength and not from individual
specimens). The strength of coal from seams in India and the U.S., however, show a
relatively large scatter of between 12.5 — 42.5 MPa in India and between 10 — 47.5 MPa
in the United States. The average laboratory tested coal seam strength is again very
close to the South African value, i.e. 23.5 MPa in the case of India and 22.1 MPa for the
analysed U.S. coal seams.

m U.S. coal (36 seams)

India (13 seams)
m RSA coal (11 seams)

Normalized frequency [%]

Average seam UCS [MPa]

Figure 39. Normalized frequency distribution of average uniaxial compressive strength
in 11 South African, 13 Indian and 36 U.S. coal seams.
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9 Conclusions from the survey

The survey of the mechanical material properties of coal set out to clarify if regional or
site-specific trends in the compressive or tensile strength and deformation behaviour of
coal exists in South Africa.

The overall consistency of the available database was found to be favourable for analysis
of possible regional patterns. The data was shown to follow lognormal or normal distri-
butions with only few outliers. This may indicate that despite the relatively small number
of tests available, the samples did indeed realistically approximate the distribution of in-
tact coal strength in the country.

All major coal seams in which current mining activities are taking place are represented
in the analysis. Of particular interest is the finding that the average uniaxial compressive
strength of intact coal is relatively evenly distributed throughout the country, varying in
the different seams by only about 15 % around the overall mean strength of 22.23 MPa.

However, distinct differences were observed for the triaxial strength behaviour of coal
specimens. The samples from Witbank No. 5 and Highveld No. 4 seam exhibited a sig-
nificantly more rapid increase in strength with increasing confinement, as compared to
the relatively consistent group of Witbank Nos. 2 and No. 4 seams and the Vereeniging-
Sasolburg Top and Middle seams. Notably, the sample from Ermelo C Lower seam ex-
hibited the lowest strength increase gradients.

From a fundamental perspective, this should have a direct impact on pillar performance
in the different seams. However, this can only be hypothesized at this stage. The number
of triaxial tests available is relatively small and may not be statistically significant. Fur-
thermore, the laboratory specimen behaviour may not be representative for in-situ coal.

The indirect tensile strength of specimens was found to be on average 1.6 MPa or 7 %
of the average uniaxial compressive strength of coal. The samples from different seams
showed a larger variation around that mean value and it must be acknowledged that for
three of the 8 seams analysed, the amount of data available was insufficient.

A review of possible correlations between physical or mechanical coal properties was
conducted with the outcome that the density, UCS and ITS of coal specimens is independ-
ent of the depth of the seam below surface. The mean value of these parameters appear
to remain unchanged at depth intervals of between 5 and 420 m.

Further, a correlation between the uniaxial compressive strength with either the elastic
modulus or the indirect tensile strength of coal could not be established.

Of particular interest is the fact that mechanical properties such as UCS, E and ITS are
most suitably represented by lognormal distributions, while the TCS of coal at different
confining levels is normally distributed. There is enough evidence to conclude that the
differences arise from the influence of natural discontinuities in the coal specimens.
While the adverse influence of discontinuities on strength was pronounced in 90 % of all
UCS specimens, only 27 % of all TCS specimens appeared to be affected by pre-existing
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discontinuity in their load-bearing capacity. It was shown that very small confining pres-
sures of 2 MPa can already minimise the chance for failure occurring on pre-existent
discontinuities. This in return suggests that the unconfined compressive strength of intact
coal free from discontinuities can be more suitably addressed from triaxial strength tests
at low confining pressures than from direct unconfined testing. This is in line with sug-
gestions made by Medhurst and Brown (1998) in their experimental study of the strength
of coal in Australia.

It was observed that the adverse influence of discontinuities on strength specimen
strength vanishes at large confining pressures of 20 MPa. This has an important impli-
cation for coal pillar strength, as it suggests that if a pillar can generate this level of
confinement in its core, then the weakening effect of discontinuities should diminish. In-
terestingly, the numerical study of Esterhuizen (1998) on the influence of discontinuities
on coal pillar strength has predicted that the influence of jointing on coal pillar strength
reduces for squat pillars with significantly confined cores.



PART Il

Laboratory investigation into the shape effect in model pillars
with large width-to-height ratios
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10 Introduction to experimental investigations

10.1 Nature of the problem

Expressions such as ‘squat pillar’ or ‘squat effect’ are used in South Africa to distinguish
the behaviour of pillars of a certain shape above a critical width-to-height ratio from the
behaviour of pillars below this critical aspect ratio. A squat pillar is believed to be one
where the pillar edges provide sufficient confinement to the pillar core to strengthen it
substantially.

From the experience of practicing rock engineers it has been suggested that a pillar of
w/h= 10 cannot fail, in the sense that it does not shed load or collapse abruptly. This is
in contrast to the behaviour of the more frequently employed pillars of w/h= 2 — 4, which
indeed have been observed to collapse.

The conclusion was thus that somehow in between pillar shapes of w/h= 4 and 10, the
pillar strength must increase drastically. Salamon (1982; Salamon and Wagner, 1985)
proposed a formula for the strength of these squat pillars that takes an exponential form,
Equation (8). The mechanism behind this expected exponential strength increase re-
mained somewhat unclear, since the exact reasoning that led Salamon to the conclusion
of an exponential strength trend was never published.

The question was addressed experimentally by Madden (1990), using sandstone speci-
mens. In his tests he first observed a linear increase in specimen strength between
w/h= 1 — 6 and then the brittle-ductile transition in specimens with higher aspect ratios.
Notably, Madden did not observe an increase in peak strength values for specimens with
w/h> 6, since the peak strength concept does not apply to specimens beyond the brittle-
ductile transition. Instead, they increase their load-bearing capacity with ongoing defor-
mation beyond elasticity.

Therefore, a definition of the squat effect as an exponential increase in peak strength is
technically misleading, from the point of view of excavation integrity.

In turn, to define the squat effect by the occurrence of brittle-ductile transition in speci-
mens or pillars only might be equally inappropriate. This is because other investigators
have indeed observed a non-linear, progressive increase in specimen peak strength with
increasing width-to-height ratio, e.g. Cruise (1969).

What adds to the confusion is that so far evidence of squat coal pillar behaviour was
sought from tests on sandstone specimens, whose material properties are very different
from coal. Yet, it was shown in the literature review that not even sandstone exhibits
consistent behaviour. Coal in particular does not show any squat effects at all (see Chap-
ter 3.3).
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In the light of this fact, it appears to be highly necessary to investigate the basic mechan-
ical properties of rock and coal materials and their relationship to the shape effect, before
any suggestions for in-situ coal pillars can be made from a laboratory point of view.

In conclusion, the important questions on the design of pillars outside the well-experi-
enced ‘slender’ width-to-height range of 1<w/h < 4 still remain unanswered:

¢ Is there a difference in behaviour for pillars above and below a critical width-to-
height ratio? And if yes:

¢ What are the phenomena accompanying this change?
¢ Under which conditions does the change occur?

e What are the mechanisms behind this effect?

¢ How can it be quantified?

The laboratory investigation is intended to give answers to these questions.

10.2 Objective

The objective of the experimental study is to investigate possible links between the basic
mechanical properties of rocks and coal and the shape effect in rock, in particular a pos-
sible squat effect, when tested in uniaxial compression.

Of interest in this context are especially the triaxial rock properties, Mohr-Coulomb co-
hesion and angle of internal friction. Since it has been argued by numerous investigators
that the shape effect in rock or coal is principally related to the build-up of triaxial con-
finement in the specimen/ pillar, it stands to reason that cohesion or internal friction will
play an important role. Other material properties, such as the material strength (as tested
under standard UCS conditions or as cube strength) and the elastic properties are to be
investigated in this context as well.

In order to establish whether a squat effect occurs and what the nature of this effect is,
the compression tests with load-deformation measurements were conducted over both
the slender and the squat width-to-height region, i.e. 1< w/h< 10 or higher.

It was also the objective of the testing programme to observe how fracture patterns
evolve in specimens and how different fracture patterns may relate to different failure
mechanisms, i.e. brittle or ductile. The observed fracture patterns of laboratory speci-
mens may assist in extrapolating the expected behaviour of in-situ pillar behaviour.

It has been suggested by various investigators that the mechanical boundary conditions
can play an important role in tests on the shape effect in rock. This deserves some com-
ments:

The effect of mechanical boundary conditions, i.e. the external angle of friction ¢ at the
specimen/loading platen interface, has been studied comprehensively by Meikle and
Holland (1965) and Khair (1994) in compression tests on coal.
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Meikle and Holland (1965) varied the boundary conditions in their tests from a glue-
bonded specimen-platen contact over a natural friction-controlled contact to a lubricated,
friction-minimised contact condition. Specimens were prepared for width-to-height ratios
between 4< w/h< 8. The outcome was that the magnitude of strength observed in the
three different test series was markedly influenced by the boundary condition. It was the
highest for the glue-bonded interface and the lowest for the lubricated boundary condi-
tions. Notably, however, the trends for strength increase over width-to-height took the
form of a regressive increase in all three cases, irrespectively of the specimen contact
condition. No squat effect was observed.

Khair (1994), in testing several hundred specimens, observed similar trends in the width-
to-height ratio range between 4 — 8, with the specimen strength decreasing the lower the
interface friction was. Notably, a very high contact friction angle of ¢= 27° did not produce
a progressive increase in strength or brittle-ductile transition in specimens. For all contact
friction angles under investigation, the shape effect manifested as a linear or regressive
increase in specimen peak-strength only.

It was therefore not the objective of the laboratory study to further investigate the effect
of boundary conditions. Instead, it is suggested that the influence of boundary conditions
can be suitably addressed by calibrated numerical models. All tests were therefore car-
ried out under the same boundary conditions in terms of the applied loading rates and
natural (i.e. unlubricated and unglued) contacts between specimens and steel loading
platens.

10.3 Scope

Since the parametric laboratory investigation is ultimately intended to assist in the eval-
uation of in-situ squat coal pillars, it is required that the selected test materials have
mechanical properties similar to the range of parameters that can be expected for in-situ
coal.

From the large-scale in-situ test conducted by Bieniawski (1968a), Wagner (1974) and
Van Heerden (1975), the following parametric range was obtained: elastic modulus
around E= 4 GPa, Poisson’s Ratio around v= 0.25, Strength at w/h= 1 varying between
4.5 -14.2 MPa. Oravecz (1973) conducted long-time deformation measurements on full-
size pillars, prior, during and after extraction of two panels and found a significantly lower
range of elastic modulus, i.e. 0.83 and 0.34 GPa respectively.

It is therefore clear that predominantly soft materials are to be used in the testing pro-
gram, such as a soft sandstone and coal itself. For comparative purpose it is also of
interest to test a rock material far outside this ‘soft’ range, e.g. a granite, and to observe
if differences in the shape or squat effect would occur.

Also it was thought to be advantageous if a composite material, similar to a concrete,
could be designed to mechanical specifications as the above listed for in-situ coal. The
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benefits of such a mechanical analogous material are particularly practical: the ingredi-
ents for a composite material are easier to obtain than intact coal samples of sufficient
size. Also, a composite material can be easily reproduced in number and size according
to requirements and it can be cast into moulds of specified shape, therefore reducing
time consuming specimen preparation steps such as cutting and grinding.

The laboratory study therefore commences with an investigation into the development of
a composite material analogue for in-situ coal, called coal-crete.

From this material, specimens of 100 mm and 150 mm square width and various width-
to-height ratios up to w/h= 15 were prepared, in order to facilitate the observation of
fracture patterns after failure.

Further specimens for width-to-height testing were prepared from a soft sandstone and
coal, as well as from a strong granite. Since the investigation is not concerned with size
effects in the material, the specimen sizes were kept relatively small, of 42 mm diameter.
This had the advantage that a larger number of specimens could be prepared and tested,
which in turn may improve the consistency of observed patterns and trends.

The specimens were tested in uniaxial compression between hardened steel loading
platens. The full force-displacement response from the elastic range to the residual
strength phase was recorded. The results are interpreted based on the calculated stress-
strain behaviour and peak specimen strength and observed fracture patterns over the
entire width-to-height range.

The shape investigation was preceded by a series of standard compression tests in uni-
axial loading with strain-gauges and under triaxial conditions, so as to characterize the
basic mechanical properties of the materials.

The results were finally discussed in the context of 1) what the squat effect in rock and
coal is, 2) how the shape effect and in particular the squat effect is linked to the basic
mechanical properties of rock, 3) the relevance of the findings for in-situ pillar behaviour.



11 Development of a composite material analogue for in-situ coal 91

11 Development of a composite material analogue
for in-situ coal

11.1 Introduction to coal-crete

The testing of coal in the laboratory is frequently accompanied by great difficulty in that
coal can be very friable when subjected to drilling, cutting and grinding. Coal is even
sensitive to more subtle irritations such as those resulting from a change in temperature
and humidity.

It was therefore attempted to develop a model material which behaves both mechanically
similar to coal and which satisfies the requirement of convenient machinability. It may
also be desirable to alter and predict the mechanical properties of such a material ac-
cording to needs.

Such a material can be created artificially. In the following sections the development and
mechanical characterisation of a composite material called coal-crete is described. Coal-
crete is generated from coal fragments and a binder, which in the simplest case consists
of cement and water only. Further ingredients can be added to the mixture, such as sand,
fly ash or polymers for instance, to alter its mechanical properties.

11.2 Testing programme, sample and specimen preparation

Even though some American researchers published results of laboratory experiments
with coal-crete (Rose and Howell, 1979; Dolinar, 1993) around the 1980s, only little in-
sight was provided into the mechanical behaviour of this material, especially when dif-
ferent ingredients and mixing proportions were used. Therefore it was accepted that any
first experimental design undertaken within the present study is some kind of a shot in
the dark. The series of experiments was hence designed to develop from simplicity to
complexity:

First, a ‘baseline’ mixture had to be established, i.e. a simple design with a small number
of ingredients where only one parameter was allowed to be varied. The baseline mixtures
in the present investigation is a coal-crete consisting of coal fragments with 15 %, 30 %,
50 % and 67 % proportion by weight, while the binder is a mix of general purpose cement
(32.5 N strength class) and water in a ratio of w/c= 0.5.

Based on the characteristics of the ‘baseline’ mix, an interval of interest was selected for
the coal-to-binder ratio and the binder material was refined for the subsequent tests.
Binder materials tested in this exercise included cement of 52.5 N strength class, fly ash
and sand. Finally Tunnel Guard, a mixture of sand, cement and a polymer is applied in
different proportions as a binder material to the coal fragments. An overview of all sample
mixtures, their ingredients and proportions is given in Table 4.
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Table 4. Coal-crete design mixtures with coal and binder proportions by weight.

Coal-crete mixture Coal Binder contents
(with relative binder proportions) content Sand Cement Ash Polymer Water
[%6] [%]  [%] [%]  [%] [%]

1 32.5 N cement* 15.0 - 56.7 - - 28.3
2  32.5 N cement* 30.0 - 46.7 - - 23.3
3 32,5 N cement* 50.0 - 333 - - 16.7
4  32.5 N cement* 67.0 - 22.0 - - 11.0
5 52.5 N cement 50.0 - 333 - - 16.7
6 52.5 N cement 65.0 - 23.3 - - 11.7
7 52.5Ncem. +sand (52.9/47.1) 30.0 30.0 26.7 - - 13.3
8 52.5 N cem./fly ash (60/40) 60.0 - 16.0 10.7 - 13.3
9 52.5 N cem./fly ash (80/20) 60.0 - 21.3 53 - 13.3
10 Sand/cem./polymer (20/40/40) 70.0 6.0 12.0 - 12.0 -
11 Sand/cem./polymer (20/40/40) 60.0 8.0 16.0 - 16.0 -
12 Sand/cem./polymer (40/30/30) 60.0 16.0 12.0 - 12.0 -
13 Sand/cem./polymer (60/23.5/16.5) 50.0 300 118 - 8.3 -

* Baseline mixture

The coal debris were obtained from three seams at New Vaal colliery and processed in
a jaw breaker to finer particle size. A representative grain-size analysis is plotted in Fig-
ure 40. It should be noted that the crushed coal fragments are very irregular in shape
and their maximum dimension can be significantly larger than the minimum dimension
required to pass through the sieves.

100
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Figure 40. Sieve analysis of coal debris used in the coal-crete development study.
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Each coal-crete sample mixture was prepared by hand and cast into a cubic mould of
200 mm edge length. The viscosity of the fresh mixtures was found to vary depending
on the coal content. For low coal contents, i.e. up to 30 %, the mixture remains liquid like
water. With an addition of an equal amount of fine sand the mixture turns into slurry. At
coal contents around 50 — 65 % the mixture is more comparable to a medium-dry soil
and needed to be stamped into the moulds. The reduced amount of binder and filling
liquid also implied that more air pockets were present in these mixtures. A level of 65 —
70 % coal content appeared to be the practical limit for a coal-crete mix based on cement.
Above this threshold there is not enough binder liquid to create a strong bond between
the coal grains. There are indications, however, that the upper limit for the coal-content
can be increased by using a polymer as binder.

After casting, a time of 24 hours was allowed for the samples to set to initial stiffness.
The material was then removed from the moulds and cured in water for 28 days.

A total number of 220 specimens were prepared for a full mechanical characterisation of
the material through a set of uniaxial and triaxial compressive strength and indirect ten-
sile tests. A smaller number of UCS tests were also performed with strain gauges to obtain
indications on the elastic properties of the mixtures.

All specimens were cored from the samples with a 42 mm diamond drill bit and cut to
length in order to obtain length-to-diameter ratios of 2.5 for UCS specimens, 2.0 for TCS
and 0.5 for indirect tensile strength tests. Contact surfaces for compressive strength tests
were ground flat according to ISRM specifications (Ulusay and Hudson, 2007). Some
examples of the coal-crete specimens are shown in Figure 41.

Specimens which were designed with high coal contents (= 50 %) and simple cement
as binder proved to be friable in the preparation process. The machinability was signifi-
cantly improved when low coal contents were used or when fly ash, sand or a polymer
was added to the high coal content mixtures.

Figure 41. Specimens for UCS tests with 15%, 30%, 50% and 67% coal content (L-R).
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11.3 Mechanical characterisation of coal-crete

11.3.1 Stress-strain behaviour

A number of 2 — 4 specimens from each sample mixture were prepared with strain
gauges in order to obtain indications on the deformation behaviour of coal-crete.

For the initial tests on the ‘baseline’ coal-crete mix an Amsler 2000 kN compression test-
ing machine was used. On discovery of the low strength levels of these mixtures, gener-
ally in the range of 6 — 25 MPa (see Chapter 11.3.2), the subsequent tests could be
performed with a 100 kN MTS Criterion testing machine, with improved test control and
data acquisition facilities. The loading of the specimen was velocity-controlled with
0.5 mm/min.

Due to the superior relative stiffness of this testing machine the coal-crete specimen did
not fail violently at peak stress but disintegrated only very slowly with further increasing
axial deformation.

During the tests the coal-crete proved to be a very soft material, taking large axial and
radial strains in the order of 4 — 8 mStr or mm/m at low stress levels up to 23 MPa. Some
examples of stress-strain curves up to peak strength failure for the non-polymer samples
are plotted in Figure 42 and for the polymer samples in Figure 43.

Axial stress [MPa]

Lateral strain [mStr Axial strain [m8tr]

Figure 42. Stress-strain curves for coal-crete samples 5 — 9 without polymer binder.
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Figure 43. Stress-strain curves for coal-crete samples 10 — 13 with polymer binder.

For the non-polymer specimens, there is no significant deviation from linearity in the axial
stress-strain relationship until shortly before peak strength failure. Some specimens with
a high coal content of greater than 60 % show a slightly upward curving trend, e.g. # 5
and # 6 in Figure 42, which results from the closing of pores in the specimens during
loading. The range of about 4 — 8 mStr at peak strength failure agrees favourably with
the axial strain at failure observed for real coal specimens (see Figure 14, Chapter 7.2.3).
A significant difference to real coal specimens, however, is observed for the lateral strain
at failure: the range of lateral strain obtained for the coal-crete specimens is again about
4 — 8 mStr, while values measured on coal specimens are typically lower than 4 mStr.
The large lateral strain values observed for the coal-crete signify a relatively large and
stable volumetric expansion of the specimens.

The range of axial and lateral strains observed for the polymer specimens is the same
as for the non-polymer coal-cretes, with typical values being closer towards the upper
limit. However, the stress-strain relationship deviates clearly from linearity at stresses
higher than 70 % of the peak load-bearing capacity. Failure in these specimens is not
abrupt, but always characterized by a very slow development of a shear plane and further
slow degradation in the post-failure range.

The Young’s Modulus ranges between E= 0.9 — 5.7 GPa with an average sample coef-
ficient of error of only 12 %. Notably, the average Young’s Modulus of South African coal
specimens is about 4.5 GPa (Figure 22, Chapter 8.2) and therefore lies within the range
covered by coal-crete. For the baseline mixture it is further observed that E decreases
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significantly with increasing coal content. The stiffness of specimens with high coal con-
tents can be increased substantially with changes in the binder mixture—optimal improve-
ments are observed from the addition of fly ash to coal-crete.

The Poisson’s Ratios of the different mixtures, which is also determined at 50 % stress
level, generally ranges between v= 0.22 — 0.33 with an average sample coefficient of
variation of 26 %. It therefore lies well in the range of South Africa coal specimens, which
average at about v= 0.3 (Figure 23, Chapter 8.2). Despite the larger scatter of the data,
there is some indication that the Poisson’s Ratio increases with increasing coal content
in the mixtures.

11.3.2 Uniaxial compressive strength

Figure 44 shows the results for the uniaxial compressive strength (UCS) for all coal-crete
mixtures. An overview is also provided in Table 5 at the end of Chapter 11.

All coal-crete mixtures vary in strength between 6 — 23 MPa, with average sample coef-
ficient of variations being only 10 %. The strength of the baseline coal-crete mixtures
decreases regressively with increasing coal content between 15 — 67 %. An influence of
the cement strength class on the UCS of coal-crete is not clearly discernible, as the 52.5
N cement mixtures of 50 % and 65 % coal content do not differ significantly from their
‘baseline’ counterparts.

The addition of sand and fly ash to the binder matrix of the coal-crete improves the UCS
remarkably: The addition of 30 % sand (by weight) to a simple cement coal-crete at 30 %
coal content results in about 30% increase in strength of the material. The influence of
fly ash on the UCS of the coal-crete is significant, even when small amounts are added
to cement in a cement/ash ratio of 80/20 and 60/40. At 60 % coal content, the strength
of the coal-crete improved drastically, by 80 % and 120 % respectively.

The Tunnel Guard binder mixture of sand, cement and polymer also yields some strength
improvement as compared to the baseline coal-crete. However, the change is not as
pronounced as for the fly ash mixtures. Only four samples of coal-crete with three differ-
ent Tunnel Guard binder proportions were tested, and trends between the proportions of
sand/cement/polymer and the rate of strength increase cannot be established in the
study.

Statistical relationships between the UCS and the Young’s modulus of the mixtures are
well developed, as demonstrated separately for the cement (only), fly ash and polymer
mixtures in Figure 45. The Modulus Ratio E/UCS (Deere and Miller, 1966) is generally
low, ranging from about 210 for the fly ash mixtures over 247 for the polymers to 282 for
the cement-only mixtures.
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Figure 44. The uniaxial compressive strength of coal-crete.
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Figure 45. Young’s Modulus E versus UCS of coal-crete.

11.3.3 Indirect tensile strength

The indirect tensile strength (ITS) of the coal-crete was tested on an average number
of 7 specimens per sample mix. Again, the obtained results are very favourable in terms
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of consistency, with sample averages falling into a range of 0.5 — 1.9 MPa across all
mixtures with an average coefficient of variation per sample mix of 17 %. A full overview
of the individual tensile strength of the sample mixtures is given in Table 5 at the end of
Chapter 11. For comparison, the ITS of South African coal is in average 1.6 MPa (see
Figure 30, Chapter 8.4)

The strength-reducing influence of an increasing coal-content, as well as the strength
increasing influence of sand, fly ash and polymer (which was initially observed for the
UCS data) can also be observed here.

A comparison between the average sample ITS and UCS values for the few available
mixtures (Figure 46) indicates that an approximately linear relationship between these
two parameters may exist within the group of all cement, sand and fly ash mixtures (sam-
ples # 1 - 9). However, the 4 polymer mixtures (samples # 10 - 13) have a markedly
different ratio of ITS-to-UCS. A linear regression analysis of the few data points would
suggest that the polymer mixtures could have some ITS at zero UCS, which is clearly
contradictory. The functional relationship provided in Figure 8 is therefore purely descrip-
tive and it is suggested that further tests are to be conducted on polymer coal-cretes to
improve the understanding of the relationship.
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Figure 46. Relationship between ITS and UCS of coal-crete.

11.3.4 The triaxial compressive strength

Triaxial strength tests were performed for confinement levels ranging from 2.5 to 15 MPa.
The most conclusive and reliable insight into the triaxial behaviour of coal-crete comes
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from tests on the ‘baseline’ mixtures, where a number of 8 or 9 specimens of each sam-
ple were available. The subsequent tests on coal-crete with sand, fly ash and polymer
could only give roughly indicative results from the 2 — 4 specimens available.

Hoek-Brown and Mohr-Coulomb parameters were fitted to the triaxial strength data for
description of the material behaviour and are listed in Table 5 at the end of Chapter 11.

A comparison between the coal-crete and coal specimens based on Mohr-Coulomb
properties reveals that that cohesion is weaker developed in coal-crete, ranging between
2 — 10 MPa, whereas typical values for South African coals (see Table 3, Chapter 8.3)
are around 9 — 14 MPa. There is however a closer agreement in the angle of internal
friction, which varies between 25 — 38" for the different coal-crete mixtures, and 28 —43°
for South African coals.

An example of the Mohr-Coulomb and Hoek-Brown curve fit is shown in Figure 47. Both
curves appear to be equally suitable for predicting the triaxial strength behaviour at the
investigated confinement levels. However, the Hoek-Brown criterion appears to give a
more likely estimate of the triaxial strength for coal-crete at small confinement values of
lower than 2.5 MPa.

70 ~
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Figure 47. Mohr-Coulomb and Hoek-Brown curve fit for a coal-crete with 32.5 N cement
and 67 % coal content.

The tests performed on 8 specimens of each ‘baseline’ mix show consistently that the
Mohr-Coulomb cohesion reduces and the angle of internal friction increases with increas-
ing coal content in the coal-crete. Since the latter parameter expresses the rate of
strength increase with increasing confinement in a material, the same trend should be
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observed for the m;-value of the Hoek-Brown criterion. This is confirmed for all but one
of the samples.

The derived Hoek-Brown parameters were investigated for their suitability to predict the
tensile strength of the coal-crete mixtures. A good relationship between the tested and
predicted tensile strength was found for those coal-crete mixtures in which Hoek-Brown
parameters could be accurately determined based on a sufficiently large number of spec-
imens (8 — 9). When involving all other coal-crete mixtures in the correlation analysis (for
which only a few number of tests were conducted and only indicative strength parame-
ters were found), the relationship becomes somewhat weaker.

11.4 Conclusions on coal-crete

The developed coal-cretes are soft materials. The range of mechanical properties en-
countered are: UCS= 6 — 23 MPa; ITS= 0.5 -1.9 MPa; E= 0.92 — 5.72 GPa; v= 0.22 —
0.33; c= 2.5 - 9.5 MPa, ¢= 25 — 38°. Within these intervals the material strength and
Young’s Modulus decreases with increasing coal content. For the UCS and ITS, this trend
is particularly regressive, i.e. strength variations at high coal contents (50 — 65 %) are
less than at low coal contents (15 — 30 %). The lowest strength is always obtained for
coal-cretes with simple cement and water as binder. The addition of fine sand, poly-mer,
and in particular fly ash, to the binder matrix increases the strength significantly. The
maximum coal content that can be mixed into the coal-crete appears to be about 65 —
70 % by weight for the types of binder used in this study.

The material’s mechanical resemblance with coal is generally satisfying, as pointed out
in the different sections on the mechanical properties. The coal-cretes with mechanical
properties that are closest to average South African coal are mixtures with fly ash or fine
sand in the binder matrix, e.g. samples # 7, # 8 and # 9. These materials may therefore
make practical and reliable substitutes for coal in mechanical laboratory studies. They
are practical because they can be readily mixed from crushed coal according to a cus-
tomized design recipe and machined or cast into moulds with ease to obtained speci-
mens of any required size and geometry. They are reliable because the variability of
mechanical properties in samples is very moderate when mixed carefully, and because
of the strong correlations between UCS, ITS, E that can be expected.

Because of the coal-cretes’ mechanical similarity with coal it can also be of use as coal
mine backfill. This option is particularly attractive when cheap power station refuse coal
and fly ash are available in sufficiently large quantities to constitute the largest proportion
in the backfill. It has been shown in this study that coal-cretes with large coal contents
and large proportions of fly ash produce a strong material. The disadvantage of coal-
cretes with high coal contents is only that the mixture cannot be pumped properly, as it
resembles a medium-dry soil in the fresh state, and may therefore not be suitable for
mechanized backfilling.
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Table 5. Mechanical properties of coal-crete.
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12 Experiment details

The following chapters provide the experimental details for the laboratory investigation
into the ‘squat effect’ in rocks.

12.1 Experiment design

The experiment is designed to test specimens of coal, sandstone, granite and coal-crete
in uniaxial compression and under variation of the specimen shape, i.e. with different
width-to-height ratios. The width-to-height range between w/h= 1 — 15 will be tested.

The difference in the specimen shape is accounted for by keeping the specimen width
constant and adjusting only the height of the specimen. A constant specimen width has
the advantage that the boundary conditions at the specimen-steel contact stay practically
unchanged in all tests, except for very slight variations that may come with the prepara-
tion of specimen surfaces. The effect of size on specimen strength will not be considered.

The selected specimen sizes for coal, sandstone, granite and coal-crete is 42 mm and
these will be prepared from drill cores. In addition to the 42 mm tests on coal-crete, larger
specimens of the same material with a 100 mm and 150 mm square width will be pre-
pared in order to facilitate the observations of fracture patterns after the test is completed.

The compressive tests will be performed between hardened-steel loading platens and a
constant loading rate for coal and rock of 0.25 mm/min. Since coal-crete has proved to
take very large deformations before failure, the loading rate will be kept at a higher level
of 0.5 mm/min for these specimens. All tests will be conducted long enough for the re-
sidual strength phase of the specimen to be approached.

During the compression tests, the full force-displacement response will be recorded. This
is to identify the development in peak specimen strength over changes in width-to-height,
and to observe how the post-peak behaviour of the specimens is affected by the modifi-
cations of the specimen shape. The latter phenomenon will be useful for interpreting the
specimen failure mode, i.e. brittle or ductile. Finally, the fracture patterns in specimens
of different width-to-height ratios will be investigated.

12.2 Testing materials and mechanical properties

The materials used in this experimental study comprise of coal, sandstone, granite and
coal-crete. The origin, petrographic description for rocks and mechanical properties of
the samples are provided in the following sub-sections. Also, the boundary conditions at
the interface between the test specimens and steel loading platens will be characterized.
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12.2.1 Description of material samples

12.2.1.1 Coal

Coal was obtained from the No. 4 seam underground operations at South Witbank Col-
liery in the Witbank coalfields. A larger block of coal had detached from the sidewall of a
pillar as a result of natural jointing. From that block, a sample measuring sizes of approx-
imately 100 x 50 x 20 cm was separated and protected against moisture changes by
bitumen-seal and bubble wrap.

12.2.1.2 Sandstone

The selected sandstone sample is of even and fine-grained texture, consisting of evenly
disseminated quartz and ferruginous minerals which caused a yellowish discolouration.
There are no indications of structural deformations. The sample was obtained from a
quarry as a rectangular block of approximately 30 x 20 x 15 cm edge length.

12.2.1.3 Granite

The Quarz-Feldspar-Biotite Granite is medium-to-fine grained, homogenous and pinkish
in colour. The sample exhibits a weakly developed cleavage plane, along which biotite
is distributed. The granite was obtained from a quarry as a block of 20 x 20 x 20 cm edge
length.

12.2.1.4 Coal-crete

Three different mixtures of coal-crete were designed for specimens of 42 mm diameter,
100 mm and 150 mm square width.

The mixture for the 42 mm specimens was designed from 60 % coal debris and 40 %
binder, of which the latter consisted of 33.3 % water, 40 % 32.5 N cement and 26.7 %
fly ash (all proportions by weight).

The mixtures for 100 mm and 150 mm specimens consisted of 50 % coal debris and
50 % binder, whereas the latter was again a mixture of 33.3 % water, 40 % 32.5 N cement
and 26.7 % fly ash.

The practical reason for the reduction of the coal content in the 100 and 150 mm mixtures
was that only a limited amount of coal-debris was available and it was considered to be
more important for the success of the testing program to have a greater amount of lower
coal content specimens prepared than a smaller number of high coal content specimens.

The grain sizes of the coal debris were adjusted for the different specimen sizes, the
smallest grain size being used for the 42 mm specimens and the largest size for 150 mm
specimens. The grain-size distributions of coal debris used for the different specimen
sizes are shown in Figure 48.
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Figure 48. Grain-size distribution for coal debris used in the coal-crete mixtures for
42 mm, 100 mm and 150 mm specimens.

12.2.2 Mechanical properties

A series of standard uniaxial compression tests with strain-gauges and triaxial compres-

sion tests were carried out on the selected materials in order to establish their elastic
deformation properties and strength characteristics. The material density (p), unconfined
compressive strength (UCS), elastic modulus (E), Poisson’s Ratio (v), cohesion (c¢) and
angle of internal friction (¢) are summarized in Table 6. The properties of the coal-crete
mixtures were tested two days after the mixtures had cured in water for 28 days.

Table 6. Mechanical properties of materials used in the investigation on shape-effects.

Material p ucs E v c ¢
[g/cm?] [MPa] [GPa] - [MPa] []
Coal-crete (42 mm) 1.58 8.1 1.62 0.31 3.11 35.80
Coal-crete (100 mm) 1.45 4.6 0.64 0.23 0.62 54.54
Coal-crete (150 mm) 1.43 4.2 0.85 0.27 0.79 47.66
Coal (No. 4 seam) 151 194 - - 5.29 41.38
Sandstone 2.10 27.2 7.33 0.49 8.19 42.19
Granite 2.63 193.3 63.37 0.29 33.56 50.89
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12.3 Testing apparatus and specimen boundary conditions

An MTS Rock Mechanics and Concrete Testing System (Model 815), as schematically
shown in Figure 49, is utilized for the laboratory testing programme2. Compressive load-
ing is applied to the test specimens through upward movement of a hydraulic-driven ac-
tuator with 2600 kN load capacity positioned at the bottom of the machine.

The rock and coal specimens are uniaxially confined within the machine through direct
contact at top and bottom with hardened-steel loading platens. A pair of circular 54 mm
diameter loading platens with 50 mm thickness is used for all 42 mm specimens. The
bottom platen is designed as a spherical seat to allow for self-alignment to the specimen
contact surface.

Loading
setup
Mf:::::;e L Attachment steel spacers
-
Rigid fixed o
crosshead

| —— Loading platen (hardened steel)

Retangular - ,:[E Test specimen

column — |

— Spherical seat (hardened steel)

Stiff base plate

— Actuator

Hydraulic cylinder q h

| |

—T —1

Figure 49. Schematic drawing of the testing apparatus

The typical frictional contact conditions of coal or rock specimens with hardened steel
loading platens (both prepared to flatness according to ISRM specifications) is deter-
mined based on three indicative shear box tests for each rock type. The results are as
follows: coal-steel = 21.2° (u= 0.389), sandstone-steel ¢= 20.0° (u= 0.364), granite-
steel o= 13.7° (u= 0.244). These values compare well to findings from other researchers
in similar tests, as shown in Table 7.

Table 7

2 This is except for the 42 mm coal-crete specimens, which were tested in an MTS Criterion tester
with 100 kN loading capacity.
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Table 7. Rock-steel loading platen contact friction angles ¢ published in literature.

Investigator(s) Material No. of tests o]
York, Canbulat and Jack (2000) Coal 3 15.0
Meikle and Holland (1965) Coal 20 16.7
Khair (1994) Coal 5 19.8
York et al. (1998) Merensky Reef 3 13.7
Madden (1990) Sandstone - 19.3

The coal-crete specimens of 100 mm and 150 mm square width are tested between
square loading platens of 260 mm edge length and without spherical adjustment. The
absence of spherical self-alignment was not considered a problem, since the coal-crete
specimens were prepared to accurate flathess and parallelism in moulds. Furthermore,
the material was known to take very large strains before failure, so that minor irregulari-
ties in the load-contact surface would be compensated during the elastic compression
phase.

A number of mild steel spacers are rigidly attached to the machine actuator and cross-
head to allow positioning of the specimen-platen combination in the centre of the ma-
chine frame.

It was anticipated that the forces induced on the specimens during compression were
ultimately in excess of the measuring capacity of an available 100 kN load cell, and for
this reason it was decided to not make use of this equipment. Also, direct strain meas-
urements on the specimens were impractical due to small specimen size and very flat
geometries.

Therefore, the loads applied to the specimen contact surfaces during compression had
to be determined from the oil pressures measured in the hydraulic unit of the actuator.
Similarly, specimen deformation and strains had to be related to the displacement of the
actuator, which were recorded during the tests through a built-in LVDT.

A

Peak —+

Force

Residual —— ._:"' e

A J

Displacement

Figure 50. The effect of indentation in the testing setup on the recorded force-displace-
ment curve for specimens.
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This method of determining the specimen deformation bears some complication, since
the specimen must be expected to indent into the steel spacers and loading platens
during compression, and consequently the measured displacement at the actuator is
only partially transferred onto the specimen. For a given specimen, the magnitude of
indentation is proportional to the stress level acting on the specimen, as shown in Figure
50.

A correction factor for the predicted displacement of the specimen would be required, if
the exact magnitudes of induced strain in the specimen was of importance for the test
evaluation.

However, due to the fact that the same magnitude of error will occur in both the pre-peak
and post-peak slope of the force-displacement or stress-strain curve, the ratio of the two
slopes will stay unaffected by the indentation. This will give a correct understanding of
the relative development of the post-peak behaviour over width-to-height for the different
materials. The determination of correction factors is therefore not required.

12.4 Specimen preparation

The obtained samples of sandstone, granite and coal were prepared to cylindrical spec-
imens of 42 mm diameter using a diamond core drill. The cores were cut to various length
with a diamond saw in order to accommodate for a range of width-to-height ratios, as
listed in Table 8. The load-contact surfaces of the specimens were ground flat to ISRM
specifications (Ulusay and Hudson, 2007) with a barrel wheel grinder.

It was initially intended to preserve the natural moisture level in the coal as well as pos-
sible. On obtaining the sample at the mine, the block was sealed with bituminous paint
and bubble-wrap. Coring of the specimens commenced immediately on arrival in the
laboratory. It was attempted to core specimens without cooling liquid, but dry-coring
proved to be practically not feasible. Since coring then had to be accomplished with water
lubrication, the natural moisturer content of the coal could not be maintained.

In additional to the coal and rock materials, three further series of 42 mm cylindrical
specimens, as well as 100 mm and 150 mm square coal-crete specimen were prepared
to various width-to-height ratios (Table 8).

For the 42 mm specimens, a block of 20 x 20 x 20 cm coal-crete was cast and cured in
water for 28 days. Thereafter, the material was removed from the water, and 42 mm
cylindrical specimens of various width-to-height ratios were cored, cut and ground flat,
following the same procedure as outlined above for the rock specimens. Testing com-
menced and was completed on day 30 after casting.

The square coal-crete specimens of 100 mm and 150 mm width were prepared by cast-
ing them into moulds (Figure 51). The 100 mm moulds were designed in order to accom-
modate specimens of w/h-ratios up to 10 and the 150 mm moulds to produce specimens
of w/h-ratios up to 15 (Table 8). Further, the moulds were designed such that the load-
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contact surfaces of the cast specimens were parallel and flat, so that no subsequent
treatment was required.

The mixtures were allowed to set to initial stiffness in the moulds for 24 hours, at time
they were then removed from the moulds and cured in water basins for 28 days. There-
after, the specimens were removed from the water and excess material was trimmed off
by means of a diamond saw, when required.

For practical reasons not related to the testing program, the testing of the 100 mm and
150 mm square specimens could only commence in the laboratories 14 days after the
specimens were removed from the water. Nevertheless, the tests on the specimens were
timed with the day of casting such that every specimen had the same age on the day of
testing.

Table 8. Overview of specimens prepared for each material at different w/h-ratios.

Material Size  Width-to-height ratio Total
[mm] 0751 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Number of specimens 309
Coal 42 - 8 8 7 8 8 5 7 2 2 1 - - - - 61
Sandstone 42 - 5 7 8 101111 - 5 4 - 1 4 2 - - 68
Granite 42 - 5 6 5 3 106 - 4 - - - - - - - 39
Coal-crete 42 5 55 1010108 2 - 3 - - - - - - b8
Coal-crete 100 - 5 5555 135 3 -5 - - - - - 51
Coal-crete 150 - - 33554 - 41311 - - 2 32

Figure 51. Mould for casting of 100 mm square specimens.
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13 Experimental results

The following sections provide the experimental results from the compression tests on
specimens of coal, coal-crete, sandstone and granite, which were conducted as outlined
in Chapter 12.4.

To begin with, the load-deformation response of the specimens during the tests will be
discussed. Thus the influence of specimen shape on the elastic pre-peak and the non-
elastic post-peak behaviour of the materials will be identified. Of particular importance in
this context is the question of a transition from brittle to ductile failure which occurs within
specimens at some width-to-height ratios.

Further, the evolution of peak specimen strength will be analysed for those specimens
which have failed in a brittle manner. Lastly, the observed fracture patterns in both brittle
and ductile specimens will be discussed.

13.1 Force-displacement curves and elastic specimen
stiffness

The force displacement response to compression of specimens with varying width-to-
height ratios will be discussed in the following section.

An example of typical force-displacement curves as recorded by the actuator of the test-
ing machine is shown in Figure 52 for a set of sandstone specimens.

It is observed that the slope of the force-displacement curve in the elastic deformation
range, termed the stiffness T of the test specimens in KN/mm, increases with increasing
width-to-height ratio. This is expected, since one can derive from the fundamental rela-
tionship,

r=g4 (21)

[
where E is the Young’s Modulus of the material, A the specimen’s base area and I the
specimen length or height, that the stiffness must increase with decreasing specimen
length or height.

For specimens which exhibit brittle behaviour, Tis calculated as the average slope in the
interval of 30 — 70 % of the peak stress. For specimens which do not exhibit a peak
stress but ductile behaviour, i.e. w/h= 6 in the case for sandstone, T is calculated in the
interval of 30 — 70 % of the force at maximum curvature of the stress-strain curve.

The phenomenon of increasing stiffness with increasing w/h-ratio is not limited to sand-
stone specimens only but can be observed for all other tested materials as well. A re-
gression analysis of the calculated specimen stiffness T over width-to-height range of
1< w/h< 8 for the different materials yields the results shown in Figure 53.
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Figure 52. Examples of force-displacement curves for sandstone specimen and varying
w/h-ratio.

The correlation coefficients for the shown curves are generally in excess of R?= 0.93.
The 150 mm coal-crete specimens are the only ones for which results are more scattered
and yield a lower but still good correlation of R?=0.77.

The stiffness of specimens of w/h> 8 are excluded from the regression, because of too
great inconsistency. The general tendency, however, is that the stiffness values of these
specimens are lower than those that would be predicted by the regression curves. Also,
it should be noted that the 42 mm coal-crete specimens were tested in a different com-
pression machine than the rest of the materials.

Coal-crete, sandstone and granite exhibit a relatively similar gradient of stiffness in-
crease over width-to-height. It is interesting to observe that in this context, coal exhibits
a distinctly different behaviour and a higher rate of stiffness increase, even though tested
with the same size, shape and boundary conditions as coal-crete, sandstone and granite.
The derived equations as plotted in
Figure 53 all fit the generic form,

w b (22)

T=fw/h)=a(5)

where a and b are constants for the material and the specific boundary conditions with
a> 0 and O< b< 1.
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Figure 53. Specimen stiffness over w/h-ratio for different tested materials.

The term stiffness, in this context, should not be confused with the Young’s modulus of
the material. Here it describes the capacity of a specimen of specific shape and in its
specific boundary conditions to resist deformation in response to the applied force. The
boundary conditions in this series of compressive tests are such that lateral confinement
is induced into the specimens through the frictional contacts with the steel loading plat-
ens. The influence of this end-effect is schematically shown in Figure 54.
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Figure 54. Schematic illustration of end-effects and induced triaxial stress-state in com-
pression tests on flat specimen.

At a sufficiently small specimen width-to-height ratio, the specimen centre is effectively
free from end constraints and a uniaxial state of stress exists (a). With the same speci-
men base area and increase flatness of the specimens, (b) and (c), a triaxial state of
stress is produced within the specimen due to the overlap of end constraint. The triaxial
stress state will be best developed for a specimen with a very large w/h-ratio.
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The model explains why the observed specimen stiffness should not to be confused with
the Young’s modulus of the material: the Young’s modulus is the stiffness of a material
which is allowed to expand freely in lateral direction upon axial loading, and clearly this
does not apply to the model pillar specimens in this study. The model also explains why
an increasing specimen stiffness is observed for increasing width-to-height ratios: simi-
larly to direct triaxial compression tests, the induced triaxial state of stress in the model
pillars increases the resistance of the same to vertical deformation and hence its stiff-
ness.

13.1.1 Stress-strain curves and elastic specimen moduli

It is common in rock mechanics to express the stiffness of rock structures as a modulus
in GPa units, as the ratio of stress over strain. This convention will be followed further.

Stress-strain curves for the tested specimens can be calculated from the force-displace-
ment measurements over the height and base area of the specimens. Examples of
stress-strain curves for the different materials tested are shown in Figure 55 to Figure
60.

Note that although the stiffness is seen to increase with increasing width-to-height ratio,
the calculated elastic specimen modulus E; decreases. A more detailed explanation of
this phenomenon is given in the following sub-section.

300
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Figure 55. Examples of calculated stress-strain curves for sandstone specimens of
42 mm diameter at different w/h-ratios.
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Figure 56. Examples of calculated stress-strain curves for granite specimens of 42 mm
diameter at different w/h-ratios.
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Figure 57. Examples of calculated stress-strain curves for coal specimens of 42 mm
diameter at different w/h-ratios.
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Figure 58. Examples of calculated stress-strain curves for coal-crete specimens of
42 mm diameter at different w/h-ratios.
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Figure 59. Examples of calculated stress-strain curves for coal-crete specimens of
100 mm square width at different w/h-ratios.
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Figure 60. Examples of calculated stress-strain curves for coal-crete specimens of 150 m
square width at different w/h-ratios.

13.1.2 Pre-peak behaviour

Notably, the calculated elastic specimen modulus E; (again not to be confused with the
Young’s Modulus) has been seen to decrease with increasing specimen width-to-height
ratio. The same phenomenon has previously been observed by Das (1986) in his labor-
atory investigation on the shape effect in coal specimens and attributed to increasing
platen indentation occurring with higher specimen width-to-height ratios.

Another approach is followed here. In the previous section it was shown that the speci-
men stiffness T is either a regressively or linear increasing function of the specimen
width-to-height ratio, which can be written in its generic form:

T=f(R) = aR? (23)

where R is a substitute for the ratio of w/h, and a and b being constants (a> 0 and
0< b< 1). The calculated specimen modulus E; relates to the stiffness T by the functional
relationship

h (24)

Es=T—
S A

where h is the specimen height and A is the area of the load contact surfaces. In a test
series with varying w/h-ratios, the specimen height can also be expressed as a function
of the width-to-height ratio R,



13 Experimental results 116

h =f(R) = hyR™! (25)

with ho being the height of a specimen with = 1 in mm. Therefore, the calculated elastic
specimen modulus E; can be expressed as a function of the specimen’s width-to-height
ratio,

E; = f(R) = 3¢ Rb-1 (26)

Because 0< b< 1, this function is exponentially decreasing for values of R> 0 and b# 1,
but gives a constant value for all R> 0 and b< 1.

In other words, the build-up of specimen stiffness T with increasing width-to-height ratio
is not proportional to the reduction of the specimen height in the same range. Since the
specimen height decreases more rapidly over width-to-height than the specimen stiff-
ness increases in the same range, the net effect is that the calculated specimen modulus
E; decreases with increasing width-to-height ratio.

13.1.3 Post-peak behaviour

The specimens prepared from coal-crete, sandstone and coal exhibit a distinct post-peak
stress-strain behaviour and residual strength. Failure in granite, however, was generally
violent and resulted in an explosive disruption of the specimens, so that no post-peak
behaviour could be recorded.

For coal-crete, sandstone and coal, the negative slope of the stress-strain curves after
failure reduces gradually with increasing width-to-height ratio to first become horizontal
(or near-horizontal). Finally, after significant further deformation of the specimen, an up-
ward trend was observed. This phenomenon is called the brittle-ductile transition in spec-
imens.

Transitional behaviour occurs within small intervals of width-to-height ratios, namely:

e for coal-crete: 4.9< w/h< 6.3
e for sandstone: 6.1< w/h< 7.5
e forcoal: 9.5< w/h< 11.0

The interval given for coal-crete is the minimum and maximum values of transitional in-
tervals observed on circular 42 mm, square 100 mm and 150 mm specimens. The upper
limit of the interval given for coal may well be higher, but no specimen with w/h> 11 was
tested for this material.

Specimens with width-to-height ratios above the specified transition interval show pure
ductile behaviour, i.e. the post-failure slope of the stress-strain curve remains always
positive (E,> 0). This was not observed for coal for since no specimen has been tested
in this range. A differentiation between the region of ductile flow and the initial elastic
deformation based on stress-strain curves can only be made after observation of pro-
nounced curvature in the stress-strain relationship. This method of distinction is, in the
case of weakly pronounced curvature, somewhat arbitrary, yet unavoidable.
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Notably, the ductile part of the stress-strain curve can exhibit two gradients. The curves
of a sandstone specimen of w/h= 7.5 in Figure 55 and a coal-crete specimen of w/h=7
in Figure 59 illustrate this phenomenon. For distinction and later use, the first slope fol-
lowing the elastic slope will be termed E,; (therefore E,;= E, in the case of brittle failure),
while the second and generally faster upward trending slope is termed Ej.

In Chapter 12.3 it has been explained that the exact magnitudes of gradients along
measured force-displacement curve, and therefore also for the calculated stress-strain
curves, are distorted to some extent by specimen indentation into the testing setup under
load. Since the same distortion applies to the pre- and post-peak slopes, the actual ratio
of the two moduli stays unaffected.

The specimen modulus ratio E,/E; is therefore used for further evaluation of the speci-
men stress-strain behaviour. A negative ratio indicates brittle failure in the specimens,
i.e. the specimens exhibited a peak strength followed by a lower residual strength. A
positive ratio indicates ductile behaviour. At a ratio equal to zero, pure transitional be-
haviour was observed. It should also be understood that specimens that have a negative
modulus ratio very close to zero were generally able to transit into ductile behaviour after
some further deformation. Examples for such behaviour can be seen for instance in the
case of coal in the stress-strain curves of specimens at w/h= 9.5 — 11, as shown in
Figure 57.

Figure 61 to Figure 64 plot the specimen modulus ratios for coal-crete, sandstone and
coal. It should be noted that there is a natural upper limit of E,/Es= 1 to the data, since
the magnitude of ductile slope cannot exceed the elastic, intact stress-strain slope of the
specimen. Any data point above that limit would therefore indicate an invalid influence
by the testing machine stiffness on the measurement result.

For coal-crete specimens, the upper limit of E,;/Es= 1 is only reached at about w/h= 10.
The post-peak slope E,; of sandstone specimens does not reach the upper limit within
the investigated width-to-height range. Coal, as a special case, maintains a negative
value for E,;/E;s over the entire empirical test range (1< w/h< 11), i.e. distinct global or
local maximum exists in each stress-strain curve. Only the two specimens tested at
w/h= 9.5 and w/h= 11 transit after a short, initial negative post-peak modulus E,; again
into an upward trending stress-strain behaviour (E,>> 0).

The scatter of the obtained modulus ratios at same specimen width-to-height is favour-
ably small for coal-crete and sandstone. Yet, comparable trends between the two mate-
rials cannot be established. While the modulus ratio appears to develop linearly in inter-
vals between 2< w/h< 8 for coal-crete, the trend in sandstone specimens appears to
follow a logarithmic pattern. The modulus ratios for coal are highly scattered and do not
allow a meaningful trend quantification. In all cases, however, there is a well-established
trend for E,/E; to increase with increasing w/h-ratio.
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Figure 61. Modulus ratios E,/E; for coal-crete specimen of 100 mm square width and
varying w/h-ratios. The plotted values correspond very closely with those obtained for
150 mm square specimen.
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Figure 62. Modulus ratios E,/E; for coal-crete specimen of 42 mm diameter and varying
w/h-ratios.
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Figure 63. Modulus ratios E,/E; for sandstone specimen of 42 mm diameter and varying
w/h-ratios.
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Figure 64. Modulus ratios E,/E; for coal specimen of 42 mm diameter and varying w/h-
ratios.

13.2 Peak strength

A peak strength value could only be obtained for specimens that failed in a brittle manner,
i.e. for specimens which displayed a distinct local maximum in their stress-strain behav-
iour. Specimens which underwent the brittle-ductile transition, i.e. having an initial post-
peak slope of E,;= 0 (or, for practical purpose, near zero), maintain a relatively consistent
level of load-bearing capacity for a very long range of deformation (i.e. at least equal to
the elastic deformation range or more), before they eventually continue to increase their
strength with further deformation. This level is taken as a practical cap for the load-bear-
ing capacity of these specimens and included in the trend analysis of peak specimen
strength as well.

Figure 65 to Figure 69 plot the strength versus width-to-height relationship for the tests
conducted on coal-crete, sandstone, granite and coal. Transitional specimens, even
though equally involved in the regression analysis, are highlighted as separate symbols.
Also shown in the plot are the values of uniaxial compressive strength (42 mm diameter
specimen, w/h= 0.4). They were, however, excluded from the regression analysis.

Coal-crete, sandstone and granite all have a maximum load-bearing capacity which fol-
lows a progressively increasing trend over the full brittle and transitional width-to-height
range. Best-curve-fits for the entire empirical range are second-order-polynomials with
high correlation coefficients (R2> 0.9). Exponential curve fits also achieve high statistical
correlation coefficients, but represent the empirical data less appropriately. An exponen-
tial fit is a better choice only in the case of the 150 mm coal-crete specimens (Figure 66).
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Upon a more incremental inspection of the data, one finds that the strength of coal-crete,
sandstone and granite specimens first follows a linear trend up to w/h= 4. The strength
of specimens tested at w/h= 5 already lie distinctly higher than the values which would
have been predicted by these linear trends. This deviation increases in magnitude with
further increasing width-to-height ratio. Clearly, there is a larger scatter in the data in this
second interval compared to the first one. Nevertheless, it is suggested that the strength
in the second width-to-height ratio interval (w/h> 5) can be expressed as a linearly in-
creasing trend as well. The net effect is therefore a bi-linear trend of the data over its full
empirical range. All regression trends and corresponding equations are provided in the
figures.

Notably, the experiments with coal did not produce the phenomena described for coal-
crete, sandstone and granite. Coal does not increase its strength progressively but only
regressively with increasing width-to-height ratio. The best-curve-fit obeys a power-law
over the entire data range, as indicated in Figure 69, with a lower correlation coefficient
than those found for trends in the other tested materials. This is owed to a larger scatter
in the actual tested strength values. Due to this relatively large scatter, a more detailed,
incremental analysis of the data does not appear meaningful.
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Figure 65. Strength of coal-crete specimen of 100 mm width and various w/h-ratios.
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Figure 66. Strength of coal-crete specimen of 150 mm width and various w/h-ratios.
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Figure 67. Strength of sandstone specimen of 42 mm diameter and various w/h-ratios.
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Figure 68. Strength of granite specimen of 42 mm diameter and various w/h-ratios.
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Figure 69. Strength of coal specimen of 42 mm diameter and various w/h-ratios.
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13.3 Fracture patterns

13.3.1 Coal-crete

Specimens of w/h= 1 — 2 are observed to fail in the typical double-cone fashion: before
the peak load-bearing capacity of these specimens is reached, the sidewalls fracture in
a curved pattern to form the specimen into an hourglass shape. The sidewall material
does usually not spall off during the tests but can be removed by hand without effort after
the tests have been accomplished. Upon removal of the sidewalls, the actual failure
mechanism becomes obvious, hamely a distinct shear plane crossing the specimen di-
agonally through its centre (Figure 70).

The failure patterns in specimens with aspect ratios of w/h= 3 — 6 are more complex.
For specimens of lower aspect ratios in this interval, brittle failure is observed. The spec-
imens with larger aspect ratios in the interval around w/h= 6 display brittle-ductile tran-
sition.

For these specimens one notices (in top view) a series of near-linear markings parallel
to the four sidewalls, as highlighted in Figure 71. No markings are observed in the spec-
imen centre. The higher the width-to-height ratio in the given range, the closer the mark-
ings are located towards that centre.

- B ' o r/’

Figure 70. A coal-crete specimen of 100 mm square width and w/h= 1 after failure. The
fractured sidewalls have been removed to expose the hourglass shape and the shear
failure through the centre of the specimen.

On the first glimpse these lines appear to be only discolouration, perhaps due to the
occurrence of strain. Upon closer inspection, however, they manifest as outcrops of frac-
tures that run all the way through the specimen. Open cracks of approximately 1 — 2 mm
width run diagonally from the outside corners of the specimen towards its centre. These
cracks can only be observed to form in the residual strength phase of the specimen, long
after the peak strength had been reached and excessive non-elastic deformation was
taking place.
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When the specimens are separated into single elements along the above mentioned
fracture outcrop lines, one observes that the fracture surfaces are highly smeared, indi-
cating that a significant amount of shearing must have taken place (Figure 71).

Figure 72. Coal-crete specimens of w/h= 5 in side-view after failure.
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Of particular interest are the pathways of these shear-fractures through the specimens.
Dissecting the specimens along the fracture outcrops yield a series of separate wedges
whose curved sides, which are formed through the fractures, are pointing towards the
specimen centre (Figure 72, top). Notably, the angle of fracturing becomes increasingly
flatter, the more close the fracture outcrops are located towards the specimen centre
(Figure 72, bottom).

For clarity, the observed patterns are reproduced in the idealized cross-sectional drawing
in Figure 73. Points A, B, C are examples of observed fracture outcrops on the top sur-
face of the specimen. The fractures run from the top side to the bottom side of the spec-
imen in a more or less linear way (dashed lines), but with opposing directions, hence
crossing each other. As a result, the specimen is divided into a number of wedges. Under
vertical compression, those wedges towards the specimen centre are confined and only
the wedges towards the free, unconfined side of the specimen can move. This is likely
to be the reason why the wedge-type failure, as previously shown in Figure 72, can be
observed.

Of great importance appears to be the fact that the fracture angles a are observed to
become increasingly flatter the closer the fractures are located towards the specimen
centre, as this may be an indirect manifestation of stress regimes in the specimen under
vertical compression.
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Figure 73. Idealized cross-section of fracture patterns in specimens of w/h= 2 — 6.

The phenomena of fracture outcrops and open cracks from the specimen corners can
still be observed on specimens of w/h= 7 and 8 (Figure 74, left). This is the range where
the specimen behaviour is purely ductile, i.e. the slope of the stress-strain curve is always
positive, even though it displays different gradients along the line.

However, it is observed that the position of the cracks withdraw from the centre of the
specimen the higher the width-to-height ratio, consequently leaving a larger area in the
specimen centre unaffected. This behaviour is therefore opposite to the trend observed
for the range of w/h= 3 — 6, where the location of the cracks moved closer towards the
centre with increasing width-to-height ratio.
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Specimens of w/h= 10 show ductile behaviour without any significant alterations in the
slope of the stress-strain curve. It is observed that fracturing in these specimens is min-
imised and only located in the immediate vicinity of the specimens sidewalls (Figure 74,

Figure 74. Coal-crete specimens of w/h= 7 (left) and w/h= 10 after compression.

13.3.2 Rock and coal

The rock and coal specimens were too small for accurate observations on fracture pat-
terns and were too friable after failure to be examined closer. Nevertheless, the fracture
mechanism appear to be the same as observed for coal-crete. Figure 75 gives an exam-
ple of double-cone shear failure of a sandstone specimen of w/h= 1 and the phenome-
non of wedging as seen on a specimen of w/h= 4, for instance.

Notably, wedging was also observed on coal specimens, but could not be captured on
camera due to the lack of visual contrast of the material.

In contrast, granite does not follow this pattern. On these specimens the fractures are
only slightly inclined off the vertical, causing the specimens to fail in a multitude of sharp-
edged slabs, as shown in Figure 76. Notably, the specimens of w/h= 3 do not disinte-
grate explosively, despite the fact that failure is violent and accompanied by loud noises.
Instead, the fractured pieces keep together and the specimen retains roughly its shape.
This is probably due to the high lateral confinement induced in these specimen through
the rock/platen contacts.

A similar behaviour is also observed on sandstone and coal specimens, Figure 77 and
Figure 78. In particular, on the sandstone specimens it can be seen that in the lower
range of width-to-height ratios (w/h= 4) fracturing leads to the disintegration of the spec-
imen. For specimens with the higher aspect ratios, the core does not lose its shape, even
though it is fractured and had failed. With increasingly higher aspect ratios, larger parts
of the specimens do not lose shape (see w/h=5 — 11 in Figure 77). This is believed to
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be the result of the high triaxial stresses imposed on these flat specimens which pressed
the specimen together in a horizontal direction.

Figure 75. Double-cone type shear failure on a sandstone specimen of w/h= 1 and
wedging observed on a sandstone specimen core of w/h= 4.

Figure 76. A granite specimen of w/h= 3 after failure in top view (left) and side view
(right).
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Figure 77. Sandstone specimens with various w/h-ratios after failure.

Figure 78. Coal specimens with various w/h-ratios after failure.



14 Discussion of results 130

14 Discussion of results

14.1 Fracture patterns

It has been shown in Chapter 13.3.1 that the coal-crete specimens fail in a series of
inclined shear fractures, resulting in the formation of a number of wedges. This failure
type could also be observed on some sandstone and coal specimens, Chapter 13.3.2.

Of particular interest is the observation that the fracture angle a within the specimens
becomes increasingly flatter the closer the fractures are located to the specimen centre.
This has been demonstrated previously in Figure 72 and Figure 73.

The phenomenon bears a striking similarity to specimens which are tested in triaxial
compression, where the angle of shear failure is generally observed to become increas-
ingly flatter (measured towards the plane of loading) the higher the applied confining
stress is.

When this stress-dependency of the shear fracture angle is translated back to the coal-
crete specimens tested in uniaxial compression, one comes to the conclusion that the
inclined fracture angles express different states of induced triaxial stress conditions in-
side the specimens: close to the specimen sidewalls the angle of fracturing is very steep,
indicating a low triaxial or even uniaxial stress state. The fracture angle is then seen to
become increasingly flatter towards the specimen core, where the induced triaxial
stresses are the highest.

It was mentioned before in Chapter 13.3.2 that wedging was also observed on the small
42 mm coal and sandstone specimens. However, a closer examination of the angle of
wedging was not possible due to the small scale of the specimens.

14.2 Shape and squat effects in the laboratory

The shape effect is expressed in the laboratory tests as an increase in specimen strength
with increasing width-to-height ratio. It has been shown in Chapter 13.2 that over the
entire empirical range of brittle and transitional failure of the coal-crete, sandstone and
granite specimens, the strength versus width-to-height relationship appears to follow an
upward trending law, statistically represented by a second-order polynomial curve. This
behaviour has also been observed previously by Cruise (1969) in his tests on sandstone
specimens over the same width-to-height ratio interval.

A second approach to the representation of the data was to assume incremental linear
trends in the empirical range. This has the advantage that the indicated trends can be
more easily compared with shape investigations conducted by other authors. It was
noted in this incremental analysis of the data that a first linear trend can be fitted satis-
factorily to width-to-height intervals of between w/h= 1 — 4. Thereafter, the strength val-
ues of specimens with greater width-to-height ratios increasingly deviated from this trend.
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Therefore a second and faster increasing linear trend was suggested for specimens of
w/h=> 5.

However, coal has been observed to behave very differently from the above mentioned
materials, in that it shows only a regressively increasing trend in strength over width-to-
height and a very late brittle-ductile transition at around w/h= 9.5 — 11.

These phenomena agree with findings of other researchers on coal: Meikle and Hol-
land (1965) in their tests on the effect of coal-loading platen contact friction on specimen
strength only found regressively increasing strength trends in the interval of w/h= 4 — 8,
and did not report on brittle-ductile transition or a rapid specimen strengthening beyond
a critical w/h-ratio. Khair (1994) reported linear trends for the strength of coal specimens
tested between w/h= 4 — 8, irrespective of relatively high coal-steel contact friction an-
gles. Madden et al. (1995) also suggested a regressive specimen strength increase up
to w/h= 8 and Kroeger, Roethe and Li (2004) did not experience the brittle-ductile tran-
sition of specimens up to a squat width-to-height ratio of w/h= 12.5.The only researcher
who did observe brittle-ductile transition in coal was Das (1986), who encountered this
phenomenon in a specimen shape interval of w/h=9 — 11.

14.2.1 Strength of materials up to w/h=4

The majority of the numerous published research reports on the shape effect in rocks
addressed specimen shapes in the first interval of 1< w/h< 4. There is overall agreement
that the shape effect takes the form of a linear strength increase in this interval.

This gives opportunity to analyse the characteristics of the linear trends in different rock
materials and the related mechanical properties. A linear function can be characterized
by its intercept, n, with the ordinate axis and the slope of the line, m. In the context of
shape tests on specimens, these values represent the strength of a material with infinitely
small width-to-height ratio and the gradient of strength increase over specimen width-to-
height ratio respectively.

In addition to the tests conducted within this experimental study, further data was
sourced from published research (Stavropoulou, 1982; Ozbay, 1987; Madden, 1990;
Madden and Canbulat, 1995; York, Canbulat and Jack, 2000). A linear trend in intervals
of 1< w/h< 4 was also fitted to the No. 4 seam coal tested in the laboratory investigation.
The data is summarized in Table 9.

The essential results of a correlation analysis between the characteristic of the linear
shape effect and the basic material properties are presented in Figure 79 and Figure 80.
Of particular interest is the gradient of strength increase over width-to-height, m, and its
correlation with the mechanical properties of the materials.

Notably, a very strong correlation is found between the gradient of strength increase and
the cohesion of the material, Figure 79: the higher the material cohesion, the more rapid
the increase in strength over width-to-height. This trend is so pronounced that it suggests
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a fundamental mechanical relationship between the two parameters, i.e. that the strength
failure in rock specimens of w/h= 1 — 4 is predominantly controlled by a loss of cohesion.

Table 9. Data for comparison between material properties and the shape effect.

i ucs E c Linear strength

Investigator(s) Material y ¢ w/h g
[MPa] [GPa] [MPa] [7] n m

Madden (1990)/
Stavropoulus (1982) Sandstone  80.8 220 03 6.1 489 1-6 88.0 10.0
York et al. (2000) Coal 294 - - 25 39.7 1-4 341 14.3
Ozbay (1987) Norite 290.0 100.0 0.2 45.0 520 1-3 383.0 48.8
Ozbay (1987) Sandstone  85.0 276 03 - - 1-3 110.0 14.3
Mathey Anorthosite 186.0 - - 26.9 58.6 1-5 1436 31.8
Mathey Pyroxenite  153.5 - - 37.1 416 1-5 127.1 34.6
Mathey Sandstone  27.2 7.3 05 8.2 422 1-5 173 20.7
Mathey Granite 193.3 634 0.3 336 509 1-4 1834 38.7
Mathey Coal-crete 8.1 1.6 03 25 375 1-4 45 7.0
Mathey Coal-crete 4.6 0.6 0.2 0.6 545 1-4 0.7 6.9
Mathey Coal-crete 4.2 0.9 0.3 0.8 477 1-4 12 6.0
Mathey Coal 194 - - 5.3 414 1-4 16.9 154
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Figure 79. Correlation between the material cohesion (c¢) and the gradient of strength

increase (m) over 1< w/h< 4.

In this context it is also worth noticing the angle of internal friction ¢ appears to have no

influence on the shape effect in rock at all, as can be seen in Figure 80. Further, good

correlations with the gradient of strength increase m have been found for the uniaxial

compressive strength and the elastic modulus E of the materials.
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The correlations between the gradient of strength increase m and cohesion ¢, uniaxial
compressive strength UCS and elastic modulus E suggest that the three latter named
parameters are interrelated as well. Indeed very high correlation coefficients are ob-
served for the combinations of ¢ and E (R?= 0.967), E and UCS (R?= 0.997) and UCS and
¢ (R?= 0.915). Notably, a somewhat weaker correlation (R?= 0.782) is also found be-
tween the two parameters ¢ and v, both of which do not correlate with m.
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Figure 80. Correlations between the gradient of strength increase m and the mechanical
properties of the materials.

Despite the generally high correlation coefficients observed in this analysis, it has to be
kept in mind that only a relatively small number of tests (a maximum of 11) could be
analysed for the relationships between the basic mechanical rock properties and their
role in the shape effect of rock.

It must be kept in mind that an enlargement of the database can result in a reduction of
correlation coefficients between the parameters. This, for instance, can be shown for the
relationship between the UCS and the rate of strength increase m: upon increase of the
database to 21 observations between the two parameters (the additional data was
sourced from Babcock (1969), Baker-Duly (1995), Sheorey and Singh (1974) and Ozbay
(1987)), the correlation coefficient already drops by 12 % to R?= 0.745.

This observation warns against generalisation of the indicated trends in the above men-
tioned figures: the statistical correlations, especially in their isolated forms between two
parameters, do not necessarily explain in part or in full the actual cause behind observed
strengthening effects in rock.
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14.2.2 The squat effect

After the width-to-height range of w/h= 1 — 4, in which the shape effect can be identified
as a linear increase in strength of specimens, there appears a marked change in the
strength over width-to-height relationship.

This change manifests as a more rapid increase in specimen strength than previously
experienced for lower width-to-height ratios. This phenomenon is interpreted here as the
so-called squat effect and occurs in granite, sandstone and coal-crete.

A first conclusion can be drawn as to the nature of the squat effect, namely that its oc-
currence is independent from the brittle-ductile transition. This is so because the change
in strength increase appears for granite, sandstone and coal-crete, even though only the
latter two materials experience brittle-ductile transition at higher width-to-height ratios.

The squat effect has not been observed to occur in coal specimens. On the contrary, the
indicated trend for coal is such that the strength gradient decreases with higher width-to-
height ratios. Consequently the question must be answered as to what the mechanism
behind the squat effect is, and why it is not occurring on coal.

A clue to the mechanism of the squat effect might be found in the very fact that it does
not occur with coal, despite the intact mechanical strength properties of coal being within
the range covered by the parameters for coal-crete, sandstone and granite. This sug-
gests that intact mechanical material properties do not directly or predominantly relate to
the squat effect.

Another clue can be deduced from the following observation: it has been suggested in
the previous chapter that the brittle strength of specimens in the lower width-to-height
region is controlled to a significant extent, although perhaps not entirely, by the material
cohesion and the loss thereof. On the upper end of the brittle range the brittle-ductile
transition occurs in specimens (this phenomenon will be discussed in detail in the follow-
ing Chapter). The mechanism of this brittle-ductile transition is likely to be friction-con-
trolled sliding of particles along a pronounced fracture network within the specimen.

That is, even though the specimen has experienced a significant loss of cohesion at
some point, the specimen can still bear the load due to the frictional resistance along the
fracture network in the specimens. This is at least suggested by the observation that the
relevant specimens are highly fractured when they undergo the transition.

What this observation implies is that a gradual transition must take place, from a pre-
dominantly cohesion-controlled strength at low width-to-height ratio to a significantly fric-
tion-dependent strength at very high width-to-height ratios. Notably, the latter mentioned
friction is not to be confused with the angle of internal friction of the specimen, but is the
effective friction acting on a complex network of fractures.

In the granite specimens, which did not undergo the brittle-ductile transition, one ob-
serves the transition from predominantly cohesion-controlled strength to friction-con-
trolled strength markedly at width-to-height ratios of 4.2. In Figure 56 one observes that
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specimens of this critical and higher aspect ratios begin to yield long before the peak
strength is reached. The stress-strain curves exhibit a series of abrupt, yet small strength
drops on their path towards the peak, which is interpreted here as a partial loss-of cohe-
sion. The fact that these specimens can still increase in strength must then be a combi-
nation of residual cohesion and the build-up of friction in between the fractured particles.

If the above reasoning is valid, then the squat effect in rocks may be more accurately
defined as the transition from predominantly cohesion-controlled strength to predomi-
nantly friction-dependent strength.

14.2.3 The brittle-ductile transition

The shape effect eventually results in the brittle-ductile transition of specimens of coal-
crete, sandstone and coal. Granite did not reach the transition within the empirical range.
For the granular materials of this study (coal-crete and sandstone) the transition appears
consistently around w/h= 6. In this context, Madden’s tests on stronger sandstone spec-
imens with larger dimensions (Madden, 1990) also showed brittle-ductile transition at
approximately the same aspect ratio.

The brittle-ductile transition in coal has only been observed for two specimens of the test
series, at w/h= 9.5 and 11. Notably, the laboratory investigation by Das (1986) into the
shape effect of coal from 5 seams in India has identified the same width-to-height range
for brittle-ductile transition in coal.

The difference in the behaviour of coal on the one hand, and coal-crete and sandstone
on the other hand, is significant. It indicates that the intact mechanical properties of rock
do not determine at which width-to-height ratio the brittle-ductile transition occurs, since
the tested coal in this experiment exhibits properties that fall in between those of coal-
crete and sandstone.

In Chapter 13.3 it has been shown that specimens which undergo the brittle-ductile tran-
sition exhibit the same type of fracture patterns as the specimens in the lower width-to-
height range which fail in a brittle manner. It is therefore very likely that the cause behind
the ductility is specimen cataclasis: the specimen has lost a great portion of its cohesion
and disintegrated into a complex network of macro and micro fractures, and the applied
compressive forces are sustained by frictional sliding of the debris.

An essential parameter to the mechanism of brittle-ductile transition is therefore the ef-
fective friction that can build up on these fracture networks. The fact that in coal speci-
mens the brittle-ductile transition only occurs at much higher width-to-height ratios, as
compared to the rock and composite materials in this study, might then point to the fact
that the build-up of residual friction in coal is a slower process than in coal-crete and
sandstone.

The difference might be explained by the texture of the materials: while coal-crete and
sandstone have a granular fabric, so that the particles can interlock more readily after
shearing, the texture of the coal specimens is very smooth and the fracture surfaces are
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slippery. The knowledge of how internal fractures are forming is important in orde to
answer the question as to whether the brittle-ductile transition in coal pillars occurs or
not.

14.3 Comparison of findings with in-situ coal pillar behaviour

14.3.1 The shape effect

The laboratory findings cannot be used to predict in-situ coal pillar behaviour directly,
due to the difference in material, size and boundary conditions. However, it is clear that
striking parallels can be observed between some of the aspects discussed under Chap-
ter 14.2 and the large-scale in-situ tests that have been conducted by other investigators.

The shape effect for in-situ coal is relatively well explored through the work conducted
by Bieniawski (1968a), Wagner (1974) and Van Heerden (1975), the statistical examina-
tion of pillar collapses by Salamon and Munro (1967) and, in the most recent review, by
Van der Merwe and Mathey (2013c). To facilitate the comparison with the laboratory
observation, the empirical in-situ pillar strength equations are presented in their linear
form (Van Heerden, 1975) in Figure 81.
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Figure 81. The strength of in-situ coal pillars in linear expression.

It was shown in the laboratory that the higher the compressive strength of the material,
the greater the gradient of strength increase over width-to-height is (Figure 80).

The same correlation can be shown for in-situ coal. The values of cohesion and uniaxial
compressive strength are unknown for coal mass, but for comparative purpose, the coal
mass cube strength can be used as a measure here. The argument is that the higher the
cube strength of coal, the more rapid the increase of coal pillar strength over width-to-
height.
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Figure 82 plots the strength of coal pillars, o, normalized to the site-specific strength of
a cube of coal of critical size, o, as tested by Bieniawski, Wagner and Van Heerden
in their in-situ large scale-compression tests. Also included in the plot are the updated
coal pillar collapses as reported by Van der Merwe and Mathey (2013b) for areas of
normal coal in South Africa. The strength of the collapsed cases is calculated from the
updated maximum likelihood strength equation (Van der Merwe and Mathey, 2013c).
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Figure 82. Strength of coal pillars normalized to the strength of a coal cube.

A linear regression analysis of the combined dataset demonstrates that the strengthen-
ing effect of pillar shape is related to the compressive cube strength of coal. The higher
the cube strength of coal, the more rapid the increase in strength over width-to-height.
This correlation has also been shown previously by Bieniawski (1992) based on a smaller
set of data. The linear regression equation in Figure 82 is

6= 0gupe (0.352 ¥ +0.643). (27)

This equation can be used for coal pillar design purposes in the empirical range of its
derivation and allows for a seam- or site-specific adoption, if the relevant average critical
coal cube strength is known.

The boundary conditions which were applied to the test pillars and the in-situ collapses
were highly variable, ranging from displacement-controlled and stiff loading to stress-
controlled and soft loading, as analysed in detail by York and Canbulat (1998). Boundary
conditions are often declared as prime contributors to the shape effect in pillars.

Further, it was shown that a statistical correlation exists between the elastic modulus of
a rock and the rate of strength increase over width-to-height (Figure 80). Even though
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there is not enough data available for in-situ coal to confirm this correlation, it is never-
theless interesting to note that Van Heerden and Wagner both report on very similar
strength gradients (4.2 and 4.0 MPa respectively) and the same average elastic modulus
of coal E= 4 GPa in their tests.

The cohesion of a material was also shown to correlate strongly with the strength gradi-
ent (as well as with the UCS and the elastic modulus). Unfortunately, the in-situ cohesion
of coal has never been determined empirically. However, presuming that the correlation
is also valid for in-situ materials, one could conclude from the coal strength equations
presented in Figure 81 that the cohesion of in-situ coal might be very low, i.e. in the range
of less than 5 MPa (corresponding to relatively low strength gradients). It should be noted
in this context that the gradients in the strength equations derived from compression
tests in three different collieries average to the same gradient observed from the statis-
tical analysis by Mathey (2011) of 98 collapsed and 340 stable pillars in South Africa, i.e.
m= 3.4. This may indicate that the three compression tests on coal conducted in different
collieries represent the characteristics of coal in the country satisfactorily.

14.3.2 The post-peak behaviour

The post-peak behaviour of specimens in the present laboratory study and of the large-
scale in-situ specimens tested by Van Heerden and Wagner is shown in Figure 83. Coal-
crete of 100 mm and 150 mm size exhibited a very consistent post-peak behaviour over
width-to-height and therefore the dataset has been unified in this plot.

The in-situ post-peak behaviour of 1.4 m square coal specimens is observed to be mark-
edly different from the 42 mm coal specimens tested in this laboratory investigation,
whose values lie on the right hand side of the sandstone specimens. There is also no
pattern in the data that links the magnitudes of post-peak slopes to the corresponding
mechanical properties of the materials: the in-situ coal, whose mechanical properties
(strength, elastic modulus, cohesion) lie in-between the corresponding values for coal-
crete and sandstone, has the lowest ratios E,/E in the entire dataset.

This finding does not support the suggestion by Ozbay (1987) that a rock with greater
elastic modulus results in a greater post- failure modulus.

The laboratory based post-peak slopes of specimens is therefore unlikely to assist in the
evaluation of in-situ pillar behaviour.
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Figure 83. Post-beak behaviour of specimens in the laboratory and in-situ.

14.4 Conclusion from laboratory study

In the introduction to the investigation, Chapter 10.1, questions were raised as to the
existence and the nature of a possible squat effect in specimens. The experiment there-
fore set out to investigate the shape effect in different rocks and materials to evaluate
their behaviour when formed into very flat width-to-height ratios.

The question of whether a squat effect exists at all has been confirmed: coal-crete, sand-
stone and granite showed a marked increase in strength above a width-to-height ratio of
4. It was also explained that the squat effect is not identical to the occurrence of brittle-
ductile transition in the materials. In the tests, the squat effect manifested as a true in-
crease of the brittle strength of rocks. The trend in strength above width-to-height ratios
of 4 could only be observed over a longer interval for granite, where it is interpreted as a
linear behaviour. For coal-crete and sandstone however, the brittle-ductile transition oc-
curred at width-to-height ratios very soon after the squat effect was noticed.

The mechanism behind the squat effect could only be hypothesised. An important indi-
cation was the finding that that strength and failure of specimens in the lower end of the
width-to-height range was predominantly cohesion-controlled. This was deduced from
the fact that the rate at which the shape effect impacted the strength increase in this
range for different materials showed a very strong correlation with the material cohesion.

In the upper range of width-to-height ratios, the shape effect finally resulted in the brittle-
ductile transition of specimens, as observed for sandstone, coal-crete and coal. By anal-
ysis of the excessive fracturing in the transitional specimens it was concluded that the
strength for these specimens was predominantly friction controlled. A similar observation
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was also made for granite, whose peak strength in width-to-height ratios above 4.2 ap-
peared to depend on how readily a gradual loss of cohesion could be compensated with
the build-up of friction.

The mechanism behind the squat effect was therefore preliminarily defined as the tran-
sition from predominantly cohesion-controlled to predominantly friction-controlled
strength in specimens.

The friction that is meant here is the effective friction developing on the fracture network
in specimens under compression. Since the fracture network is complex in nature, the
effective friction acting on it cannot be quantified or predicted and hence the question on
how the squat effect can be quantified remains unanswered so far.

The question remains unanswered as to why the coal tested in the experimental pro-
gramme did not conform to the squat effect as observed in the above described rock and
composite materials. The trend for the strength of coal was found to be only regressively
increasing over the full width-to-height range of up to w/h= 11, without showing any
signs of a squat effect. Also, the brittle-ductile transition occurred very late on these
specimens as compared to coal-crete or sandstone. It was suggested that the texture of
coal and the roughness of developing fracture surfaces is hot comparable to the texture
and residual friction being built-up in the granular materials.

Due to the discrepancy of the test results between coal and the other test materials, it
cannot be readily assumed that coal pillars will show a squat effect at all. The question
that will have to be answered in this context is whether in-situ coal behaves like the coal-
crete and rocks that were tested in the experimental study, or like the actual coal speci-
mens.

It was hoped that indications to that question would be found by comparing the mechan-
ical material properties of the materials with the shape effect in specimens and pillars.
Some striking similarities were found, especially in terms of the link between the gradient
of strength increase and the compressive strength, elastic modulus and cohesion of the
material. However, the post-failure behaviour of in-situ coal pillars and specimens was
shown to follow patterns which did not correlate with the basic material properties.

Further insight into the expected in-situ pillar behaviour will be deduced from the numer-
ical modelling exercise in the following chapters.



PART IV

Numerical modelling of strength and failure in squat coal pillars
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15 Introduction to pillar modelling in FLAC

In Chapter 13.2 it was reported that coal specimens with large width-to-height ratios
tested in compression exhibited neither a squat effect, nor a marked brittle-ductile tran-
sition in the range of w/h= 10. Coal-crete, sandstone and granite specimens however,
showed a squat effect at about w/h= 4 and, in the case of the first two named materials,
also showed the brittle-ductile transition.

It has been reasoned in Chapter 14.2 that this difference in behaviour must be controlled
by parameters other than external boundary conditions or internal, intact material prop-
erties. This was concluded because coal exhibited the most competent platen-specimen
interface in terms of friction, and because the coal’s intact material properties, c and ¢,
were shown to lie in between those of the materials which were able to perform a squat
effect and the brittle-ductile transition.

Therefore it was suggested that the behaviour must be controlled, or at least significantly
influenced by the residual material properties after fracturing.

This hypothesis is further tested by means of numerical modelling. The two-dimensional
explicit finite difference code FLAC (ltasca Consulting Group, Minneapolis, U.S) for en-
gineering mechanics computations, is used for this exercise.

The particular advantage of FLAC is its built-in Mohr-Coulomb strain-softening constitu-
tive material law, which has the capacity to simulate brittle failure processes in coal and
rocks.

A typical FLAC coal pillar model requires the following input parameters: density; elastic
modulus and Poisson’s Ratio, or alternatively, bulk and shear modulus; peak and resid-
ual material cohesion and friction and the related plastic strain that is allowed to take
place during the transition from peak to residual strength; dilation angle of the material;
tensile strength.

The complexity of input parameters increases when a failure criterion for the surrounding
rock strata is used (the same catalogue of input parameters as for the coal may apply)
and when a mechanical interface in the pillar-strata system is specified. The minimum
requirements for the latter are: shear and normal stiffness, peak cohesion and friction.
Residual interface properties may be specified as well.

Any given combination of the listed model input parameters influences the output of the
model. In addition the model results will be controlled by the selected mesh density,
shape, and the boundary conditions (rate of compressive loading, lines of symmetry,
configurations of the pillar-strata system).

It is beyond the scope of this research to investigate all likely combinations of all these
input parameters. Therefore, some limitations will be given to this study:
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o Failure will only be allowed to occur in the coal pillar, i.e. the surrounding strata
always remains elastic. The issue of pillars punching into the strata will not be
addressed;

e The coal pillar will be simulated as a brittle material, i.e. the plastic strains for the
transition between peak and residual material strength will be taken as practically
zero for most of the modelling exercise;

e The study aims at identifying the sensitivity of pillar shape effects towards resid-
ual material properties. Hence some input parameters will be taken as constants,
such as the elastic modulus, Poisson’s Ratio and tensile strength of coal. Others,
such as the angle of dilation, will be ignored. Those parameters will not be sub-
jected to a sensitivity study.

In order to further limit the possible range of input parameters, a review of published coal
pillar models is conducted so as to identify a typical range of coal properties and interface
properties.

Shape and possible squat effects in the simulated coal pillars will first be analysed under
very simplified boundary conditions. Here, the pillars are simply taken as rectangular
blocks which are either entirely free to expand laterally, or rigidly confined along their top
or bottom boundaries.

The scope of this first exercise is solely to study shape effects and their dependence on
material properties under idealised boundary conditions, with particular focus on the in-
fluence of residual strength properties on the overall pillar performance. Once the basic
mechanisms contributing to the relevant phenomena are established, the models will be
extended to represent the more realistic boundary conditions, as they apply in-situ.

Subsequent to the conceptual modelling exercise, some considerations on calibrated
coal pillar models and their extrapolation into the squat shape range will be presented.
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16  Survey of published numerical coal pillar models

A literature survey of typical input parameters for numerical coal pillar models is con-
ducted in the following section. The use of constitutive laws, model calibration proce-
dures and the derived mechanical properties for the pillar-strata-system by different au-
thors (lannacchione, 1990; Muller, 1991; Vervoort, 1992; Duncan Fama, Trueman and
Craig, 1995; Gale, 1999; York, Canbulat and Jack, 2000; Mohan, Sheorey and Kush-
waha, 2001; Yavuz and Fowell, 2001; Ozbay and Rozgonyi, 2003; Roberts, Ryder and
Van der Merwe, 2005; Lu et al., 2008; Gadde, 2009; Jaiswal and Shrivastva, 2009;
Oraee, Hosseini and Gholinejad, 2009; Esterhuizen, Mark and Murphy, 2010; Wang et
al., 2011) are briefly discussed.

16.1 Constitutive laws for coal pillars

Typical failure criteria for coal used by the different authors in pillar modelling are Mohr-
Coulomb and Hoek-Brown failure criteria. The general argument for the Hoek-Brown
failure criterion is that it is able to mimic the regressive increase of rock strength in triaxial
compression tests, which should be particularly pronounced at high confining stresses.
The Hoek-Brown criterion also has the advantage that extensive experience is available
on how laboratory-determined intact material properties can be downgraded through
rock mass ratings to arrive at suitable rock mass strength properties.

The use of the linear Mohr-Coulomb criterion however, may be justified by the fact that
a regressively increasing triaxial strength trend is not discernible for coal. Particularly for
confining pressures less than 35 MPa, the triaxial strength of coal exhibits a linear trend
(see Chapter 8.3 and Hobbs (1964)). It is expected that this range of confinement will
not be excessively exceeded in modelled coal pillars and therefore the use of the Mohr-
Coulomb criterion is reasonable.

Either the Hoek-Brown or the Mohr-Coulomb failure criteria have to be implemented as
a strain-softening constitutive law in FLAC. In the generic elastic-perfectly plastic notion
of the two failure criteria, failed zones in the model would compensate excess stresses
beyond their load-bearing capacity by deforming perfectly plastically. However, no break-
down of strength would occur in these plastic elements.

The strain-softening modification of the failure criteria is therefore necessary to simulate
the breakdown of strength in failed elements. This is achieved by specifying the deterio-
ration of peak material properties after failure with further increasing plastic strain, until
a residual and constant level is reached. The brittleness of failed elements is controlled
by the plastic strain increment over which failure is allowed to evolve.

This strain-softening constitutive function is readily available in FLAC for the Mohr-Cou-
lomb failure criterion, which is another practical reason why this failure criterion might be
the one of choice. From the literature review it appears that the Mohr-Coulomb strain-
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softening approach is more popular amongst researchers as compared to the Hoek-
Brown strain-softening model (see Chapter 16.2).

16.2 Mechanical parameters for coal pillars

Mechanical parameters for coal pillars in numerical models are usually determined by
calibrating the models against empirical peak strength criteria, e.g. the equations from
Salamon and Munro (1967), Bieniawski (1992), Wagner (1974), Van Heerden (1975)
and others. Some researchers also made use of stress-measurements and sidewall frac-
turing observations to calibrate their models. The model input parameters may therefore
differ according to which calibration procedure has been used. A summary of the input
parameters for Mohr-Coulomb and Hoek-Brown models is provided in Table 10 and Ta-
ble 11.

The elastic properties, Young’s Modulus and Poisson’s Ratio, are observed to vary
widely between E= 0.36 — 4.0 GPa and v= 0.2 — 0.34 respectively. Typically encountered
values in large-scale tests for coal in South Africa are E= 4 GPa and v= 0.25. The coal
density which has been specified by a few researchers is found to be lower than the
typical value of South African coal of p= 1.5 t/m®. The Mohr-Coulomb strain-softening
parameters used in numerical models for coal are summarized in Table 10.

Table 10. Mechanical properties assumed in Mohr-Coulomb pillar models.

) Coal seam properties Calibration
Investiga- Code,
tor(s) Constitu- P E v c @ 6 ot
fvelaw  [yme [GPa] [ MPa] [ [1  [MPa]
Luetal. FLAC 3D, 1.62 (i) 35 (i) ) )
(008) Mcss 3 036 034 04  35(n) 0.15
Mueller  FLAC 2D, 0.5-1 () 0.3() 0.6-10 (i) 15-35 (i) 0-15 0-2 Laboratory data and in-
(1990) MC SS 0.5-1(r) 0.3-0.4(r) 0-1 () 5-30 (r) situ experience
Oraee et FLAC 2D, 0.8 (i) 30 (i) Empirical pillar strength
al. (2009) MC ss L4 4.00 030 - - 0 0.9 formulae
Ozbay et FLAC 3D, 13 3.00 0.25 2.2 (i) 30 (i) ) ) Empirical pillar strength
al. (2003) MC Ss -(n 30 (n) formulae
Pillar stress and side-
Vervoort FLAC 2D, 3.00 0.20 154 3G) 27 - 1.5- 4 wall fracturing measure-
(1992) MC
ments
. . Combined empirical

gg;‘% PSS - 110 0.30 (1)'%2('20 - ?r)) 6.0 004 South African and Aus-

’ tralian strength formula
Yavuz et FLAC 2D, _ 4.50 0.30 1.44 (i) 27 (i) ) 0.7 Van Heerden in-situ
al. (2001) MC ss ’ ’ 0.35(r) 23 () ' stress-strain curve
Roberts Elfen, 2.84 (i) 20 (i Wagner stress-strain
et al. CWFH  ~ 350 030 0.05 (1) 40 (p) ) ) curves for wih= 1 and 2
(2005) ' 30 (n
MC SS — Mohr-Coulomb strain-softening; CWFH — Cohesion weakening friction hardening; (i) — intact; (r) - residual; (-) —

not specified

The typical range for the intact angle of internal friction of coal is ¢= 30 — 35°. Residual
values are often taken as equal to the intact values, i.e. no breakdown of friction after
failure is specified. In some cases where friction is assumed to reduce in the post-failure
state, the drop is observed to be only about 5°.
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The values used for intact cohesion are more dispersed and no more than c¢i= 4 MPa.
Unlike the frictional material strength, cohesion is always assumed to drop, and more
drastically to very low levels of no more than ¢.= 0.5 MPa.

The plastic strains over which this drop from intact to residual properties takes place is
always different in the model scenarios used by the different researchers and is not
listed.

Apparently, the angle of dilation § of coal is not always specified in published studies,
but maximum values of 15° have been observed. The tensile strength of coal is typically
below o= 1 MPa.

The Hoek-Brown strain-softening parameters for coal pillar models are summarized in
Table 11. One observes that the ‘a’- parameter is sometimes modified from the standard
0.5 to 0.65 in order to obtain a different curvature of the triaxial strength trend for coal.
The m-value, whose function in the Hoek-Brown failure criterion can be likened to the
angle of internal friction in the Mohr-Coulomb criterion, is relatively consistent for intact
coal pillars with m= 1.47. Residual m-values differ but it is noteworthy that they are typi-
cally assumed to be significantly lower than the intact values. The s-parameter (which is
the counterpart to cohesion in the Mohr-Coulomb model) can vary by magnitudes, which
may be due to the different numerical codes used in the modelling exercise.

Table 11. Mechanical properties assumed in different Hoek-Brown pillar models.

Investigator(s)  Code, Coal seam properties Calibration
Constitu- E v HB coal mass
tive law
[kg/m3] [GPa][] a m s
Duncan Famaet 3D FEM, 250 0.24 0.5 2.83 (i) 0.0004 (i) Empirical pillar strength for-

al. (1995) HB SS -(n -(n mulae

Bieniawski formula and

Esterhuizen et al. FLAC 3D, -
stress-measurements in coal

) 3.00 0.25 0.7 1.47 (i) 0.07 (i)

(2010) HB SS 1.0(r) 0.001(r) ribs

Jaiswal et al. 3D FEM, 200 N/A 05 1.47 (i) 0.01 (i) Stable and failed cases in In-
(2009) HBSS ' "~ 0.125(r) 10E-6 (r) dia

Tesarik et al. FLAC 3D, _ 379 0.25 0.7 1.47 (i) 0.07 (i) Van Heerden stress-strain
(2013) HB SS ) ) " 0.36(r) 0.001(r) curve of specimen w/h=2.78
HB SS — Hoek-Brown strain-softening; (i) — intact; (r) - residual; (-) — not specified

16.3 Mechanical parameters for coal-rock-interfaces

Coal-rock-interfaces are consistently modelled by different investigators using the Mohr-
Coulomb criterion in its original elastic-perfect plastic form. Only one researcher as-
sumed that the interface to obeys a strain-softening law (Mueller, 1990). The interface
properties found in literature are summarized in Table 12.
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Table 12. Mechanical properties for coal-rock-interfaces assumed in different pillar mod-
els.

Investigator(s) Code, Interface properties

Constitutive law ® c ot

[°] [MPa] [MPa]

Duncan Fama et. al. (1995) 3D FEM, MC 16 0.012 -
Esterhuizen et. al. (2010) FLAC3D, MC 25 0.1 0
Lu et al. (2008) FLAC 3D, MC 20 0.35-2.07 -
Mueller (1990) FLAC 2D, MC SS g:gg Elr)) 8:(5)_g)(r) 0-2
Ozbay et. al. (2003) FLAC 3D, MC 20 0.5 -
Wang et al. (2011) FLAC 3D, MC 20 0.5 -
MC — Mohr-Coulomb; MC SS — Mohr-Coulomb strain-softening; (i) — intact; (r) — residual; (-) — not specified

Typical values of interface friction used in FLAC codes range between ¢= 20 — 25° and
the interface cohesion is generally less than ¢= 0.5 MPa with only one exception. A
tensile strength is generally not specified or set to zero.

The assumed values for the friction angle on coal-rock interfaces are further substanti-
ated by empirical shear tests on specimens reported by York, Canbulat and Jack (2000).
The authors had obtained a number of borehole samples for testing the contact friction
angle between various combinations of coal and sedimentary rock types, i.e. sandstone,
carbonaceous sandstone, laminated sandstone, shale, carbonaceous shale, mudstone,
calcite and coal. The tests were conducted on both open and intact interface contact
conditions.
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Figure 84. Normalized frequency distribution of coal-rock friction angles, re-analysed af-
ter specimen tests provided by York, Canbulat and Jack (2000).
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The data provided by York, Canbulat and Jack (2000) was reviewed and two outliers?
were removed from the database. The remaining data set of 23 tests on various combi-
nations of coal and rock yielded the frequency distribution as shown in Figure 84. The
average peak friction angle is found to be @,= 24.8° and the average residual friction
angle to be ¢,= 22.4°. The standard deviation is 2.3" for both the observed peak and
residual friction angles.

Esterhuizen (1998) reported on laboratory shear tests on coal specimens with either nat-
ural discontinuities or saw-cut surfaces. He obtained values for peak friction of ¢,~ 22°
and residual friction ranging between ¢,= 19 — 29°.

3 A very high residual friction angle of 34° between sandstone and granite was discarded because
they were not representative for coal measures. Likewise, a very low peak friction angle of 11
° between mudstone and carbonaceous shale was identified as not representative for coal-
rock contacts as well.
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17  Conceptual modelling of shape effects in pillars

In the following sections, the influences of material properties on shape and possible
squat effects in pillars of different width-to-height ratios are investigated. The study fo-
cusses in particular on the influence of residual friction in failed material on the model
performance.

17.1 Model design

Three scenarios (S1 — S3) are developed, in which two-dimensional pillars of varying
width-to-height ratios between 1 and 10 are loaded in vertical compression. The material
is assumed to behave in a brittle manner with instantaneous cohesion drop at the onset
of plasticity. Friction is either allowed to remain constant prior and subsequent to failure
(S1, S3) or is also instantaneously dropped to a residual level at onset of plasticity (S2).
The instantaneous drop of material properties from intact to residual values is simulated
with the FLAC strain-softening model, where the drop is defined to occur over a plastic
strain interval of de,= 0.001.

The intact Mohr-Coulomb material properties (c;, ¢:) and residual properties (cr, ¢r)
used in the three scenarios, together with the elastic properties (E, v) and the material’s
tensile strength o, are listed in Table 13.

Table 13. Material properties for FLAC model scenarios S1 — S3.

Scenario Ci Cr oi br E % o¢
[MPa]  [MPa] ['] [] [GPa] [MPa]
S1 4 0.1 30 30 4 0.25 0.5
S2 4 0.1 30 20 4 0.25 0.5
S3 4 0.1 20 20 4 0.25 0.5

Based on those three scenarios, a comparative assessment of the role of intact and
residual properties on the shape effect in pillars can be made. Available for comparison
are: one pair of models with the same intact properties but different residual properties
(81, S2), one pair of models with different intact but same residual properties (S2, S3)
and one pair of models with the same intact and residual properties but different magni-
tudes (S1, S3).

The pillar geometry involves two lines of symmetry, i.e. along the vertical and horizontal
centre lines. Hence only a quarter of the pillar needs to be simulated in FLAC, as shown
in Figure 85. This has the advantage that for the same computation times, a higher res-
olution of the problem can be achieved. The quarter-pillars are modelled with 30 square
zones in the vertical direction and a varying number of zones in horizontal direction,
depending on the width-to-height ratio requirements. It was found that the used mesh
was sufficiently dense to allow strain-localisation and distinct shear planes to develop.
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Figure 85. Schematic illustration of constitutive material model (left) and boundary con-
ditions used in the pillar model scenarios S1 — S3 (right).

Failure patterns similar to those observed in laboratory specimens could be generated.
The boundary conditions are such that the same rate of velocity-controlled loading is
applied to the top side of all models. The supposed contacts between the pillar and the
rock strata environment, which are not explicitly modelled, are simulated either as being
perfectly lubricated or perfectly rigid (the latter case is demonstrated in Figure 85).

The perfectly lubricated boundary condition implies that there is no resistance of any kind
to the lateral expansion of the pillar boundaries. Hence it is an exaggeration of the bound-
ary condition of an in-situ coal pillar sandwiched between weak layers of clay.

The perfectly rigid case of boundary condition means that no lateral displacement is al-
lowed at any grid point along the immediate pillar boundary. This may refer to under-
ground environments where the coal pillar is sandwiched between very strong sandstone
layers, and which has competent cohesive and frictional interfaces. In such an environ-
ment, lateral shear will eventually take place in the weakest element of the pillar-strata
system, which is the coal itself. Thus the system can develop its own interface.

During loading of the pillars, the typical pillar stress-strain response is monitored by re-
cording the average pillar stress (APS) across the pillar top surface and the average strain
along the vertical symmetry line by means of a FISH (the built-in programming language
of FLAC) function. From these stress-strain curves, the peak APS and the residual APS
after failure are observed.

The stress-strain behaviour of a pillar will be evaluated over a fixed range of vertical
strain. Brittle pillars in scenario S1, for instance, require about 20 mStr to reach the final
residual stress state. Brittle pillars in scenarios S2 and S3 reaches their residual stage
at not more than 15 mStr. This is important information for the evaluation of the brittle-
ductile transition in pillars, since pillars of larger w/h-ratios, which deform in a ductile
manner in the range up to 15 or 20 mStr, have been observed to ultimately exhibit a
sudden strength drop. However, this drop occurs only at a much later stage, at strain
values of about 5 times higher than the previous brittle pillars of lower width-to-height.
These pillars will be judged as being ductile, for all practical purposes. Figure 86 shows
such behaviour for model pillars in scenario S2.
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Figure 86. Typical stress-strain behaviour for brittle FLAC pillar models in scenario S2.

17.2 Observations on shape effects and failure patterns

The results of the peak and residual pillar strength produced by the three scenarios S1 —
S3, under rigid and lubricated boundary conditions is shown in Figure 87 to Figure 89
and will be discussed in the following paragraphs.

For unconfined, fully lubricated contact conditions between the simulated pillar and the
strata, FLAC computes constant peak and residual pillar strength values over the entire
range of pillar width-to-height ratios up to 10 (Figure 87 to Figure 89). Consequently,
there is no shape effect. It can be shown that the FLAC solutions are the same as the
theoretical material strength from the Mohr-Coulomb failure criterion,

0; =0, +kos (28)
o.=2cVk (29)
k= (1+sing)/(1-sing) (30)

where the equation for a; returns the peak or residual load bearing capacity, depending
on whether peak or residual cohesion and friction properties ¢ and ¢ and the peak or
residual horizontal confinement oz is being used. In the pillar model with lubricated inter-
faces, the generated lateral confinement is o3= 0. Hence, the pillar strength equals the
unconfined compressive strength of the material o. for all width-to-height ratios. The peak
and residual pillar strength values for the three scenarios with fully rigid contact condi-
tions are plotted in Figure 87 to Figure 89.
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Figure 87. FLAC-computed peak and residual pillar strength versus w/h-ratio for model

pillars in scenario S1.
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Figure 89. FLAC-computed peak and residual pillar strength versus w/h-ratio for model
pillars in scenario S3.

17.2.1 Residual pillar strength

As it can be seen from Figure 87 to Figure 89, the residual pillar strength increases
exponentially in all three scenarios. This is in general agreement with limit equilibrium
solutions for pillar strength (see Chapter 3.4.1).

For a pillar w/h= 1 the difference in residual strength does not differ markedly between
the three scenarios S1 — S3. However, the influence of the residual frictional strength of
the material develops an increasingly significant influence as width-to-height ratios in-
crease. Scenario S1 with the highest residual friction property of ¢,= 30°, exhibits both
the highest residual strength magnitudes and the steepest upward curvature across the
various pillar width-to-height ratios. This eventually results in an early brittle-ductile tran-
sition of the pillars at just beyond w/h= 4.5.

The scenarios S2 and S3, in which different intact material properties but the same re-
sidual friction properties of ¢= 20° are assumed, show very similar residual strength
trends and magnitudes. The slight differences in the regression parameters shown in
Figure 88 and Figure 89 are likely to result from the fact that the model pillars are not
fully plastic in every zone at the point when the residual strength is recorded, and hence
the small dilution of the results with few remaining intact strength properties.
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17.2.2 Peak pillar strength

There are two features immediately noticeable about the development of peak strength
over the range of width-to-height ratios in the three scenarios:

The first feature is that not a single, continuous trend exists in the relationship between
peak pillar strength and width-to-height ratio, but that at least two different types of be-
haviour prevail. The first trend in the lower width-to-height range is approximately linear,
the second one in the higher width-to-height range is markedly more scattered. This is
similar in appearance to the described squat effect on specimens in the laboratory.

The second immediate observation is that up until the point in the width-to-height ratio
curve where the second strength trend occurs, the pillar’s load bearing capacity remains
at levels lower than the unconfined strength of the material. This observation is certainly
unexpected and will be discussed first.

The evolution of failure in the model pillars is showcased in Figure 90, for a pillar of
w/h= 3 in scenario S2. For demonstration purposes, the quarter-symmetric model pillar
is mirrored over its symmetry lines to show the full cross-sectional view. The correspond-
ing pillar stress-strain curve for this pillar was shown in Figure 86.

While the pillar is loaded at a constant rate of vertical compression, the first stage of
failure occurs at the point where vertical stress concentrations at the pillar corners be-
tween the free sidewall and the rigid interface approach a level of 14.4 MPa (Figure 90,
image 1). This failure is slightly above the unconfined compressive strength of 13.85 MPa
of the material, given the fact that the element is partially constrained along its upper
side. The average pillar stress at this point of failure initiation is about 7.1 MPa, or just
about 50 % of the unconfined compressive strength of the material. It is apparent from
this that the fully rigid interface causes excessive stresses to build up, so that the corner
elements fail in shear.

(1) (3)

Strata Strata

Strata Strata

Strata Strata

Strata Strata

Figure 90. Evolution of failure in a pillar of w/h= 3 with perfectly stiff and rigid interfaces
with the surrounding strata, demonstrated as stepwise loss of cohesion (red zones) dur-
ing pillar loading.
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At the same instant, a larger number of zones below the failed corner elements fail in
tension. At mid-height of the pillar sidewall, the tensile failure stress is approximately
0.58 MPa, which is about the tensile strength of 0.5 MPa of the material. The difference
arises again from the fact that the zone in question receives some small confinement
from its neighbouring zones.

The failed pillar sidewalls are consequently de-stressed, and the further displacements
forced upon the pillar causes further stresses to be pushed into the remaining intact pillar
core.

Next (Figure 90, image 2), a shear band develops from the pillar-strata-interface towards
the pillar centre, originating at about APS= 10.0 MPa. This is also the peak load bearing
capacity of the pillar in the given scenario, since it will not be able to recover from the
development of the shear band with further compression. In scenario S2, only pillars of
width-to-height ratios greater than 4 demonstrate the capacity to recover from this early
failure and to increase its load-bearing capacity with further deformation.

It should be noted that at the stage of peak strength failure, the pillar consists of both a
failed zone, and an inner, intact core. The failed zone, in which the shear band has de-
veloped carries practically no vertical stress (as it will later be shown in Figure 91).

This remaining intact core however, is not able to sustain a further increase in vertical
strain forced upon it. Gradually, failure penetrates further into the core while the stress-
strain reaction curve is on its descending branch, until the onset of the residual strength
phase (Figure 90, image 3). At this point, the pillar is not entirely crushed, as can be seen
from the cohesion plot in Figure 90. However, further deformation upon the pillar is only
partially converted into a crushing of the residual intact fragments, since only smaller
changes occur in the distribution of cohesion within the pillar between 5 — 20 mStr aver-
age vertical strain (Figure 90, image 4). For the other part, the deformation of the pillar
boundaries is compensated for by relative sliding of the remaining intact wedges.

In summary, one must conclude that a pillar-strata-interface, which is too rigid and does
not allow for relaxation movements to occur along its boundaries, causes undue stress-
concentration and therefore initiates premature failure of the pillar. This premature fail-
ure, i.e. failure at average stress levels below the unconfined compressive strength, is
seen to be overcome only by pillars with larger width-to-height ratios.

The critical width-to-height ratio, at which the pillar strength exceeds the unconfined com-
pressive strength of the material, is w/h= 3.5 for the scenario S1 (Figure 87) with com-
petent intact and residual friction angles of 30°. For scenarios S2 (Figure 88) and S3
(Figure 89), where lower residual friction angle of 20° is used, the critical width-to-height
ratio is about w/h= 5.

These critical width-to-height ratios coincide with the point at which a markedly increased
strength in the strength versus width-to-height relationship appears. This brings the dis-
cussion back to the observations that at least two trends prevail in the peak strength
versus width-to-height relationship.
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Regressing the peak strength points in Figure 87 to Figure 89 from w/h= 1 forward to
the critical width-to-height ratios, shows that the first trend is linear, in all three scenarios.
Magnitude of peak strength and the strength gradient (i.e. the rate of increase in strength
over width-to-height) ranks in the three scenarios from highest to lowest in the order of
S1-S2-S3.

It is therefore shown that both the intact and the residual properties influence the shape
effect in pillars, which can further be understood from the context that at peak strength
failure, the pillar is only partially destroyed and partially intact. This aspect will be dealt
with in more detail at a later stage.

By the end of the linear strength trend, i.e. from the critical width-to-height ratio of
w/h= 3.5 in S1 and w/h= 5 in S2 and S3 onwards, a rapid increase in the strength
versus width-to-height ratio relationship follows. The peak strength of pillars that follows
is now more scattered and does not exhibit a clear trend. However, a linear relationship
is approximated here for simplicity of analysis.

The question arises as to the mechanism behind the kink in the strength versus width-
to-height ratio relationship. The following two statements can be derived from the mod-
elled scenarios S1 — S3 so far:

e The kink occurs in all three scenarios, regardless of the magnitude of intact or
residual properties, and at different width-to-height ratios. It occurs at the same
critical width-to-height ratios for scenarios S2 and S3, where different intact ma-
terial friction but the same residual material friction was selected. This suggests
that the critical width-to-height ratio for the occurrence of the kink is related to the
residual friction properties.

e If the magnitude of the kink is quantified as the ratio k of the assumed two linear
strength gradients m; and m», with k= mz/m; and m;>m;j, then it ranks from S1
(k= 6.90) over S3 (k= 3.76) to S2 (k= 2.21). The kink is larger the higher the
intact material properties and the lower the drop to the residual properties is.

Further studies will have to be conducted to confirm the observed trends. The influence
of residual strength properties on the occurrence of the kink at a given width-to-height
ratio is demonstrated in Figure 91, where the example of a pillar of w/h= 4 in S1 and S2
is taken up. In S1 the pillar has already experienced a squat effect, while in S2 this is not
the case. The investigation is carried out to identify the relationship between residual
friction and the squat effect. The complete stress-strain behaviour of pillars with w/h= 4
in the two scenarios S1 and S2 is showcased in Figure 91.
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Scenario S1: ¢,= ¢, = 30° Scenario S2: ¢,= 30°, ¢, = 20°
w/h= 4 w/h= 4

Analysis at Point C: 85000 steps, Analysis at Point C: 85000 steps,
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Plots of cohesion (1), vertical stress distribution YY-stress (2) and horizontal stress
distribution XX-stress (3) in pillars in scenarios S1 (left) and S2 (right) modelled in quarter-
symmetry.
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Figure 91. The effect of residual friction on the squat effect in FLAC model pillars.
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The characteristic features of the two curves are outlined in the following:

e Origin — A: Initial elastic response of the pillars to vertical compression. At stress
levels of approximately 70 % of point A, the corner elements along the upper
pillar boundary, i.e. the fictional interface with the strata, fail.

e A - B: Development of a shear band in both pillars, which can be observed in
the cohesion plots in Figure 91. The shear band starts from the upper right edge
at APS= 10.9 MPa in S1 and APS= 10.4 in S2 and propagates towards the spec-
imen centre. The shear band development causes a temporary drop in the aver-
age pillar stress.

e B - D, C: The average pillar stress recovers from its drop after the shear band
development and increases towards the peak pillar strength. In this phase, the
failed pillar sidewalls are essentially de-stressed and the increasing average ver-
tical pillar stress is carried by the remaining intact pillar core.

Point C is an arbitrarily selected point after the shear band has fully developed.
In both scenarios, it gives the state of the pillar at 85000 calculation steps in FLAC
and therefore the same vertical strain of 2.8 mStr. Subsequent to this point, the
pillar in scenario S1 with residual friction ¢,= 30° can increase its APS signifi-
cantly beyond the stress level where the first shear band developed. The pillar in
scenario S2 with residual friction ¢.= 20°, however, reaches its peak load bearing
capacity soon after point C is crossed.

e D - E: Failure of the remaining pillar core. In scenario S1 this failure causes in-
stabilities in the FLAC model, which in return cause a large drop in average pillar
stress. This drop can be partially recovered up to the level of residual pillar stress.
In scenario S2, the failure of the core is less abrupt and the average pillar stress
reduces gradually to the residual strength level.

e E —F: The pillar stress approaches its residual stress level.

Point C has been selected in order to demonstrate how the fate of the pillar depends on
its residual strength properties after some initial failure has taken place. At point C, both
pillars in scenarios S1 and S2 are subjected to the same level of vertical strain and show
the same pattern of failure. However, the pillar in S1 will be able to increase its strength
markedly (i.e. it will show a squat effect), while the pillar in S2 will fail prematurely at a
significantly lower stress level.

The plots of the vertical stress distribution (2) indicate that the outer zone of the pillar,
from the sidewall towards the depth of the shear band penetration within the pillar, carries
very little or no vertical stress. Therefore, all remaining and further induced vertical
stresses will be imposed on the pillar centre. At point C, the average vertical pillar
stresses in both scenarios are similar, APS= 10.2 MPa in S1 and APS= 9.4 MPa in S2.
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The horizontal stress distribution (3), however, follows a different pattern: only the
wedges enclosed by the pillar sidewall and the shear bands are de-stressed. The imme-
diately adjacent, intact material, is laterally confined by the failed wedges and therefore
carries some amount of horizontal stress.

The stress-contour plots (3) reveal that the generated horizontal confinement in the re-
maining intact core is much more competently developed in scenario S1 compared to
S2, i.e. it increases more rapidly towards the pillar core. The higher horizontal confine-
ment allows the pillar to carry greater vertical stresses and hence the superiority in
strength of the pillar in S1 compared to S2. In this context, it should be noted again that
the only difference between S1 and S2 is the assigned value for residual friction. It was
thus demonstrated how sensitive pillar strength and possible squat effect are t the resid-
ual material strength properties.

17.3 Correlations between material properties and shape
effects

The parametric study on the influence of residual material strength on the overall pillar
performance is expanded to incorporate a wider range of residual friction properties. The
intact material strength is again defined by c¢;= 4 MPa and ¢;= 30° and the residual
strength by the previously chosen c,= 0.1 MPa and, in 6 different scenarios, ¢.= 30°, 27°,
25°, 23°, 20°, 15° and 10°. The drop from intact to residual values occurs again instanta-
neously over a plastic strain of 0.1 mStr. Both the development of residual strength and
peak strength is studied until brittle-ductile transition occurs, or up to a width-to-height
ratio of 12.

It has been shown previously in Chapter 17.2 that the predicted residual pillar strength
over width-to-height follows an exponential trend. It was observed that the higher the
residual material friction angle in the models, the steeper the curvature of the residual
strength trend.

The generic expression for the residual strength trend is:

w
or=aexp(b-) (31)
where parameter a is responsible for shifting the residual strength proportionally over the
range of width-to-height and parameter b influences the curvature, i.e. the rate of expo-
nential strength increase.

Both parameters have been found to be a function of the residual friction angle, which is
the only parameter varied in this study. Figure 92 shows the correlation plots between a,
b and ¢..

Parameter a appears to be practically unaffected by residual friction angles less than 20°
and a strong correlation only develops for friction angles above that value. In the interval
of 20°< ¢.< 30°, parameter a is seen to decrease approximately linearly despite the fact
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that the residual strength increases at a given width-to-height ratio the higher the residual
angle of friction is. This is because the parameters a and b are not independent in the
regression analysis.
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Figure 92. Relationship of the exponential strength parameters a and b with ¢, in the
FLAC models.

Parameter b is observed to increase drastically over the entire range of residual friction
angles used in this study. Since parameter b controls the rate of residual strength in-
crease, it follows that the most rapid exponential strength trend is observed for a friction
angle of 30°, while the trend for a low friction angle of 10° is only gently sloping.

Given the exponential nature of the residual strength increase, the critical pillar width-to-
height ratio at which brittle-ductile transition is supposed to occur should be the lowest
for ¢= 30° and the highest for ¢,= 10°. In fact, brittle-ductile transition was observed in
the models at w/h= 5 for ¢,=27 — 30°; at w/h= 7 for ¢,= 23 — 25%; at w/h= 9 for ¢p.= 20°
and no brittle-ductile transition was observed for the very low residual friction angles of
¢r= 10— 15" up to w/h= 12.

The pillar peak strength has proven in all scenarios to develop as an approximately bi-
linear function of the width-to-height ratio up until the occurrence of brittle-ductile transi-
tion. In all modelled scenarios in this study, the first linear trend starting at w/h=1, is at
some critical width-to-height ratio interrupted by a kink. The kink is followed by a second
and more rapid increase in strength over width-to-height ratio (compare with Figure 87
to Figure 89). This kink is interpreted as the squat effect in pillars.

The critical width-to-height ratio at which the squat effect occurs is again found to be
dependent on the residual friction angle of the failed material in the pillar. For high resid-
ual friction angles of ¢,= 25 — 30° the squat effect occurs at w/h= 3.5, for ¢= 23" at
w/h= 4, for ¢,=15—-20 " at w/h= 4.5 and for ¢,= 10" at w/h= 6.

The rate of peak pillar strength increase before and after the width-to-height ratio at
which the squat effect occurs is quantified by the linear slopes m; and m; respectively.
The relationships between these slopes and the residual angle of friction in the different
models are plotted in Figure 93.
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Figure 93. Rates of pillar strength increase m; and m; prior and subsequent to the squat
effect as a function of the assigned residual friction in failed zones of the FLAC models.

The indicated trends are conclusive for the rate of strength increase m, after the occur-
rence of the squat effect: for residual friction levels less than 20°, the rate of strength
increase remains practically unaltered at values between m;= 1.3 — 1.5. With increasing
residual friction angles between 20 — 30° however, m; increases rapidly and consistently
by nearly five-fold over the entire range. This is yet more evidence for how closely the
squat effect in pillars is linked to the residual material properties of failed pillar zones.

Prior to the occurrence of the squat effect, a correlation between the strength gradient
m; and the residual friction angle is less discernible. An incremental analysis of the re-
sults indicates that m; scatters within a wider band for friction angles of ¢,= 10 — 25°
without showing any sign of increase and improvement for pillar strength. A relevant
increase in my is only evident for friction angles of ¢,= 27 — 30°.

This may show that for slender pillars prior to the squat effect, the residual friction angles
must be higher, i.e. in the range of ¢,> 25°, than those relevant for squat pillars (¢,> 20°)
in order to contribute to the overall pillar strength. Also, it is apparent that alterations in
¢ have a significantly stronger impact on the strength gradient m; than on m;.

It has been suggested in Chapter 17.2 that the squat effect may be quantified by the
parameter k= m;/mj. In the given scenarios, k remains at a low value of approximately
k= 2 for friction angles of 10°< ¢.< 20°, i.e. a squat effect is also predicted for very low
residual friction properties. The ratio then increases very rapidly and approximately line-
arly in the interval of 20°< ¢,< 30" up to a value of just below k= 7.

It should be noted that all the presented values are only valid for the boundary conditions,
mesh sizes, and material properties selected in the current study. Nevertheless, the
trends are clear as to the dominating importance of residual material properties on the
occurrence of a squat effect, the rate of squat pillar strength increase m;thereafter, and
the eventual brittle-ductile transition in pillars.
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17.4 Accounting for in-situ boundary conditions

The boundary conditions used so far in the conceptual study were drastically simplified:
either fully lubricated — allowing for equal lateral displacements across the entire pillar
height, or perfectly stiff and rigid — zero lateral displacements at upper and lower bound-
ary, and maximum lateral displacement in the pillar centre.

It was found that model pillars with fully lubricated interfaces experienced an instantane-
ous strength loss, which always occurred at the uniaxial compressive strength of the
material, irrespective of the pillar width-to-height ratio.

On the contrary, model pillars with perfectly rigid and stiff upper and lower boundaries
exhibited a shape effect, i.e. the strength increase with increasing width-to-height ratio.
However, it was also found that under those rigid boundary conditions undue stress con-
centrations occurred in the pillar corners which, after propagation, caused premature
pillar failure below the uniaxial compressive strength of the material.

Both scenarios exemplify extreme cases and oversimplify the boundary conditions ex-
perienced by laboratory specimens and in-situ pillars. Some attempt will be made in the
following paragraphs to reproduce the more complete boundary conditions encountered
in those environments.

In general these boundary conditions should encompass that (a) forces are transferred
onto specimen/pillar through loading platens or rock strata in the roof and floor, which
has superior stiffness to the coal specimen/pillar and some geometrical overlap over the
specimen/pillar and (b) the specimen/pillar is separated from its loading environment
through a mechanical interface, controlled by cohesion and friction.

In the following modelling exercise condition (a) will be realized by modelling a 2D strip
pillar with a sandstone-type hanging wall and footwall in quarter symmetry. The overlap
of the hanging and footwall over the pillar will be kept very small as compared to in-situ
conditions and will be just enough to produce the common stress concentrations at the
pillar edges. Also, the lateral boundaries of the rock strata surrounding the pillar will be
restricted in its lateral expansion, as would be the case in-situ. The mechanical interface
between the pillar and the rock strata, condition (b), is either rigidly attached or modelled
with a low cohesion and moderate angle of friction. The model geometry and material
properties are shown in Figure 94.

Initial models were also run with the same brittle constitutive law for coal, i.e. instantane-
ous cohesion and/or friction drop at the onset of plasticity. However, it was observed that
these models did not provide meaningful results, in that all pillars of different width-to-
height ratios failed at the same stress level, and immediately after fracturing initiated in
the pillar corners.
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Figure 94. Conceptual FLAC pillar model with in-situ boundary conditions.

This behaviour was found to be similar to that of a soft compression loading system in
the laboratory: upon initiation of failure in the test specimens, the stored energy in the
loading system is released onto the brittle specimens which results in immediate failure
of the specimens.

The solution was then to adjust the model so as to increase its overall stiffness. A first
approach was to reduce the loading rate drastically and eventually to use a FISH-function
for servo-controlled loading (Anon, 2011) in order to keep the unbalanced forces in the
models to less than 400 N. The running time of these models were consequently imprac-
tically high and the problem of immediate destruction of the pillar at onset of failure still
prevailed.

The next attempt was then to enhance the post-peak stiffness of the coal pillar by means
of (a) keeping a fine pillar mesh but reducing the brittleness of the coal by allowing co-
hesion and friction to reduce over a longer interval of plastic strain de, or (b) by keeping
the brittle constitutive law but reducing the number of zones used in the model to a coarse
grid, so as to prevent discrete strain localization.

Both attempts were successful in that meaningful shape effects were encountered in the
model pillars. The results of the two different modelling approaches are presented in the
following.

17.4.1 Fine grid with reduced pillar brittleness

The characteristics and trends encountered for the pillar models with a fine resolution
grid and non-brittle behaviour are summarized in Figure 95. It was found that the brittle-
ness of the coal pillar had to be reduced significantly in order to achieve meaningful
shape effects, and after several iterations a suitable plastic strain interval for the drop
from peak to residual properties was determined to be de,= 0.1.
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The model shown in Figure 94 was run with varying width-to-height ratios, with either
attached strata (Figure 95, left column) or a mechanical interface between strata and
pillar (Figure 95, right column). In both cases, the coal pillar itself is attributed with the
same mechanical properties and constitutive law. All pillars were loaded until core failure
occurred.

In both scenarios, the shape effect is such that the peak strength increases lognormally,
i.e. in a regressive manner, between w/h= 1 and w/h= 5 (attached strata) or w/h= 6
(interface). In this range, the rate of strength increase is only slightly larger for the pillars
that are rigidly attached to the strata. Failure always originates at the pillar corner, where
the first shear band that will penetrate into the pillar is produced. All pillars fail as soon
as yielding is initiated. The same mechanism has been described for the simplified mod-
els in the previous study.

A second peak strength trend is observed for pillars with greater width-to-height ratio:
the rate of strength increase becomes linear and steeper up to w/h= 8, where brittle-
ductile transition occurs in both pillar scenarios. It is important to note that for the second
ascending branch of the strength versus width-to-height relationship, the boundary con-
ditions between pillar and strata have a significant impact on the general model perfor-
mance. A rigidly attached strata produces the greatest rate of strength increase as com-
pared to the mechanically inferior interface.

The corresponding stress-strain curves, however, demonstrate that the peak strength of
pillars with w/h> 5 or 6 in the two scenarios is only reached at significantly higher strain
values than encountered for the more slender pillars. This gives rise to the question of
whether the performance of these pillars should rather be interpreted as strain-hardening
for practical mine design purposes, where such large strains might be unlikely to occur.
A suitable answer to this question can only be found from calibrated numerical models.
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mechanical interface.

Figure 95. Stress-strain behaviour, strength trends and failure pattern in FLAC model
pillars with “fine” mesh, non-brittle constitutive law, in-situ boundary conditions and dif-

ferent w/h-ratios.
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An explanation for the relatively poor performance of models with a weak mechanical
interface between the strata and the pillar can be found in the failure patterns (Figure 95)
produced in the coal pillars. In the scenario where the strata is rigidly attached to the coal
pillar, the shear failure occurs just off the pillar-strata boundary within the coal itself, as
the coal is the weakest element in the pillar-strata system. The resistance to shear failure
of the coal, with ¢,= 4 MPa and ¢,= 30° is greater than that of the mechanical interface
in the other scenario, with c= 0.1 MPa and ¢= 20°. Therefore, one function of the at-
tached pillar-strata system is to provide greater resistance to shear failure. The other
contribution is that the intact coal immediately adjacent to the strata does not slip laterally
and therefore contributes to the overall confinement generated in the pillar. Due to this
enhanced confinement, the resistance of the coal pillar against failure is additionally im-
proved. The overall consequence is that the squat effect in these model pillars occurs at
an earlier width-to-height ratio, with a more rapid second strength increase.

In return, the failure patterns observed in pillars with a relatively weak mechanical inter-
face are such that shear bands can easily develop between the interface and the pillar
centre, producing a uniform zig-zag pattern. Since the interface slips after failure, the
residual confinement generated in the pillar is lower. In fact, it is observed in the stress-
strain graphs in Figure 95 that pillars up to w/h= 6 and with the weak interface cannot
regain strength after the first shear band has developed from the pillar corner. The partial
regain of strength, however, can be observed for the rigidly attached pillars.

The residual strength of pillars after failure is again observed to increase exponentially
in both scenarios over the full range of investigated width-to-height ratios. However, the
interface conditions retain their impact on the pillar performance, even in the final residual
strength state, in that the rate of exponential strength increase is markedly more rapid
for the attached coal-strata system as compared to the interface boundary condition.

17.4.2 Coarse grid with high pillar brittleness

The performance of model pillars with a coarse grid, i.e. only 10 square zones in vertical
direction, and the brittle constitutive law (de,= 0.001 as used in the previous, simplified
models) is summarized in Figure 96.

The shape effects produced by these models are principally similar to those described
for the “fine” mesh and non-brittle models described above, in that two branches of
strength increase prevail and that brittle-ductile transition is encountered at an elevated
width-to-height ratio. However, the role of the pillar-strata boundary condition is now re-
versed in these brittle models: the first rate of strength increase in intervals of w/h= 1 —
6 is now slightly higher for the models with a mechanically inferior interface as compared
to the fully attached strata. After the squat effect, the superiority of the weaker interface
becomes even more pronounced, allowing the pillars to become stronger than their coun-
terparts with attached strata.
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Figure 96. Stress-strain behaviour, strength trends and failure pattern in FLAC model
pillars with “coarse” mesh, brittle constitutive law, in-situ boundary conditions and differ-

ent w/h-ratios.
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This observation was certainly unexpected, and some attention was given to the ques-
tion of whether this effect was caused by the brittle constitutive law or by the coarse pillar
mesh and the avoidance of strain localization (the failure patterns in pillars with a coarse
mesh are “smeared”). A practical answer was found by running the “coarse” mesh mod-
els with the same non-brittle law as for the previous “fine” mesh models. Here it was
observed again that the rate of strength increase in pillars was higher for the attached
boundary conditions. This suggests that it is the brittleness of the pillar, and not its mesh
density, which determines whether a weak interface will work to the advantage or disad-
vantage of the structure.

Besides the discrepancies produced by the different boundary conditions for the peak
pillar strength behaviour, the residual pillar strengths in both scenarios are very similar,
which suggests once more that the sensitivity of pillars in different boundary conditions
is also dependent on the brittleness of the structure.

An interesting observation is that the exponential trend for the residual strength appears
to be terminated as soon as the squat effect occurs in pillars: for pillars with larger width-
to-height ratio, the rate of residual strength increase appears to be only linear.

In this context, the question must be raised once more whether pillars beyond the squat
effect were not more suitably addressed as being strain-hardening, given the following
facts: For one, the strain at which the peak strength of these pillars is encountered is
disproportionally large as compared to the more slender pillars. This can be observed in
particular for the pillars of w/h= 8 in Figure 96. The second reason is that the first trends
of linear peak strength and exponential residual strength do predict brittle-ductile transi-
tion in pillars of w/h> 7.

It has been experienced in FLAC modelling that every strain-softening pillar eventually
suffers a breakdown in strength, provided that sufficient compression is applied to its
boundaries. Therefore, the distinction between brittle pillars (i.e. those which exhibit a
strength drop) beyond the squat effect, and strain-hardening pillars, is only a conceptual
one. This is also true for the specimens tested in the laboratory, since every intact core
of seemingly strain-hardening pillars would eventually crush, if sufficient load can be
provided to the specimen.

17.5 Comparison with shape effects in physical specimens

The numerical simulation of pillar strength under various boundary conditions has con-
firmed all three main characteristics of the shape effect in rocks encountered in the la-
boratory study. These are: (1) a progressive increase in residual strength over width-to-
height ratio; (2) approximate bi-linearity in the peak strength trend; (3) brittle-ductile tran-
sition in specimens and pillars. A detailed discussion follows:
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1) Progressive increase in residual pillar strength with increasing width-to-
height ratio up to the brittle-ductile transition

Numerical pillar models compute an exponentially increasing residual strength for in-
creasing width-to-height ratios, which is in general agreement with analytical models that
have been developed by different authors (see Chapter 3.4.1).

Similarly, the residual strength of the rock, coal and coal-crete specimens tested in the
laboratory increase patrticularly, even though an exponential trend is less discernible for
most rocks. The trends are generally less well developed, presumably because of the
loss of fractured material from the specimen during the post-peak compression, which
almost invariably occurs for rocks and coal if no artificial constraint is provided. In the
ideal continuum computations of the numerical and analytical models, this loss of mate-
rial or modification in shape is not considered and hence the improved results for residual
strength.

The best trend has indeed been observed for coal specimens. Figure 97 plots the resid-
ual strength in coal specimens of different width-to-height ratio as obtained in the labor-
atory study (Chapters 12 — 14). The best-fitting regression to the data yields a polynomial
curve, even though an exponential trend may still represent the development appropri-
ately, in particular for width-to-height ratios up to w/h= 9.
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2) Approximate bi-linearity of peak pillar strength in its relationship to the
width-to-height ratio, caused by a squat effect

Bi-linearity in the peak strength trend has been observed most precisely on the granite
specimens tested in the laboratory. It was also indicated by the coal-crete and sandstone
specimens. The numerical models do generally confirm this bi-linearity, including two
minor phenomena which occurred in the laboratory, namely the small offset in between
the first and the second trend branch in the strength versus width-to-height relationship
and the relatively larger scatter of results in the second branch.

The critical width-to-height ratio for the occurrence of the second branch of strength in-
crease and the related gradient of strength increase has been shown to depend signifi-
cantly, though not entirely, on the residual material strength properties. The great sensi-
tivity towards the residual strength properties is because a pillar is always partially failed
and intact just before its maximum load bearing capacity is reached and hence the con-
tribution of the failed material to the confinement and load bearing capacity of the re-
maining intact core. Other contributing factors are the material intact properties and the
boundary conditions at the pillar-strata-interface, as shown in Figure 95.

The occurrence of bi-linearity in pillar strength is called the squat effect. The squat effect
starts in pillars and specimens when a critical combination of residual strength properties
and width-to-height ratio is reached. The lower the residual material strength, the greater
the required width-to-height ratio for the occurrence of the squat effect, and vice versa.

In numerical models it was demonstrated that pillars in the first branch of the bi-linear
peak strength trend, i.e. before the squat effect, reach their maximum load-bearing ca-
pacity when the first shear failure is produced in the structure. They are not able to ex-
ceed the stress level at which this first failure is encountered, even if the first shear frac-
ture does not penetrate through the pillar core.

However, specimens and pillars in the second branch, i.e. after the squat effect, can
recover from the first shear failure development in its sidewalls, since sufficient confine-
ment is provided to the remaining intact core. The points of first yielding and peak
strength loss are therefore clearly distinguished.

This behaviour can also be observed precisely on the granite test specimens. It had
already been noted in Chapter 13.1.1 that some stress-strain curves for granite display
distinct kinks, related to fracturing of the specimen, before the peak strength is reached.

The stress-strain graphs of granite specimens were re-analysed for the specimen yield-
ing behaviour and the results are plotted in Figure 98 (left). Before the occurrence of the
squat effect, the moment of yielding and peak strength loss are practically indistinguish-
able (yield= peak). When the strength of the specimens increases more rapidly at greater
width-to-height ratios, the pre-peak yielding becomes more evident. Interestingly, the
level at which yielding first occurs in the specimens appears to be a continuation of the
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trend where peak strength loss was encountered in the more slender specimens. This
Yield 1 sometimes manifests in the stress-strain graphs as a very small and temporary
drop in strength, sometimes only as a deviation of the curve from linearity. Yield 2 how-
ever, which occurs subsequent to Yield 1, is always a short breakdown in strength. For
comparative purposes, the behaviour of numerical models (the pillar model with attached
roof presented in Figure 95 is taken as an example) is plotted in Figure 98 (right) as well.

800

e Yield = Peak ® Yield = Peak
. A 60 1 e Yield A
600 1 ¢ Yield 1 2 Peak
ol = Yield 2 T
o a i
= A Peak =40
»n 400 A 1%}
%] [%]
2 0 I R P SR R .
%] e n P -
[ 20 { e
200 7 ) ) ¢ Numerical model
Granite specimens
0 T T T T T T 0 T T T T T T
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
Width-to-height Width-to-height

Figure 98. Yield and peak stresses observed in granite specimens (left) and numerical
models (right).

Unfortunately, the numerical models have not been able to explain why the squat effect
did not occur in coal specimens. The coal specimens tested in the laboratory had shown
only a regressively increasing strength trend for the entire range of 1< w/h< 10, without
showing any bi-linearity. This was found to be in line with tests on coal specimens pub-
lished by international authors.

The experience with numerical modelling of shape effects in specimens and pillars would
suggest that, in order for bi-linearity to be absent, two conditions must apply: for one, a
very low residual strength of coal, which does not allow for early-brittle-ductile transition
and for a meaningful squat effect. Secondly, very poor boundary conditions, i.e. a low
frictional contact between the specimen and the loading platens, which additionally con-
tributes to a low confining environment.

At this stage, however, this can only be hypothesized. It has been experienced that two-
dimensional FLAC models always produce at least very small squat effects, even if com-
paratively low residual material cohesion (0.1 MPa) and friction (15°) in combination with
low interface friction (15°) are used. This may indicate that the problem lies within the
continuum assumptions made in FLAC, in that no spalling and reduction of core confine-
ment can occur.

The shear strength of the coal-steel interface in the laboratory setup has also been
shown to be relatively competent as compared to the other rock-steel interfaces in the
tests, at least at the low normal stresses at which the shear box tests were conducted.
This leaves only the possibility that the coal-steel-interface properties weaken at higher
normal stresses and deteriorate very rapidly once the first failure starts in the coal spec-
imens. It seems likely that the contact between the coal specimens and steel platen is
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partially lost in the brittle failure process, with adverse consequences for the confinement
generated in the remaining intact portions of the coal specimens.

3) Brittle-ductile transition

Laboratory specimens fail in a brittle manner at low width-to-height ratios, in that they
encounter a sudden or gradual loss of load-bearing capacity at some level of compres-
sion, until they reach a more or less constant residual strength level at higher vertical
deformation. The residual strength increases progressively, and the post-peak stress-
strain slope flattens gradually with increasing width-to-height ratio. At some critical width-
to-height ratio the post-peak slope is a horizontal line and the residual strength concep-
tually equals the peak strength of the specimen, i.e. no further drop in strength is en-
countered. This is the point at which brittle-ductile transition is encountered.

Specimens and pillars with width-to-height ratios beyond the critical range experience
some amount of failure in their sidewall, but can increase their load bearing capacity far
beyond the point of yielding. This behaviour has been termed ductile or strain-hardening.

It has been shown in the numerical models — and also in a few cases experienced in the
laboratory — that even those strain-hardening pillars and specimens may eventually ex-
perience a temporary and relatively small, recoverable drop in load-bearing capacity,
when shear cracks develop through the central core of the structure. These drops occur
invariably at much larger stresses and strains as compared to the range where strength
drops would occur in the more brittle specimens and one could argue that these strains
are unlikely to occur in pillars in regular bord-and-pillar layouts. Nevertheless it must be
noted that some amount of temporary load-shedding and energy dissipation may occur
in strain-hardening pillars as well.

Numerical models have shown that an early brittle-ductile transition at a relatively low
width-to-height ratio indicates a relatively competent residual material strength. In the
laboratory, sandstone and coal-crete specimens experienced the brittle-ductile transition
at very similar width-to-height ratios, which may indicate a comparable residual strength
of the two materials. Coal, however, did not show any signs of brittle-ductile transition in
the same range and it is therefore concluded that the residual strength of coal specimens
in the laboratory environment is relatively poor (see discussion above). Granite speci-
mens did not experience the brittle-ductile transition either because the specimens failed
so violently that a further, stable loading through the testing machine could not be guar-
anteed or because they disintegrated so abruptly that a residual specimen strength prac-
tically did not exist.
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18 On calibrated coal pillar models — in-situ
compression tests revisited

A number of calibrated coal pillar models are published in literature, as reported in Chap-
ter 16. The calibration procedures, however, can differ significantly and hence the pre-
dicted (extrapolated) behaviour of pillars with larger width-to-height ratio also differs.

The problem of extrapolating pillar behaviour in FLAC or any other numerical code be-
yond the calibration range lies in the fact that the required combination of model input
parameters to represent one single pillar stress-strain curve or peak strength trend is not
unique. Usually, a number of parameter combinations, together with a suitable mesh
density and loading rate can give the desired output in the calibration range.

The particular problem with extrapolating squat pillar behaviour lies with the correct es-
timation of residual strength properties. In calibrated models published so far, the resid-
ual parameters were estimated based on laboratory experience or arbitrarily selected.
However, it has been shown in the previous chapters that the squat effect and the brittle-
ductile transition are very sensitive to the correct choice of residual material properties.

Unfortunately, the residual strength properties of large-scale coal pillars are unknown
and unlike the elastic properties, are difficult to obtain from physical testing. They will
depend on the fragmentation pattern in coal pillars subsequent to failure, i.e. the number,
orientation and shear strength of discontinuities produced. Furthermore, the pillar may
lose its residual strength characteristics further in the process of spalling.

In absence of feasible direct testing techniques for residual pillar strength properties,
these parameters will have to be inferred from observations such as the full stress-strain
behaviour of pillars in compression. The most accurate and complete information in this
regard is available from compression tests reported by Van Heerden in 1974.

Van Heerden tested 10 pillars of 1.4 m square width, of which two pillars each had about
the same height of 1.2 m, 1 m, 0.7 m, 0.5 m, 0.4 m to account for varying width-to-height
ratios between w/h= 1 — 3.4. The test pillars were cut out from the corners of real mine
pillars and maintained their natural attachment to the mine floor, while hydraulic jacks
were placed tightly in the gap between the top of the test pillars and the mine roof. The
pillars were then loaded through the hydraulic jacks in displacement control, i.e. equal
displacement across the entire pillar base area, until the residual strength state was
reached. The vertical deformation of the test pillars during compression was recorded
through LVDTs attached to the pillar sidewalls and, after failure, calculated from the dis-
placement of the hydraulic pistons.

The original CSIR report (Van Heerden, 1974) on Van Heerden’s investigation was ob-
tained, in which stress-strain graphs for all ten pillars tested were provided. The graphics
were reproduced digitally and checked for accuracy by comparing the peak pillar strength
provided by Van Heerden in his report with the result obtained from the digitized
graphics. The average deviation between the two sets of measurements was found to
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be only 0.112 %. The reproduced stress-strain behaviour of coal pillars in Van Heerden’s
test are plotted in Figure 99. The characteristic features, i.e. average stresses and strains
for the pillar width-to-height pairs at the point of yield (here interpreted as the point of
deviation from linear elasticity), peak and residual strength (the point upon which the flat

portion of the post-peak curve is reached) are analysed in Figure 100.

25 -~No. 1, wh= 1.14

==No. 2, wh=1.15

No. 3, wh=1.28

20 =<No. 4, w/h=1.31

-0-No. 5, wh=1.83

= No. 6, wh=2.13

% 15 No. 7, wh=2.79

— No. 8, w/h=2.79

2 ~~No. 9, wih= 3.28
&3 10 <-No. 10, w/h=3.39

O T T T T T T T
0 10 20 30 40 50 60

Strain [mStr]

70

Figure 99. Stress-strain behaviour of coal pillars in Van Heerden'’s large-scale in-situ

tests, reproduced from Van Heerden (1974).
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Figure 100. Average yield, peak and residual stress and strains in coal pillars of different

w/h-ratios tested by Van Heerden.

It is observed that yielding was initiated in these pillars at about 90 % of the ultimate load
bearing capacity, a threshold that is somewhat higher than the 70 % level for yielding

reported by Bieniawski (1968b) and Wagner (1974) for their in-situ experiments.
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The trend of yield and peak stress levels is approximately linear over the investigated
range of width-to-height ratios, seemingly without any divergence between the two
trends. The residual strength is observed to increase progressively.

The related strains at yield, peak and residual strength develop linearly, with some small
amount of divergence occurring between the strains at yield and peak with increasing
width-to-height ratio. This indicates that the pre-peak yielding modulus reduces, i.e. the
pillar becomes softer in the pre-peak yielding stage with increasing width-to-height ratio.
The level of strain at which a pillar reaches its residual strength level increases most
rapidly, causing the post-peak brittleness of the pillar to decrease.

A perfectly calibrated numerical model would be able to reproduce these trends in quality
and magnitude. Important in this context is that one set of model input parameters must
be found that matches the evolution of stress and strain trends over the entire empirical
range of width-to-height ratios.

The trends for peak and residual strength in Van Heerden’s experiments are extrapolated
to greater width-to-height ratios in Figure 101. Both exponential and polynomial fits are
presented, to cover different scenarios of progressive strength increase encountered in
numerical models and in the laboratory. Also shown in Figure 101 are different trend
lines fitted to the post-peak slopes observed in Van Heerden’s tests.

Following the peak and residual strength trends, the prediction is such that brittle-ductile
transition would occur between w/h= 5 — 6. This predicted interval is in the range where
brittle-ductile transition is encountered for other rocks and rock-analogue materials in the
laboratory, such as the sandstone and coal-crete specimens. The question however, is
why the predicted results differ from the observations made on the coal specimens tested
in the laboratory.

It has already been suggested in Chapter 17.5 that the relatively poor performance of
coal specimens in the lab might be due to a partial loss of contact between the coal
specimens and steel loading platens in the brittle failure process, with adverse conse-
gquences for the confining environment around the specimens. In Van Heerden’s large-
scale tests however, the coal specimens were rigidly attached to the mine floor and the
top loading platen, which consisted of strong concrete, was cast onto the specimens.
One can therefore safely assume that both the cohesive and frictional strength of these
interfaces were far more competent compared to those in the laboratory, which made it
more difficult for the failed coal material to lose contact and deteriorate the loading envi-
ronment. This may explain why, in Van Heerden’s tests, the overall residual specimen
strength can increase at a faster rate.
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Figure 101. Extrapolated trends for peak and residual strength (top) and post-peak stiff-
ness (below) in Van Heerden'’s large-scale in-situ tests.

It is important to note that a FLAC pillar model that is accurately calibrated against Van
Heerden’s peak and residual strength trends must necessarily predict the same range
for brittle-ductile transition, in particular because FLAC always computes an exponential
increase in residual strength. Only the linear or regressively curving peak strength trend
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may be interrupted by a squat effect shortly before brittle-ductile transition occurs. This,
however, may not be of great practical consequence for pillar design, since the latest
update of empirical pillar strength equations (Van der Merwe and Mathey, 2013c) has
shown that one single trend in strength can be safely assumed for coal pillars up to w/h=
4.4,

The observation that the trend for post-peak slopes in pillars does not reach zero in the
interval may compromise to some extent the reliability of the prediction of brittle-ductile
transition at w/h= 5 — 6. In fact, the best-fit power equation for post-peak slope trends
even implies that a slope of zero will not be reached for any width-to-height ratio, which
does not seem plausible.

The question is also how reliable post-peak trends are for the prediction of brittle-ductile
transition in pillars. Even in the controlled environment of a laboratory it has not been
possible to determine one continuous trend in post-peak slopes of the test specimens
(see Chapter 13.1.3), at least not reliable enough to base accurate predictions on these
trends. The fundamental trends in peak and residual strength of pillars and specimens
of different width-to-height appear to be more conclusive for the prediction of brittle-duc-
tile transition.

It has also been experienced that it is very difficult to mimic the decreasing brittleness of
post-peak slopes of increasing pillar width-to-height ratios in FLAC models. Typically, the
immediate post-peak behaviour of FLAC model pillars tend to become increasingly brittle
(see Figure 86, Figure 91, Figure 95, Figure 96) with increasing width-to-height ratio, in
particular when mechanical interfaces are used between pillar and strata. This has also
been observed in full stress-strain curves provided by other authors (Salamon et al.,
2003). Attempts have been made to control the post-peak brittleness of FLAC model
pillars through variations in loading rates and the servo-controlled loading FISH function.

Some further caution must be exercised when interpreting FLAC or analytical predictions
on pillar strength trends: the assumption that underlies both analytical models and nu-
merical FLAC models is that the pillar remains a continuum in the pre-failure and post-
failure state, in that failed portions of the pillar stay attached to the intact parts and there-
fore always provide some level of confinement.

This is rarely true for in-situ pillars, where invariably some kind of spalling of failed ma-
terial occurs, if no additional constraint is provided to the pillar sidewalls. Consequently,
the trends in the residual strength of specimens may differ to some extent from the ideal
exponential curve predicted by FLAC models.

Principally, FLAC would allow users to set the mechanical and physical properties of
failed zones along the pillar sidewalls to zero in an interactive process in order to simulate
the loss of material and confinement. This modelling exercise is, however, complicated
by the fact that a failure criterion for spalling is not available and that spalling is to a large
extent influenced by the time-dependent weakening process of coal, which is not fully
understood yet.
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The importance of generated confinement in the pillar core from failed peripheral material
has been clearly pointed out in the numerical modelling exercise, in particular in terms
of possible squat effects, the second rate of strength increase thereafter, and the critical
width-to-height ratio for brittle-ductile transition. It is therefore evident that spalling of pil-
lar sidewalls over time work to the disadvantage of all the effects relevant for squat coal
pillar behaviour.



PART V

Conclusions and outlook
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The strength and failure associated with squat coal pillars has piqued the interest of
international researchers for many years. Despite the various efforts that were directed
at observing in-situ pillar behaviour, or studying model pillars analytically, numerically or
through physical modelling in the laboratory, a unified understanding of the mechanisms
contributing to strength and failure of these structures could not be derived so far.

The problem manifests already in the squat pillar terminology adopted internationally:
while in South Africa and Australia, squat pillars are said to have width-to-height ratios
greater than 5 and follow an exponential rate of peak strength increase, the understand-
ing in the United States is such that a squat pillar has a width-to-height ratio greater than
8 and is essentially characterized by a strain-hardening failure mechanism beyond the
brittle-ductile transition.

Both explanations for strength and failure mechanisms have been observed by different
researchers in physical laboratory tests on sandstone model pillars, and the question
arises as to how the two opposing phenomena can be reconciled. There is however, a
clear understanding in literature that compression tests on coal model pillars neither sup-
port an exponential strength trend for pillars with width-to-height ratios greater than 5,
nor the occurrence of brittle-ductile transition at a shape ratio of 8 or lower. Strength
trends for coal model pillars have always been observed to take a regressively increas-
ing, or at best linearly increasing form, and brittle-ductile transition does not occur for
width-to-height ratios smaller than 10. That is, if it occurs at all in the presented studies.

The discrepancy between test results for rocks and coals strongly suggests that intrinsic
material properties can have a significant influence on the relationship between pillar
shape and strength.

A clarification of the role of intrinsic material properties for shape effects in pillars also
becomes important because a number of coalfield-, seam- and site-specific strength for-
mulae for South Africa have already been suggested. Would this strength variation also
have an impact on the evolution in strength of pillars with squat width-to-height ratios?

Ultimately this question gains momentum by the fact that the current South African squat
pillar formula has been proposed based on the observation of sidewall failure patterns of
squat pillars at three sites in the coalfields of KwaZulu-Natal. The argument has been
that sidewall failure in these pillars was so limited that they would suggest a significantly
higher strength of the structures as compared to the conservative estimation from the
extrapolated Salamon and Munro (1967) equation, which was mainly derived from pillar
failures in the Witbank coalfield. However, it can be hypothesized that this mismatch in
observed and predicted strength could have simply arisen from variations in coalfield-,
seam- or site-specific coal strength. Unfortunately, no attempts had been made to com-
pare the fractures in squat pillars to those in slender pillars at the same site, which could
have served as some kind of calibration to the observation.
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Further evidence for the validity of the exponential form of the South African squat pillar
formula was sought in laboratory tests on sandstone model pillars (Madden, 1990). The
finding however, was such that no exponential peak strength trend occurred for speci-
men width-to-height ratios greater than 5, but instead brittle-ductile transition occurred.
The validity of simulating coal pillar behaviour by using sandstone model pillars must
further be questioned, as coal and sandstone evidently behave very differently in labor-
atory tests.

Since no further proof of the validity of the South African squat pillar formula is available
from in-situ large-scale testing or failed pillar cases, the question as to the strength and
failure mechanism of squat pillars is open to further investigation.

The research conducted within the frame of this thesis is structures into a statistical anal-
ysis of mechanical properties of South African coals; a comparative testing of coal and
rock model pillars under the same boundary conditions in the laboratory; and a concep-
tual numerical evaluation of shape effects in model pillars.

The mechanical properties of South African coals

The statistical analysis of mechanical properties of South African coals is based on a
comprehensive database compiled from tests conducted by the different local coal min-
ing houses, and which sources to a smaller extent from tests conducted by the author.
The mechanical properties of 13 seams in 5 coalfields are represented in this database.

The initial intention was to detect local variations in strength properties that would explain
the differences in pillar strength encountered in South Africa. Interestingly, however, ev-
idence for such variations could not be established:

For the uniaxial compressive strength of coal specimens, the South African average is
around 22 MPa. The individual seam averages scatter only very little around this value;
minimum and maximum seam averages of around 20 MPa (e.g. Witbank Nos. 1 and 4
seams, Vereeniging-Sasolburg Middle seam) to 26 MPa (e.g. Highveld No. 2 and Veree-
niging-Sasolburg No. 2 B seams) are found. This highlights a remarkably small difference
between the seams in South Africa, while published results for seams in the U.S. and
India are significantly more diverse. Colliery-specific or site-specific uniaxial compressive
strength of South African coals could not have been determined so far, because a greater
amount of statistical evidence is required for this detailed level of analysis.

Greater seam-specific differences for South African coals can only be identified from
triaxial tests. The available data suggests that seams No. 5 in the Witbank coalfield and
No. 4 in Highveld exhibit a significantly more rapid increase in strength with confinement
as compared to the relatively consistent group of Witbank Nos. 2 and 4, and the Veree-
niging-Sasolburg Top and Middle seams. The Ermelo C Lower seam displayed the low-
est rate of strength increase. It must, however, be admitted that perhaps too few statis-
tical data are available on the triaxial strength of different seams to substantiate this
conclusion.
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Therefore, the review of mechanical coal properties in South Africa does not yield direct
implications for pillar strength and design in the different mining environments. However,
a number of findings of academic interest arose, which may stimulate further research.
These findings are:

(1) The uniaxial and triaxial compressive strength and the indirect tensile strength of all
South African or seam-individual coal tests can be represented satisfactorily by a single
statistical distribution. This may further support the view that no site-specific pattern in
basic coal strength can be detected from laboratory testing.

(2) Mechanical tests which apply a uniaxial stress field to the specimen tend to give a
lognormal distribution of the results, (UCS, E, ITS), while triaxial compressive strength test
results are normally distributed.

(3) It is suggested that the differences in the distributions arise from the influence of
discontinuities in the coal specimens. While test reports indicated that around 90 % of
strength failures on UCS specimens was influenced by natural discontinuities, only 27 %
of all TCS specimens showed this pattern. It can also be demonstrated that very small
confining pressures of 2 MPa are already sufficient to minimise the number of specimens
whose failure is influenced by discontinuities. This bears the implication that the uncon-
fined compressive strength of intact coal can be more suitably addressed from triaxial
strength tests at low confining pressures than from direct unconfined testing.

(4) The analysis further suggests that for confining pressures of 20 MPa and higher the
adverse influence of discontinuities on specimen strength vanishes. Practically, this
means that pillars which can generate this confinement in their confined cores may not
be adversely affected by the presence of discontinuities either.

It was shown that correlations between material properties, such as density and UCS, or
UCS and elastic modulus, or other correlations between mechanical properties and the
depth of sampling, are not discernible from the database.

Laboratory investigation into the shape effect in rocks and coal

The influence of intrinsic material properties on shape and possible squat effects was
then further investigated in a laboratory testing programme on specimens with small and
very large width-to-height ratios.

A coal sample was obtained from the No. 4 seam operations at South Witbank colliery.
Two samples of sandstone and granite were chosen to represent soft and hard rock in
the testing programme. Also, a composite material called coal-crete, consisting of coal
fragments and a binder mixture was developed as a mechanical analogue to coal. The
particular mixture used in the testing programme on shape effects in model pillars was
weaker than the coal sample obtained from South Witbank colliery and therefore pro-
vided the lower limit of material properties investigated in the study.
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Rock, coal and coal-crete specimens were prepared from 42 mm cores, which were trun-
cated in height to represent different width-to-height ratios. Additional coal-crete speci-
mens were obtained by casting the material into moulds of 100 mm and 150 mm square
base width and various width-to-height, so as to create specimens of sufficient size to
allow for accurate observations of fracture patterns in the model pillars.

The tests were carried out in an MTS testing machine, making use of hardened-steel
loading platens to apply compressive forces to the specimens. During the tests, the
force-displacement relationship of the machine’s actuator was recorded and the stress-
strain response of the specimens were inferred. The contact friction angle between the
loading platens and specimens was determined through a number of shear box tests.
The basic mechanical properties of the selected materials was determined from uniaxial
compression tests with strain-gauges and triaxial compression tests.

The test results for coal-crete and sandstone show a gradual reduction of the post-peak
slope of the stress-strain curve with increasing width-to-height ratio, while the residual
strength increases. At a critical width-to-height ratio the post-peak slope becomes prac-
tically zero and the residual strength equals the peak strength. This phenomenon is
termed the brittle-ductile transition in pillars or specimens. Specimens with width-to-
height ratios greater than the critical point still undergo some yielding, but perform in a
ductile or strain-hardening manner. They can increase their load-bearing capacity far
beyond the expected range of failure with further deformation taking place.

The critical width-to-height ratio for brittle-ductile transition in coal-crete and sandstone
specimens is between w/h= 5 — 7.5. Also, coal model pillars indicated this behaviour,
but at higher width-to-height ratios of w/h= 9 — 11, consistent with the experience pub-
lished by other researchers in literature. The gradual reduction of brittleness, however,
only manifested in coal as a progressive increase in the residual strength of coal with
increasing width-to-height ratio, but not conclusively as a flattening of the post-peak
slope. The granite specimens failed in a very brittle, even violent manner at peak
strength, so that a post-peak behaviour could not be determined for this material.

A second phenomenon observed in the testing programme is that of bi-linearity in the
peak strength versus width-to-height relationship of the non-coal model pillars. This phe-
nomenon is defined as the squat effect. Bi-linearity is strongly evident for the granite
specimens, where the first, linear branch in the peak strength trend is succeeded by a
second linear and more rapid rate of strength increase from a critical width-to-height ratio
of about 4 onwards. Bi-linearity is also suggested by the test results for coal-crete and
sandstone, with the squat effect occurring at between w/h= 4 — 5. In these two cases,
however, the second branch of strength increase was soon interrupted by the occurrence
of brittle-ductile transition so that the evidence is not as conclusive as for the granite.

Coal specimens, in contrast, are different in behaviour from the rock and compaosite ma-
terials in that they only showed a single, regressively increasing strength trend over the
entire range of tested width-to-height ratios, up to the point where brittle-ductile transition
is indicated (w/h= 9 — 11). A squat effect is therefore not evident for coal specimens.
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Further investigation included the observed relationship between bi-linear strength
trends and the intrinsic material properties. When the results from the laboratory pro-
gramme are combined with data published by other researchers, it can be shown that
the first linear rate of strength increase, up to about w/h= 4, is strongly correlated to the
material’s cohesion. The stronger the cohesion, the more rapid the rate of strength in-
crease. Elastic modulus and UCS, which both correlate with cohesion in standard core
testing, also correlated well with the rate of strength increase. Interestingly, the angle of
internal friction, which quantifies a material’s capacity to convert confinement into addi-
tional load-bearing capacity, does not show any correlation with the shape effect.

The relationship between the basic strength of a material and its potential strength in-
crease with increasing width-to-height ratio is also evident for in-situ coal. The latest up-
date of coal pillar failures, together with large-scale in-situ compression tests conducted
in South Africa, was reviewed in this regard. The analysis confirms that Bieniawski’s
formula for the strength of coal pillars with different seam strength and w/h< 4, equa-
tion (14), is still the most versatile expression to address the correlation between strength
and shape effects in relatively slender coal pillars in different environments.

A relationship between the intact material properties and the second, linear rate of
strength increase for model pillars with w/h> 4 could not be established from laboratory
data. However, an important clue can be derived from the observation that all peak
strength trends would eventually lead to the occurrence of brittle-ductile transition at suf-
ficiently large width-to-height ratios: the fracture patterns in specimens at the point of
brittle-ductile transition show extensive fracturing and core failure. It is obvious that the
high transitional stress levels were only sustained by the frictional resistance of the frac-
ture network, assisted perhaps by a smaller contribution of residual cohesion.

It is thus hypothesised that the strength and failure mechanism in specimens transits
from a predominantly cohesion-controlled strength to a predominantly (or at least signif-
icantly) friction-controlled strength with increasing width-to-height ratio. This logic would
also suggest that the second linear branch of strength increase before the brittle-ductile
transition, i.e. the squat effect, is caused by a substantial contribution of friction and in
general by the residual material properties to the peak strength. The hypothesis has been
further tested in the conceptual numerical study of shape effects in model pillars.

The absence of squat effects in the coal model pillars is remarkable and remains to some
extent unexplained. This is because the intact material properties of coal, in terms of
cohesion and friction, lie in between those of the rock and coal-crete materials, for which
the squat effect was observed. Further, the shear box tests conducted on the loading
platen-specimen interface indicated that the contact friction angles were the same for
coal and the sandstone specimens and even more competent than those for granite
specimens. This suggests that the reason for the outlying performance of coal in the
tests cannot lie in different boundary conditions and that it cannot be found in the intact
mechanical properties which are commonly used in rock engineering.



19 Research conclusions 185

Instead, it is hypothesised that the difference between the coal and other materials could
have resulted either from a difference in residual strength properties of fractured coal or
from a change in coal-steel interface properties in the post-failure state, when the contact
between the specimens and the loading environment is partially lost. In particular, the
former argument could subsequently be substantiated in the numerical modelling study,
where the influence of residual material properties on overall shape effects was explicitly
investigated.

Numerical modelling of shape effects in pillars

The numerical investigation was hence designed as a conceptual assessment of the
contribution of residual material properties, in particular friction, on shape and possible
squat effects in coal pillars. The two-dimensional finite-difference code FLAC (Itasca
Consulting Group, Minnesota, U.S.) for engineering computations in geomechanics was
utilized for this exercise.

A literature review on calibrated coal pillar models preceded the work and assisted in
limiting the range of possible input parameters to the relevant and most typical range of
coal material properties and boundary conditions.

In general, all shape effects encountered on rock and coal-crete specimens in the labor-
atory study can be reproduced in numerical model pillars: a progressive increase in re-
sidual strength with increasing width-to-height ratio; bi-linearity in the peak strength trend
and the brittle-ductile transition. Interestingly, however, none of the simulations yielded
results comparable to the tests on coal model pillars in the laboratory.

The trend for residual strength of pillars in numerical models is always observed to take
an exponential form, which principally agrees with analytical solutions. The higher the
residual material properties, the faster the exponential rate of residual strength increase,
and consequently, the lower the critical width-to-height ratio for brittle-ductile transition
in pillars.

In the context of bi-linearity in peak strength behaviour of pillars, it became evident
through the numerical models that pillars in the first branch reach their maximum load-
bearing capacity at the point where the first shear band develops in the pillar. This is
irrespective of whether this first shear band penetrates through the pillar core or is re-
stricted to the pillar sidewalls, because in any case, the remaining confinement is insuf-
ficient to allow the structure to regain strength. If the first shear band had not penetrated
the core yet, further shear failure would soon follow with further loading in the descending
branch of the stress-strain curve and cause ultimate core failure. It is further observed
that in this first branch of the bi-linearity, the rate of strength increase is practically inde-
pendent of the residual strength properties — a general correlation is not clearly discern-
ible.
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It is suggested that if the first trend in the strength versus width-to-height relationship is
extrapolated to greater aspect ratios, it continues to indicate the level where major yield-
ing develops in pillars. Observations on the progressive development of failure in granite
specimens do validate this conclusion.

Pillars with sufficiently large width-to-height ratios, whose strength lie in the second
branch of the bi-linear trend, do recover from the first occurrence of shear failure and
continue to increase their load-bearing capacity with further compression, until core fail-
ure is finally reached. For these squat pillars, the residual friction acting in the failed part
of the pillar now plays a very sensitive role: even small changes in the residual friction
can cause drastic reduction or increase in the strength gradient. The relationship is such
that the higher the residual friction, the more rapidly the pillar strength can increase for
increasing width-to-height ratios, and vice versa.

The critical width-to-height ratio at which the squat effect occurs in pillars is identified to
be dependent on the residual material properties: if the residual friction generated in the
failed pillar sidewalls is relatively large, then the squat effect will occur at earlier width-
to-height ratios, and vice versa.

Unfortunately, the residual strength properties of in-situ coal or of any rock material are
unknown, so that the question of squat pillar performance in terms of bi-linearity and
brittle-ductile transition as ascribed above can only be answered in this conceptual form
with numerical models.

The strength of squat coal pillars

Despite the apparent difficulty in determining a most- probable squat coal pillar behaviour
in numerical models, there is sufficient evidence delivered in this thesis to reformulate
the state-of-the art of squat coal pillar strength and behaviour for South Africa.

The study concludes that an exponential strength increase in coal pillars at w/h-ratios
greater than 5, as assumed in the past, based on work by Salamon (1982; Salamon and
Wagner, 1985) and Madden (1990, 1991), is not supported by experimental studies on
model coal pillars in the laboratory. All published tests on model coal pillars in the United
States, India and South Africa, including those conducted within this thesis, unambigu-
ously agree that the strength versus width-to-height ratio relationship follows a single,
continuous and most-probably regressively increasing trend up to width-to-height ratios
of 9 or 11. It is further indicated that model coal pillars with greater width-to-height ratios
transit directly from brittle to ductile behaviour, without showing a squat effect in terms of
bi-linearity.

The laboratory experience suggests that the empirical coal pillar strength equations, de-
rived from direct testing or observed pillar failures in the range of w/h=1 — 4, can be
extrapolated to width-to-height ratios of at least 10. Three observations validate the qual-
itative transference of laboratory trends into the underground mining environment:
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For one, an influence of specimen size on the effect of shape in terms of the gradient of
strength increase is not discernible in the tests on coal model pillars of 25- 300 mm size
and w/h= 1 — 8 conducted in the SIMRAC COL021a project (Madden et al., 1993).

Secondly, the effect of the external angle of friction along the interface between the
model pillar and the loading platens at specimen w/h-ratios of 4 — 8 has been tested by
Meikle and Holland (1965) and Khair (1994). All tests under various competent and weak
frictional conditions did result in continuous trends in the strength versus width-to-height
relationship, without evidence of a squat effect.

Thirdly, and most importantly, the experience with squat coal pillars in U.S. mines has
shown that the empirical coal pillar strength equations, originally derived for slender pil-
lars, can estimate squat pillar strength for w/h-ratios up to 8 (Mark, 2000) or 12
(Bieniawski, 1992) reasonably well. This upper limit for a single, continuous trend in pillar
strength agrees favourably with the laboratory findings.

The majority of evidence therefore corroborates to the verdict that an extrapolation of
established pillar strength equations up to width-to-height ratios of 10 is currently the
most appropriate way to address squat coal pillar strength.

Nevertheless it is acknowledged that the presented evidence is only circumstantial, as
no direct measurement or determination of squat coal pillar strength, either through com-
pressive strength testing of the structures or through observations on failed and stable
cases, is currently available or feasible in South Africa.

This implies that some uncertainty remains and final clarity on the matter can only be
found in detailed in-situ studies on squat pillar strength in the country. It has been argued
in this thesis that the available observations on sidewall fracturing in squat coal pillars in
the coalfield of KwaZulu-Natal are inconclusive. However, the extrapolated peak and
residual strength trends found in Van Heerden’s large-scale in-situ compression tests
have been shown to favour an early brittle-ductile transition in coal pillars at around w/h=
5 — 6. This discrepancy to the evidence listed above opens up room for future research
on squat coal pillars.
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20 Implications for squat coal pillar design

The study has concluded that, at the current state of knowledge, the strength of squat
coal pillars in South Africa is most suitably addressed by extrapolating the empirical
strength equations derived from pillars with w/h= 5 into the squat range, i.e. up to
w/h=10.

A number of empirical strength equations exist in South Africa, which are summarized
and extrapolated already in Figure 1, Chapter 3.1.1 of this thesis. Commonly, the original
Salamon and Munro (1967) equation or the formula developed by Van der Merwe
(2003b) is used in the current production areas in the country. Updates are available for
both approaches (Van der Merwe and Mathey, 2013c) and will be utilized in the following
considerations.

The updated overlap reduction strength formula (Equation 7) based on Van der Merwe’s
approach, is evidently more advantageous for squat coal pillar design, as it predicts a
significantly higher strength than the updated maximum likelihood strength formula
(Equation 6) based on Salamon and Munro’s approach, and still a higher strength than
the previously proposed South African squat pillar formula (Equation 8).

The question is how the extrapolated strength equations will perform in terms of eco-
nomic efficiency of underground deposit extraction when applied to squat pillar design.
In general, the concern is that squat pillars will lock up too great a portion of a coal
deposit, and this was also the motivation behind the development of the South African
squat pillar formula in the late 1980s.

The following statistics on underground bord-and-pillar extraction are available:

The average extraction ratio achieved in bord-and-pillar mining layouts using slender
pillars of w/h< 5 is approximately 66.6 %, according to 253 cases recorded in the South
African database of stable pillar layouts, Figure 102 (left). This extraction ratio is used as
the industry benchmark for an economically efficient extraction of a deposit.

The extraction ratio in squat pillar layouts recorded in the databases (w/h= 5; 84 cases;
the average, minimum and maximum depth below surface is 130 m, 50 m, and 255 m
respectively), is somewhat lower, at an average of 48.5 %, and may be judged to be
inefficient in terms of economy. The following consideration, however, reveals that squat
pillar design to extrapolated pillar strength equations must not necessarily result in an
economic disadvantage:

For the plot in Figure 102 (right), the pillar strength has been calculated by extrapolating
the latest updated maximume-likelihood pillar strength equation, which has been argued
to be the most conservative estimate for squat pillar strength. Evidently, the great major-
ity of the recorded squat pillar layouts still exhibit safety factors greater than 1.6, the
industry standard, and about two-thirds of all cases lie even above 2.0.

If the required pillar and bord widths in these cases are recalculated at an unaltered pillar
centre distance to arrive at the industry standard safety factor of 1.6 according to the
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conservative maximume-likelihood pillar strength equation, then the achievable average
extraction ratio was increased to 62.3 %. This is just below the industry benchmark for
slender pillar layouts of 66.6 %.

100 25 °
. T R
. ° :. o _o oo . 5?/,.' 5?
80 -+ . o..:‘ o o° :‘... :. .. ° . 20 A ° G
= ey ::':". % % e %eae,'t” .'.;. T o8 b .
é o os oo o oo o n“l!‘:i » o -' o %.0° % 0
L RO Ly R I T 2.1 2
= o . . . . o.’o.lf- < .':.: .a!oo. s o L4
8 a0/ ° ) g 10 -
z g
i n
20 5
e Squat pillars
0 T T T 0 += T T . T !
1930 1950 1970 1990 2010 0 5 10 15
Year Load [MPa]

Figure 102. Extraction ratio in slender pillar layouts (w/h< 5) over time (left) and safety
factors used in squat pillar layouts calculated after the latest maximum-likelihood up-
dated pillar strength equation (right).

Nevertheless, the influence of mining depth on pillar design and extraction ratio deserves
some further attention. The average depth below surface of the above considered squat
pillar cases was said to be only 130 m. The future of underground coal mining in South
Africa may lie in much greater depth below 400 m, for instance in the Waterberg coal-
fields.

Figure 103 plots the expected theoretical extraction ratios in bord-and-pillar mining lay-
outs, when the updated maximume-likelihood or the overlap-reduction pillar strength
equation is used. The following typical mining scenario is considered: H= 50 — 600 m;
h=3m; B=6m; SF= 1.6.

In this scenario, squat pillars with w/h> 5 will only be required from approximately 150
m depth onwards. This is also the approximate depth where theoretical extraction ratios
would reduce to 50 % or less. It is observed that systematic bord-and-pillar mining may
very rapidly become uneconomic in terms of deposit extraction with increasing depth,
and that high-extraction techniques such as longwall mining or stooping will have to be
considered. Alternatively the possibility of developing yield or crush pillar layouts should
be considered. This again requires further knowledge about the residual strength prop-
erties of large-scale coal.

The extraction ratios that could be achieved in the chosen scenario with the current
South African squat pillar strength formula are not explicitly plotted, but would range in
between the two curves shown in Figure 103 and therefore yield no improvement.
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Figure 103. Extraction ratio versus mining depth for pillar design based on the updated
empirical pillar strength equations.



21 Indications for further research 191

21 Indications for further research

Further research and experience is required before squat coal pillars can be designed
for optimal safety and economic benefit. The current experience with squat pillars is still
largely based on laboratory and numerical modelling studies, and extends only very little
into the real underground mining environment. Ideally, in-situ large-scale compression
tests on squat model pillars and long-term deformation monitoring on real pillars, in bord-
and-pillar layouts and stooping environments, should be conducted to ascertain squat
pillar performance in a more holistic way. Such studies will require long-term planning.

Other studies can, however, yield short- and mid-term progress. In the following sections
two laboratory studies are proposed, which aim at understanding the fracture mechanism
of coal in brittle-ductile transition and the impact of sidewall scaling on the loss of core
confinement and strength. Two further in-situ studies are suggested, with the intent to
quantify pillar integrity and the extent of yielding in different ground conditions.

21.1 Laboratory investigation into the brittle-ductile transition
in coal

One of the central themes of this thesis is the brittle-ductile transition in coal pillars. This
has been understood as both a geometrical and physical phenomenon. A critical combi-
nation of width-to-height ratio and material strength properties, in particular the residual
parameters, is required in order to generate sufficient confinement in the pillar for brittle-
ductile transition to occur.

It is suggested that further laboratory studies are conducted to investigate the brittle-
ductile transition in coal. A simple and typical test design is to measure the full stress-
strain response of cylindrical coal specimens at various triaxial confining pressures and
to observe the arising fracture patterns.

The brittle-ductile transition has been studied comprehensively for rocks by Mogi (1966).
The so-called ‘Mogi criterion’ for brittle-ductile transition in silicate rocks,

O'1=3.4 03 (32)

relates the vertical stress at which brittle-ductile transition occurs in specimens to the
required confining pressure through a simple empirical equation. The criterion is also
used to approximate the stresses involved in brittle-ductile transition in carbonate rocks,
although to a lesser accuracy. Barron and Pen (1992) also applied Mogi’'s equation to
predict brittle-ductile transition in their analytical coal pillar models.

Very few experimental evidences are available as to the brittle-ductile transition in coal.
Most triaxial tests conducted on South African coals do not exceed confining pressures
of 20 MPa. Hobbs (1964) presented a comprehensive study on the triaxial strength of
different coals, using confining pressures of up to 35 MPa, without observing brittle-duc-
tile transition. Kripakov (1981) presented full stress-strain curves of triaxially confined
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coal specimens, also without experiencing brittle-ductile transition in the empirical range.
However, the peak and residual strength indicated by the stress-strain curves may sug-
gest that brittle-ductile transition would occur in coal at confining pressures of around
50 MPa (Figure 104, right). Mogi’s criterion, applied to the average Hoek-Brown peak
strength trends for South African coal seams (see Chapter 8.3), suggests a range of
possible stresses at the brittle-ductile transition. The majority of data, however, lies at
confining pressures of around 50 — 60 MPa.
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Figure 104. Estimation of brittle-ductile transition in coal specimens through Mogi’s cri-
terion in conjunction with extrapolated peak strength trends for South African coals (left)
and from triaxial tests conducted by Kripakov (1981) (right).

21.2 The strength of coal pillars after spalling

It has been said that, for brittle-ductile transition to occur in pillars, sufficient confinement
must be generated within the pillar core. Coal pillars, however, have been found to ex-
perience some amount of sidewall spalling in the course of time (Van der Merwe, 2003c,
2004) and therefore lose core confinement partially.

Typically, the effect of sidewall spalling or scaling is such that the rectangular shape of
pillars is gradually lost and an ‘hourglass’ shape is assumed over time. The strength of
these structures has so far not been investigated in detail, and it is suggested that a
laboratory or numerical study is conducted in this regard.

Some indications on the expected compressive strength behaviour of ‘hourglass’ shaped
specimens can be found from the following study conducted by the author (Mathey,
2012):

A laboratory investigation was carried out to investigate the strength and deformation
behaviour of ‘hourglass’-shaped strike-stabilizing pillars for a massive mining layout in a
deep level mine. The idea was to compare the performance of the ‘hourglass’ geometry
to the rectangular pillars of different cross-sectional area and length.

The geometrical characteristics of the ‘hourglass’ specimens is shown in Figure 105.
Two groups of rectangular specimens were designed for comparison. In both designs,
the cross-sectional width of the rectangular specimens was altered in three steps in order
to represent the maximum, minimum and average width of the ‘hourglass’ specimens.
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The difference between the test series was that for specimens in test series 1, the length
of the specimen was adjusted and the width was reduced, so as to maintain the same
specimen volume as compared to the ‘hourglass’ geometry. In test series 2, the length
of the rectangular test specimens remained unaltered and equal to the length of the

hourglass specimens.

During the compressive loading of the specimens, the strains occurring in the specimens’
cross-sectional centre were monitored with strain-gauges.
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Figure 105. Test specimen design for laboratory investigation into the strength of ‘hour-

glass’ shaped pillars.

The results from the compressive strength tests which were performed on the rectangu-

lar geometries A — E were as follows:

e Within the group of specimens with equivalent volume (test series 1; types A, B
and C), the compressive strength ranked according to A> B> C. In other words,
a rectangular specimen with relatively larger w/h-ratio but a smaller length was
stronger than a specimen with relatively smaller w/h-ratio and greater length.

e Within the group of specimens with unequal volume, but with equal length (test
series 2; types D, B and C), the strength ranked D> B> E. In other words, a
rectangular specimen was stronger the greater its w/h-ratio was.

e The difference in strength between the samples in test series 1 was apparently
smaller than the difference in strength between samples in test series 2. This is
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due to the fact that in series 1 the decrease in the specimen width is compensated
by an increase in length of the sample, while this was not the case in test series 2.

What is unique about the compressive loading behaviour of the ‘hourglass’ shaped spec-
imens is that both the axial and lateral strains measured in the specimen centre were
compressive. Rectangular specimens had only exhibited extensive lateral strains in the
specimen centre. The compressive strains in the ‘hourglass’ shaped specimens effec-
tively provided a confined core. The ultimate load bearing capacity of these specimens
was found to be about the same as the rectangular shaped specimen in case B, which
had the same cross-sectional area.

21.3 Monitoring of failure patterns in coal pillar sidewalls

This is a relatively simple task that can be accomplished by drilling horizontal holes
through the pillar and observing fracture patterns along the length of the borehole with a
camera. Of particular interest are the following parameters: depth of fracture penetration
into the pillar, frequency and inclination of fractures. The depth of fracturing should indi-
cate the depth of yielding in the pillar and the width of the remaining, intact core. The
merits of this exercise lies in the potential for a more reliable calibration of numerical
models for coal pillar design.

Ideally, fracture monitoring should be conducted on a number of different pillars in differ-
ent mining environments (depth, bord width, width-to-height ratios, contact conditions to
surrounding strata), to account for different stress environments around the pillars. This
may allow for the establishment of an empirical predictive model for pillar sidewall failure.

21.4 Probe-hole drilling in coal pillars

The ‘probe-hole’ or ‘drilling-yield’ experiment is a method for the qualitative assessment
of stresses and stress changes in coal seams based on phenomenological criteria. It has
been continuously developed and applied in Germany and elsewhere since the 1960s
for the detection and relaxation of high-stress zones ahead of longwall faces in burst-
prone coal seams (Jahns, 1965; Metcalf, 1967).

The method is simple to execute and relatively inexpensive. A horizontal borehole is
drilled into the longwall face and the obtained amount and size of coal cuttings per ad-
vancing borehole meter is recorded. Borehole breakouts and dynamic events experi-
enced by the drill operator, e.g. tensile forces on the drill rod or acoustic emissions from
the seam, are taken as indicators of increased stress in the coal into which the borehole
penetrates. While the method has proved its relevance for the detection of peak stress
zones ahead of the longwall face, it has the disadvantage that it cannot provide the direct
guantification of the magnitude of in-situ stresses.

In order to correlate the observed phenomena with stress magnitudes, comprehensive
laboratory programmes have been conducted on small and large scale coal specimens
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(Brauner, 1969; Miiller, 1990). Generally, all in-situ observations could be reproduced in
the experiments. However, a direct translation from laboratory findings to the in-situ
stress conditions proved to be difficult. This is in particular due to an apparent size effect
in the relationship between the borehole diameter, sample size and the amount of recov-
erable coal cuttings. Further influencing factors, such as differences in the applied drilling
techniques and time complicate matters further.

Nevertheless a wealth of information is available from these laboratory investigations.
The influence of coal rank, petrography, micro tectonics, uniaxial compressive strength,
drilling speed and diameter on the observed drilling phenomena has been assessed with
insightful results. Detailed descriptions on the experiment set up and procedures are
published (Brauner, 1969; Muller, 1990).

In addition to physical testing, analytical models have been developed to describe the
mechanical behaviour of coal during the drilling of a borehole, in particular to determine
the extent of failure in the vicinity of a hole on a theoretical basis (Lippmann, 1979).

The probe-hole method can yield great benefits if applicable to coal pillars: for one, it will
assist in quantifying the depth of failure in pillars. Secondly, this method may help to
estimate stress profiles across the pillar width, in particular when observed breakout
phenomena can be calibrated through laboratory tests.

Some limitations of this method are perceivable. The available experience suggests that
a 42 mm diameter borehole in coal will only breakout at stress levels of around 20 MPa.
This threshold may be reduced if larger drill diameters can be used. In any case, it seems
likely that breakouts will only be detected in coal pillars in deep, high stress mining situ-
ations. The potential of this method to analyse the performance of coal pillars should
therefore first be investigated in laboratory and numerical studies.
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