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Abstract

In general, as the uniaxial compressive strength of rock samples is
tested, the uniaxial strength of the rock decreases with increasing
sample size until a strength is reached beyond which no further
decrease in strength is observed for further increases in size. The
size at which this occurs was termed the critical size by Bieniawski
(1968) and the corresponding strength the critical strength. Once
these values are obtained no significant changes in strength may
be expected as a result of further volume changes. For the
purposes ot pillar design, this strength should be adjusted to
account for other facters that affect pillar strength, the main factors
being the width to height ratio (w/h} effect, jointing and contact

conditions.

Further test work on Merensky Reef was required to clarify the;
1. values of it’s critical size and strength
2. effect of the w/h on it’s strength

3. effect of the frictional contacts between the reef and the

surrounding rock on the reefs uniaxial strength

These results could then be integrated inte a holistic pillar design

methodology to improve current pillar designing practices.

These effects were examined through the laboratory testing of

samples originating from Amandelbult Platinum mine.




A critical strength of approximately 110 MPa was obtained for
samples with diameters, 130 - 250 mm (w/h =1). Increasing the
frictional contacts between sample and loading piatens was found
to increase the sample’s strength. A marked difference was found
between tihe /nsitu and laboratory contact friction angles for
Merensky Reef. The insitu contact friction angle was found to be
approximately 2.5 times larger then the laboratory contact friction

angle.

The uniaxial strength increased linearly with increasing w/h ratios
up to a w/h ratio of 6. For w/h ratios greater then 6 the strength
continued to increased with increasing w/h ratios, but no curve

could be acceptably fitted to the data to describe this trend.

The results of this study can be applied to mine piilar design in the

Bushveld Ignecus complex.

Opsomming

In die algemeen, wanneer die eenassige druksterkte van
rotsmonsters bepaal word, sal die sterkte van die rots afneem
terwyl die rots volume vergroot, totdat ‘n sterkte bereik word waar
geen verdere vermindering in sterkte waargeneem kan word nie.
Die toets monster afmetings waar dit plaasvind word volgens
Bieniawski (1968) die kritieke grootite genocem en die
ooreenstemmende sterkte die kritieke sterkte. Wanneer hierdie
waardes bereik word, sal geen beduidende veranderings in die
sterkte verwag word nie. Vir pilaarontwerp, moet die kritike sterkte

aangepas word om ander faktore ook in ag geneem wat




pilaarsterkte beinvioed. Die bhreedte-tot-hoogte verhouding (w/h},
naatvorming en kontakwryingstoestande, is die belangrikste

faktore.

Toetswerk op die Merensky Rif is uitgevoer om die volgende

aspekte to ondersoek:-
1. Kritieke grootte en sterkte waardes,

2. die uitwerking van die breedte-tot-hoogte verhouding op die

sterkte,

3. die effek van die wryingskontak tussen die rif-rots en die

omgewingrots op die eenasige druk sterkte van die rif-rots.

Hierdie resultate kan dan ge-integreer word in ‘n holitiese myn
pilaarontwerp metodologie, om die pilaarontwerp praktyk te

verbeter.

Hierdie resultate is bepaal deur iaboratoriumtoetse op rots monster

wat van Amandelbult Platinum myn afkomstig is.

‘n Kritiecke sterkte van ongeveer 110 MPa is bepaal vir rots
monsters met ‘n deursnee van 130 - 250 mm (w/h =1). Deur die
wrywingskontak tussen monsters en fas-plate te vergroot is daar
gevind dat die eenassige druksterkte toeneem. 'n Merkbare verskil
tussen in-sity en  laboratorium kontakwrywing-hoeke s
waargeneem. Die gemete in-situ kontakwrywing-hoek was
ongeveer 2.5 keer groter as die gemete laboratorium

kontakwrywing-hoek.




Die eenassige druksterkte van die toets monsters het liniéer
verhoog met ‘n vergrooting van die w/h verhouding. Waar die w/h
verhouding meer as 6 is, het die sterkte verder toegeneem as
gevolg van die verhoogde w/h verhouding. Geen wiskundige
verwantskap kon afgelei work van die toets resultate om die

tendens te beskryf nie.

Die resultate van die navorsing kan toegepas word by die ontwerp

van mynpilare in die Bosveldstoilings kompleks.
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1 Introduction

South Africa’s platinum mines are situated in the Bushveld [gneous
Complex (BIC), which extends for 400 kilometres in the Northern
Province and contains the world's largest known deposits of
platinum group metals {PGMs) - platinum, palladium, rhodium,
ruthenium, iridium and osmium. ‘The BIC was formed some 2
bitllion years ago when vast quantities of moiten rock from the
earth's mantle were brought to surface through long vertical cracks
in the earth's crust. Crystallisation of different minerals at different
temperatures from the lava, resulted in the formation of a structure
rather like a layered cake consisting of distinct mineral strata,
including three PGM-bearing reefs, the Merensky, UG2 and Platreef

{The Chamber of Mines, 1999).°

‘The BIC can be divided into north'ern, eastern and western
sections. In the western BIC, where the major platinum mines are
situated, the reef occurs in a narrow, 25- centimetre-wide PGM rich
band bounded by two thin chromite layers. This pattern falls away
in other areas resulting in the reefs diverging between the chromite
bands until it is many metres wide. The Merensky Reef is
characterised by its high PGM grades and the high ratio of piatinum
to the other PGMs, especially those of major importance like

palladium and rhodium (Chamhber of Mines, 1999).

The mining of platinum ores is similar to gold mining. The ore body
is a thin, tabular reef covering an extensive area. This enables a

progressive method of mining - the reef is drilled and bilasted to




advance the face, support being installed for jocal control of the
hanging wall and pillars being cut out of the reef for excavation
stability purposes. On the mine Amandebult these piliars vary in
size from large barrier pillars (15m by 15m} to small, in-stope crush

piliars (4m by 4m).

To improve pillar design methods, this study aims to do further
work on the understanding of how samples of pillar material are
infiuenced by size, geometry and the frictional contacts between

the sample and its loading platens.

in general, it is accepted that the values of the'strength of rock
decrease with increasing specimen size (York and Canbulat, 1998).
Evidence in the fliterature shows that, for design problems at mine
pillar scale, the strength size relation has flattened out and no
further decrease in strength is apparent due to increasing pillar
size. The size at which the curve flattens was termed the critical
size by Bieniawski and van Heerden (1975), and the corresponding
strength, the critical strength. Once this value has been obtained,
no further significant changes in strength may be expected as a
resuit of volume changes. For the purposes of pillar design, this
strength should be adjusted to account for other factors that affect
pillar strength, the main factors being the pillar’'s width to height
ratio (w/h}), jointing and contact conditions with the surrounding

strata {G. York et a/., 1999).

Baker-Duly (1995) did work to define the strength size relationship,
the effect on strength of the w/h and contact friction angie between

specimen and loading piaten for Merensky Heef and two other BIC

13
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rock types. He tested cylindrical rock samples, with a w/h ratio of
1, up to a maximum diameter of 150 mm, under {aboratory uniaxial
loading conditions as prescribed by the International Society of
Rock Mechanics (ISBEM). Similar samples were then also tested
under conditions in which there was no frictional contact between
the sample and the loading piatens. From these tests he concluded
that Merensky Reef was scale dependent for both loading
conditions. The critical strength for the laboratory conditions was

estimated to be 104 MPa.

To test the effect of w/h ratio on strength Baker-Duly tested the
samples of the rocks at 54 mm diameter at w/h ratios of 1/3, 1, 2, 3
and 4. 100 mm diameter samples were tested at w/h ratios of 1, 2,
and 4. The two diameters were chosen for correlation purposes, as
uncertainty existed whether the large grain size of the reef would
influence the results at the smaller diameter. The pillar strength

was found to increase linearly with the piltar’s w/h.

14




2 Problem statement and objective

There is insufficient data to define the critical strength of the
Merensky Reef. It is necessary to determine what the effects of
various sample geometries have on Merensky Reef sample

strengths so that these eftects can be estimated for piliars.

Therefore the study aims to determine the;

« value for the critical strength and size of the Merensky Reef.

« strengthening effect of increasing the w/h ratio on Merensky reef
samples.

« cffect of scale and geometry on the deformation characteristics,

and breakage pattern of Merensky Reef samples testad.

15




3

Literature review.

3.1 The effect of scale on strength and deformation

Different rock types have different critical strengths or no critical

strength at all, as the effect of scale on strength differs between

various rock types. A literature study was carried out to obtain

information on previous studies done to examine the scale effect on

various rock types.

The effect of scale on the uniaxial compressive strength (UCS)

observed on various rock types dispiays differing and contradictory

trends these include:

Strength decreases with increasing sample size e.g. Hoek and
Brown, 1980; Herget, 1988; Kostak and Bilenstein, 1971;

Kramadibrat and Jones, 1893.

Strength initially increases and than decreases with increasing
sample size e.g. Pratt et al., 1972; Jackson and Lau, 1990;

Baker-Duly, 1995,

Strength increases with increasing sample size e.g. Stephenson

and Triantafilides, 1974.

Strength is essentially unaffected by veolume changes e.qg.

Hodgson and Cook, 1970; Hudson et a/., 1971.

A compilation of hard rock test results on the scale effect

phenomena are presented in Table 1.

16




Table 1: Compiiation of scale effect data on compressive strength (after Baker-

Duly, 1995).
Size Effect
Rock Type Studied hy | Date {YIN) Size Range {mm) Shape Length/Diameter Remarks

Marble Moy 1962 Yes 40— 200 Prismatic z

Granite Lundborg 1966 Yes 20-80 Cylindrical 1 1 mm cardbord sheet placed
between contact sirfaces

Norite Bieniawski 1968 Yes 13-178 Cylindrical 1

Matinenda Kostak & 1970 Yas 54—~ 238 Gylindricat 2

Sandstone Bisjestein

CQuartzitic shale, |Hodgson & 1870 No 56-152.3 Cylincricat 3 Unitorm loading, Machine

Main Reat Cook stitfness equal to specimen

Quartzite

Quartz - Digrite [Pratt et al 1971 Yes 80—-108 Tri.Prismatic >1.5 Peak stress reduced by a

114 - 305 Cylindrical factor of 10

Georgia Hudson et af 1971 No 18 - 101 Cylindrical 0.33,1.0, 30

Cherokee

Marbie

Devonian Dhir & Sangha, 1973 Yes 25.4-101.8 Cylindrical 25 Strength increases and then

Sandstone decreases for botih materials

Concrete

Tonalite, Stephenson &} 1974 Yes 25152 Cylindrical 2

Granite, Triandafitidis

Limestone

Siderite, Quartz-|Herget & 1976 Yes 22 — 241 24 Cylindricat 2 Results obtained from triaxial

Diorite Unrug - 41 tesats included broken
sidarite samples.

Marble, Hoek & Browni 1980 Yes 10 - 200 ? Varipus

Limestone,

Granite, Basait,

Norite, Gabbro,

CQuartz-Diorite

Kayenta Swolfs 1983 No 19 - 148 Cylindrical 2 Uniform loading

Sandsione

Karoo Madden 1984 No 24 - 100 Cylindrical wih1-8

Sandsiones

l.ac du Bonnet |Jackson & 1890 Yes 33-2%4 Cytindrical 2

Granite Lau

Metadiabase & (Panek & 1862 Yes 28 - 145 Cyfindrical 2 Sample ends lubricated

Basalt Fannon

Basaltic, Kramadibraig | 1993 Yes 30-150 Cylindrical 256 Sampie ends lubricated

Porphyry & Jones

Anorthasite, Duly & York 1985 Yes 12 - 150 Cylindrical 1 Anorthosite showed no scale

Merensky Reef effect.

Notes:

o All results were obtained under standardised (ISRM) testing procedures,
unless stated otherwise.
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The reasons for such contradictory and differing trends observed
on strength due to the effect of scale complex. They include
heterogeneities, Weibull’'s {1939) Weakest Link Theory, the effects
of stored strain energy, surface effects and the increased stress
gradients in the specimen due to non-uniform loading conditions
{(Baker-Duly, 1995}. The extent to which these factors act or
interact with one another is not fully understood, and thus no one

theory at present is able to explain why such trends arise.

Weibull (1939) developed a plausible explfanation to explain the
scale effect from a statistical theory known as the “Weakest Link
Theory”. The theory considers the random distribution of micro
cracks or flaws within a sample. The sample, which is considered
to consist of a series of links, is believed to be as strong as its
weakest link or flaw. The greater the sample size, the greater the
probability of the inclusion of weaker fiaws and hence a diminishing
effect on strength is expected. Tsur-Lavie and Denekamp, {(1882)
present an argument against the Weakest Link Theory: “As a
physical explanation for size effect, The Weakest Link Theory is
based on the assumption that local rupture will extend into total
failure. This is at variance with evidence indicating that muitiple
failure precedes total collapse.” However, the authors mention that
Weibuli’'s formula has been widely used and generally a good fit is

found with experimental data.

18




Weibull's formuta is given by the following relationship:

gl Vs Equation 3-1
mlog(—) =log(—)
[ Vi

Where

m = material coefficient

Gq1 . 0.z = Cubic strength of the respective volumes (Vy) and (V;}.

Brady and Brown (1998} alsc disagree with the Weakest Link
Theory and state: “A popuiar approach is to interpret size effects in

terms of the distribution of flaws within the material. Much of the

data on which conclusions about size effects are based, were
obtained using cubical specimens. Brown and Gonano {1875} have

shown that in these cases, siress gradients and end effects can

greatly influence the results obtained. The most satisfactory
explanations of observed size effects in rock and other brittle
materials are those in which surface energy is used as the

fundamental material property.”

Brady and Brown (1288) go on to explain that the surface energy
concept originated from Griffith {1924), when he extended his
tensile crack theory to compressive stresses, concluding that: “The
use of Griffith’s essentially microscopic theory to predict the

macroscopic behaviour of rock material under a variety of

boundary conditions, requires the introduction of a set of Griffith

crack size, shape and orientation distribution functions which have

not yet been defined.”
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The surface effect is described by Jackson and Lau {18380}: “As the
specimen diamefer decreases, the larger surface area to volume
ratio’s cause surface imperfections to have a greater impact
resuiting in undue stress concentrations and a lowering of the
compressive strength.” They conclude that this type of effect will
onily be present if the surface imperfections are the dominant
characteristics of the test specimen. Da Silva and Born (1993)
suggest that hard, homogenous rocks may present an initially
increasing than decreasing scale effect on the UCS, if these rocks
contain discontinuities, which 'are rather spaced. This trend was
observed (Baker-Duly, 1295) to occur in both heterogeneous
Merensky reef {Figure 3-1), and on homogenous ancrthosite rock,
Baker-Duly {1995) postuiated that the surface effects dominated
sample strength for sampie with diameters smailer then 50mm and
so ighored the strengths of the 12 and 25 mm samples, and defined
the relationship between scale and strength for Merensky by taking
the strength values of samples with diameters larger then 50mm

and smaller then 160mm (Figure 3-2).
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Baker-Duly's Reef Data
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Figure 3-1: Surface-effects on Strength of Merensky Reef (Baker-Duly, 1995).
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Cunha (1990C) states that scale effects on intact rock are

essentially due to heterogeneity. Heterogeneity increases when:

¢ The number of different mineral components increase.

« There is significant variation of characteristics among the

mineral components.

e There are great differences in the size of the components,

« Non-uniformity of the mineral distribution increases (That is,
instead of a random distribution of all the mineral
components in the volume, there are concentrations of

certain components at different points).

The size effect is explained (Glucklich and Cohen,1968) by the
amount of stored strain energy present, both in the sample and in
the testing machine (under loading conditions).  Glucklich and
Cohen (1968} tested cylindrical gypsum plaster samples, having a
length to diameter ratio (L/D} of 2, in series with a spring. They
found that the strength indicated by these tests was 30 percent
iower than usual. The authors mention that it is the amount of
stored energy available within the system (i.e. machine and
specimen) that determines whether the sample will fail prematurely
or not. In the case of a hard system “little energy is stored and
hence the energy-release rate does not exceed that of energy
absorption.” However, in the case of a soft system, much energy is
stored and the energy-release rate exceeds the absorption rate.

Consequently much kinetic energy is formed and this results in a

significant strength reduction.
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However, Labuz and Biolzi {1991) conciuded that once deformation
localises within the sample, the stiffness of the machine is not the
sole factor in determining a stable or unstable response. This
conclusion follows experimental work undertaken on 26mm and
52mm notched Indiana iimestone specimens (L/D = 2) icaded under
uniaxial compression. The authors found that stability is size

dependent (Figure 3-3).

755
o
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o} i Lo L ]
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v] 0.2 o) o] B {rm) 2

Figure 3-3: The size etfect of two uniaxiaily loaded, notched-cores (after Labuz
and Biolzi, 1991)

Thus a critical size exists such that a compression element
composed of strain softening material may behave in an unstable
manner. This is confirmed by Exadakylos and Tsoutrelis (1993),
whao after performing experiments on Pendeli marbie with varying

crack densities, also found stability to be size dependent.
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However, there is some controversy as to the existence of the scale
effect. Brown (1971) [Quoted by Baker-Duly (1295)] indicated that
the general comparisons between different specimen sizes are not
valid because of the variabie stress gradients resulting from
specimen size and geometry, and testing conditions. He proposed
that if scale effecis were to be studied as an intrinsic property of
the rock, as near to uniform itoading as possible would need to be

applied.

Brown, confirmed his argument by using results obtained from
Hodgson and Cook {1970), who found no significant scale effect on
specimens of quartzite and quartzitic shéie {length to diameter
(L/D) = 3), under uniform ioading.

Hudson et al. (1971) also found no scaie effect on the UCS of
Cherokee marble (under uniform loading conditions) for various L/D
ratios. They mentioned that (under uniform loading) hard rock,
relatively free of micro fracturing, is unlikely to show a strength
size effect other than a possible one arising from the influence of

strain energy stored within the failing rock.

Kramadibrata and Jones (1993) concluded that there is a significant
strength scale effect for certain rocks under uniform loading (L/D
=2.5), over a 30-150 mm size range. They found that rock
specimens having a diameter of 150 mm or more approximated the
in situ strength and noted that the size effect is more pronounced
for hard brittle rocks than for soft rocks. This is in contradiction to
Bieniawski {1972) who noted that the scale effects he observed

were more pronounced in softer rock. He attributed this to softer
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rocks such as coal, being having a high frequency of major cracks
and other discontinuities, while these flaws are less prevalent in

hard rocks.

Hoek and Brown {1980} on compilation of various hard rock results

from previous investigators derived Equation 3-2.

G (EQTN Equation 3-2:
ld

Oeso
Where g, is the UCS of a rock sampie of. diameter d {mm) and O.sg
is the UCS of a rock sampie of 50mm diameter.

Hoek and Brown derived Equation 3-2: by normalising the stress
with the UCS of the 50mm diameter specimen for each of the
respective rock types. Data comparison was therefore made
possible and this eliminated the differences due to specimen
shape, loading rate, etc., since these factors are generally the

same for a given set of data.

Other researchers agree however, that strength upon reaching a
critical sample volume for a given rock type, become essentially
independent of any further volume changes (Bieniawski, 1872; Pratt
et al. 1972; Herget and Unrug, 1974; Kramadibrat and Jones,
1993). This is shown in Figure 3-4 and Figure 3-5, for coal, iron
ore, norite and altered quartzitic diorite. Bieniawski and van
Heerden (1975) stated that the size at which no further strength
reduction occurs should be termed the critical size and the strength

at this size the critical strength. ‘This value is derived from a series
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of taboratory or in situ tests on intact rock. The tests series either
explicitly defines the critical size and strength, or the critical
strength is obtained by extrapolation of the test data. An intact
rock specimen, for hard rock implies no visible discontinuities. If
the in situ pillar has no geological jointing, and minimal blast
induced fracturing, the rock may be calied intact. In this case, the
critical strength may be taken as the /in situ rock mass strength

(York and Canbulat, 1998).
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3.2 The effect of w/h and contact friction angle on

strength

The effect of w/h on sirength has been found to be an important
factor dictating rock strength of sampies or pillars having w/h
ratio’s greater than 0.3 (Hawkes and Meilor, 1970). The cause for
such a phenomena (i.e. strength increasing with increasing w/h
ratio) has been suggested to arise mainly from the internal friction
angle and the frictional conditions arising at the piliar contacis to
the surrounding strata (Ozbay et al, 1994). For w/h < 6 this
strengthening effect has been found to be linear, and to vary in

intensity for different rock types (Baker-Duly, 1995).

There is general agreement in literature (York et al., 1999; Brady

and Brown, 199%; Baker-Duly, 1995; Napier, 1990; Brown and
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Gonano, 1974) that the underlying cause for the strengthening with
increasing width to height ratio relationship is a result of friction
between the loading platen and the specimen, providing lateral
restraint and confinement to the specimen. Brown (1999)
describes: “This confinement, for cylindrical specimens, penetrates
into the specimen from either end in the form of conical lobes.
With large width to height ratios these fobes overlap providing
confinement to the full section height of the specimen thus

increasing its strength (Figure 3-6)."

platen / rock sample

interface \
P . S 5 L

lateral end restraint -
due to friction at \ loading plaien

Rock sample confinad zone //v__ _
due to end TR T

— constraint

averlap of
confined zone

Figure 3-6: A conceptual diagram of the effect of frictional end restraint on the
confinement of a sample, depending on its w/h.

The degree of strengthening with width to height ratio (w/h) is rock

type dependent (Baker-Duly, 1995).

3.3 Pillar strength equations

Pillar strength estimations are needed for mine pillar design
purposes. These estimates can be obtained from laboratory work
or by in situ back analysis of the pitlar strengths in their mining

environment. Much research has gone into the back analysis of
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coal mine pillars, and this forms the bases of coal pillar design

(Satamon et al., 1997).

Pillars in underground mine workings are typically designed using
an empirically derived strength formula. Typically, this is either a

linear or power function.
The power formula is of the form:

S = khowP ' Equation 3-3

Where k, o and 3 are numerically constants, determined by the
back analysis of collapsed and intact pillars {Madden and Canbulat,

1997).

S = the expected piilar strength

o
Il

the height of the pillar

the width of the piliar.

3
fl

The power formula (Equation 3-3) has found wide and consistent
application in South Africa and Australia due to Salamon and Munro
{1967). Their paper constitutes the most complete back analysis of
in situ collapsed and intact pillars in underground coal mine
workings. Several important principies regarding the linking of the
Safely Factor concept with probability .of failure were applied to the
design of pillars. K, o and 3 were determined as 7,17 MPa, -0,66

and 0,46 respectively.
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‘Another approach has been to define a critical size, with an
associated critical strength. This approach assumes that no further
reduction of strength occurs with increasing size beyond a critical
size {Bieniawski, 1975). Strength changes are then due to the
geometry of the sample, as captured in the w/h ratio. The
approach advocated by Bieniawski involves the definition of the
critical strength for each coal seam dealt with and assumes a
uniform strengthening effect due to geometry across all seams
(York and Canbufat, 1998).” The linear formula proposed by

Bieniawski and van Heerden (1975) is:

S = O.c+ m(w/h)) Equation 3-4
where
G. - the coal seams critical strength
S = the expected pillar strength
m = the slope of .the lingar function
¢ = the intercept of the linear function
w/h = the width to height ratio of the pillar.

The linear function as applied in coal pillar design was
substantiated by Bieniawski and van Heerden (1975). Their
function was based on in situ tests, with the use of a concrete
platen at the top of the specimen. The base of the specimen was in

the natural state.

31




Laboratory test resuits indicate that strength as a function of w/h
ratio, for w/h ratios less then 4, are well explained by a linear fit
(e.g. for coal, sandstone, and hard rocks, such as Merensky Reef,

norite and anorthosite, York and Canbulat, 1998).

Above a certain value of w/h, the strength increases exponentially
(the so-called “squat piliar” effect), with increasing w/h. To cater for
this effect a squat pillar formula was derived by Salamon in 1982

(Salamon et al., 1997}.

b E
SrkR” {E[[MJ - lJH} Equation 3-5

R eL R,

whereS = the expected pillar strength

Ro

the critical w/h at which the squat pillar effect
starts. Commonly assumed to be 5, due to the
fact that no pillar had collapsed with a w/h
greater than 3.75 until 1988 (Madden and

Canbulat, 1997)

£ = isthe rate of strength increase
a = aconstant = 0,0667

b = a constant = 0,5933

V = pillar volume.

Conventionally, the squat pillar effect is assumed to occur at w/h 2
5. In this range of w/h, Equation 3-3 and Equation 3-5 are invalid,

and the “squat pillar” formula (Equation 3-5) is often used (Wagner
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and Madden, 1984). Pillars with w/h ratios greater than 10 have
not been tested to destruction, it must be recognised that neither
linear nor power formuia have been validated at w/h ratios greater

than about 8 (Salamon, 1997).

In shallow to intermediate depth tabular hard rock mines in South
Africa, the iaboratory strengths are downgraded based on a rock
mass rating, or a strength reduction factor to derive an in situ reef

strength (York and Canbuiat, 1998).

Some researchers suggest that strength values obtained in the
laboratory cannot be utilised in a meaningful way in pillar design
(Salamon et al., 1997; Mark and Baron, 1996). They support
strength values obtained from back analysis of pillars in the mining

environment.

Currently rock mechanic practitioners estimate pillar strengths
based on the methods mentioned above. Pillar systems designed
on this bases are then adjusted ad hoc to account for other factors,
i.e. the footwall behaviour, panel spans, loading conditions, etc.,
which have not thus far been explicitly defined in an holistic piliar

system design procedure {York and Canbulat, 1998}.

Much research has gone into determining the factors, which effect
the strength of pillars (Salamon and Munro, 1967; Obert, 1967;
Ozbay, 1994; Madden, 1984). Some of these (York et al., 1399)

are:
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1) the pillar dimensions, inciuding stoping width (these lead to the

w/h ratio)

2) strength of the pitlar material

3) contact conditions bketween the pillar and the hanging- and

footwall

4} horizontal weak layers or partings in the pillar

5} k-ratio (the ratio of virgin horizontal to vertical stresses)

6) the length : width ratio

7) different heights in the same pillar, due to one side being

adjacent to a gully

8) jointing in the pillar

9) brittleness of pitlar materiai

10) local loading system (reilative stiffness of pillar and

foundation)

11) creep and other time effects.

These factors should be used in a holistic pillar system design

procedure (Figure 3-7).
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Figure 3-7: An ideai pillar system design flowchart (York ef al., 1999)

Most of the research work done in pillar design has been for coal
mines. Work needs to be done to successfully bring the hard rock
piltar design methodologies to the same level as that used in the

design of coal piliars.

3.4 Conclusion

The debate on the effect of scale on strength is compiex. WNo

theory is able to fully explain this effect.

The literature search has shown that Merensky Reef has a linear
relationship between w/h and strength up to a w/h = 4. Merensky

Reef is also scale dependent having an approximate critical
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strength of 103 MPa. This strength and the strengthening effect due
tc w/h, is dependent on the jointing and degree of fracturing the
sample has and the friction angle defining the contact between the

samples and the loading platens.

From the literature search it is evident that further test work will
have to be carried out to further examine the critical strength of the
Merensky Reef and the effects of w/h on its strength for w/h greater

then 4. These values can then be used in a holistic pillar design

methodofogy as illustrated in Figure 3-7.
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4 Research methodology

Merensky Reef samples were obtained from rock cores drilled from
Amandebult Mine in the BIC. The samples were then cut and
prepared for laboratory tests. Standard uniaxial and triaxial rock
tests were done to ensure that the rock samples were
representative of the Merensky Reef. The scale and width to height

tests were done on Minindgteks 25MN testing machine.

4.1 Introduction

110 Intact cylindrical Merensky Reef samples at various sizes

where prepared.

The sampies with w/h of 1 where strain gauged with two bi-
directional strain gauges placed on opposite sides, on the mid point
of the sampies. Displacement transducers where used to measure
vertical strains on all the tests. The contact friction angle between
the samples and the loading platens was determined and used in

numeric modelling to determine its effect on sample strength.

Aluminium samples with the same diameters as the rocks to be
tested were prepared, and strain gauged 1o establish the
reproducibiiity of the testing procedure. [t was discovered that the
press used needed a spherical seat arrangement to compensate for
its platens being slightly unparallel. A spherical seat arrangement

was tested and the reproducibility of the test procedure confirmed.
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4.2 Sample preparation

The cores originated from two drill sites on the mine. Samples
were obtained from hautage drilling, with hoies orientated
perpendicular to the reef. A picture of the rotary pneumatic drill rig

drilling at a site is show in

Figure 4-1.

Figure 4-1: Coring of 54 mm Merensky Reef samples, using drill rig in a haulage.

initially the Merensky samples cored were 250 mm in diameter.
Other diameters were then derived from these cores. Subsequently
the required core diameters were cored directly. The cores were
then examined for major joints; core of the required length and
diameter, free of major jointing was then cut and prepared (grinded)
to the International Society of Rock Mechanics (ISRM) (1981)
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surface finishing tolerance (specimen ends flat to 0.02 mm). A
picture of a core cutting operation is shown in

Figure 4-2 and a sample grinding in

Figure 4-2.

Figure 4-2: 0©O. J. Mabena of CSIR Miningtek cutting core to the required test
size.

Figure 4-3: Sampie grinding, CSIR Miningtek

The number of samples tested at different diameters and w/h are

shown in Tabie 2. The samples with w/h = 1 were used to examine
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the effect of scale, and all the samples were used to examine the

effect of shape.

Sample Diameter (mm)
50 76.5 101 125 151 250 Total No.
of
Samples
1 3 8 8 5 9 2 35
2 4 4
3 > 6 5 5 > 12 |
4 2 6 2 2 2 14
5 2 4 6
I
= 6 6 2 2 2 12
7 4 4
8 4 4
9 4 4
10 2 6 1 2 2 13
110

Table 2: Dimensions and the number of Merensky Reef samples tested.

4.3 Testing procedure

Due to the farge sample diameters to be tested for the Merensky

Reef, it was necessary to use a testing machine capable of very

large compressive forces. The machine chosen for this was the 25

MN uniaxial, testing machine at CSIR Miningtek.

Platens for the test were made from EN30B steel, which was

hardened to 48 Rockwell C. The platens were made approximately

5 mm larger in diameter than the samples and each had a w/h = 1.
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This was to counter the effect of sample indentation into the platen
and bending of the platen over the sample. Between each test the
pitatens were reground to ensure that the friction angle between the
sample and platen remained constant for each test. Soft-board 15
mm thick was placed between the machine platen and the top

sample loading platen to act as a spherical seat for each test.

A displacement transducer was placed on opposite sides of each
sample to record changes in sample length Figure 4-4. The strains
recorded from the transducers were then to be correlated to the
strains measured with the strain gauges, so that strains couid be

calculated for those samples not strain gauged.

The vertical deformation for each scale test was measured by
means of strain gauges and transducers. The large grain size of the
reef (up to 50 mm) resulted that the strain gauge readings were
localized to the specific area tc which they were attached. The
strain gauge readings could therefore not be used. The transducer

attachments under testing condition were aiso found to be faulty.
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gure 4-4: Test setup showing sample with strain gauges and transducers.

The machine was not servo controlled. A strain rate of 2.5 micro
strain per second was strived for through the manual control of an
efectric motor loading the press, while monitoring a rea! time plot of

the strain rate. The following readings were taken

« Peak compressive strength

e Loading rate

o Sample strain
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5 Effect of scale

5.1 Introduction

As stated in section 3 the strength of rock samples of similar shape
at different scales is not the same. Samples with diameters of 50,
54.5, 76.5, 101, 125, 151 and 250mm and with w/h ratios of 1 were
prepared and tested (Table 2}. The results of these tests are shown

in Appendix C : Scale effect tests.

5.2 The effect of scale on strength

York and Canbulat (1998) concluded that the curve used to
describe the effect of scale on strength should be of the form such
that a term that decays with increasing size is added to a constant

term, as foflows:

S = [strength decay with size} + constant term.

If the form of the sirength decay term is chosen such that it tends
to zero with increasing size, the constant term becomes the critical
strength. The strength decay term tending to zero is consistent
with the noticn of a critical size / critical rock mass strength. With
this in mind, and with observation of the decay of the strength data
with increasing size (Figure 3-4, Figure 3-5), the decay term was
chosen to be exponential (York and Canbulat, 1998). The form of

the function is therefore:
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O = A*e'®z® L C Equation 5-1

where © the strength of a sample of w/h = 1

1l

size = the diameter of the cylinder tested

A, B and C are regression parameters.

If various equations are fitted te the data by regression analysis,
e.g. linear, power, exponential, quadratic, etc., the best fit is given

by Equation 5-1 (Figure 5-1}.
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Figure 5-1: The strength - size relation for Merensky Reef samples from
Amandebuit Platinum Mine.

The scatter observed in the results is expected because of the
large grain size in the pyroxenite rock type, which on occasions is

pegmatitic (G, York 1999},

Adding the tests results of Baker-Duly (1995) also on Merensky

Reef samples but from Impaia Platinum Mine, and fitting Equation
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5-1 by regression analysis to the combined data, one gets the

curve shown in Figure 5-2.
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Figure 5-2: The strength — size relation for Merensky Reef from Amandebuit and
Impala Platinum Mines.

The curves in Figure 5-1 and Figure 5-2 both specify a critical strength
of about 110 MPa. The critical size though is smaller for the
combined data at 133 mm. The critical size for this test series may

therefore be safely taken from Figure 5-1 as 146 mm.

5.3 The effect of scale on sample failure
pattern

The most typical observed failure pattern for these samples can be

described as failures on planes. Failure initiates on planes of

weakness, this then splits the sample, either in half if one plane

dominates, or, if there are two planes, a wedge shaped cone forms

45




at the base of the sample. Figure 5-3 shows an intact sample

before testing.

Figure 5-4 shows the same sample after testing, clearfy showing the

major failure plane.
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Figure 5-4: The sample in Figure 5-3 after testing showing faiiure afong a plane.
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Occasionally, a double cone or hourglass failure was observed
(Figure 5-5), confirming the findings made in granite (Wawersik and
Fairhurst, 1879). The cause of such failure arises from the friction
at the sample/platen interface during loading, and has been weli
documented {(Hawkes and Melior, 1970; Vutukuri et al., 1874,
Wawersik and Fairhurst, 1970). Under increasing load, the friction
inhibits the sample from expanding radially and thus the sample
assumes a barrel shape. Simultaneously reinforced cones at either

end of the sample develop. These are observed after sample

failure.
. [ :
){I ‘, Ji3t

ok
M,u"‘l; i
s \'\/. Jh
phis”

Figure 5-5: Schematic representation of failure development in Charcoal-grey-
granite {after Wawersik and Fairhurst, 1970}

5.4 Conclusion

Under loading conditions described in 4.3 - Testing procedure, it is
evident that Merensky Reef is scale dependent with a critical
strength, having a 90 % confidence interval of between 100 and
120 MPa. It is important to emphasise that these results have been
obtained with a specific set of boundary conditions. Differences in

strength can be expected for different contact conditions,
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The typical failure pattern of samples with a w/h = 1, is cone

shaped. Hourglass failure patterns also occur.
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6 Effects of w/h and the contact friction angle

6.1 Introduction

The dimensions and number of the samples tested to determine the
effect of w/h on strength and deformation characteristics of
Merensky Reef are shown in Table 2. The results of the tests are

shown in Appendix D : wsh effect tests.

6.2 The effect of w/h on strength

Linear functions (Equation 3-4) were fitted by regression analysis
to the data, for w/h < 6, as the data was clearly linear. This
confirmed the linear effect of w/h on strength up to the w/h of 6.
The results are shown in Table 3. The values of the regression
parameters for the power formula {Equation 3-3) are shown in
Table 4. The r? values indicate the proportion of the total variation
in strength that is accounted for by the variation of the independent
variable/s in the fitted functions. The r? values in Table 3 compare

favourably with the r? values in Table 4.

[t is concluded that the linear function performs as well as the

power formula.

50




Tabie 3: Linear functions (Equation 3-4) fits to w/h < 6,

Size No. of R® Linear function
(mm) samples parameters
m C

50 9 0.80 | 45.11 | 99.64

77 17 0.59 | 32.37 87.65

101 14 0.90 | 44.28 | 77.22

151 13 0.95 | 27.01 | 90.40

248 8 0.91 25.60 79.34

Table 4: Resulis of a power formula (Equation 3-3) fitstow/h < 6.

K o B r

78.4041 -0.4605 0.2775 0.80

in the above analysis, a separate linear function was fitted for each
diameter, while the same power formula parameters were applied
for alf diameters. This demonstrates the ability of the power formuia
to handle volume. Conversely, it is demonstrated that the linear
function is comparable to the power formula if the volume range is
comparatively small. A similar result has been shown for coal
laboratory and in situ data (York and Canbulat, 1998). Galvin et a/
(1996), in a statistical comparison between the power formula and

the linear function on a set of Australian and South African coal
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pillar collapse cases, showed that the difference between the two

formuiae is not statisticaily significant.

An example of the strength — w/h relation is shown in Figure 6-1,

for samples of 250 mm diameter. The relation is clearly linear.

The fitted parameters of Equation 3-4 (Figure 6-1):

m = 25,60 and ¢ = 79,34. The increase in strength for each unit

increase in w/h is 25,60 MPa,

300

H I
y = 25.329x + 79.261 ‘
R*=0.9133 ¢ e

/
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o
=]
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/
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g

100 A

50
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Figure 6-1: The strength — w/h relationship for Merensky Reef from Amandebult

Platinum Mine, for cylinders of diameter = 250 mm.

Initiafly only the test for w/h ratios of 1, 3, 6 and 10 were done for

the all sample diameters shown in Table 2, except for the 125 mm

diameters as these were only used in the scale effect tests {the
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50mm diameters the w/h ratio of 6 was accidentally grinded down to
far and so became a w/h ratio ot 5}. Due to the iimited number of
points on each curve from a w/h of 6 to 10, no curve could be fitted
with reliability to define the relationship between w/h and strength
for w/h values from 6 to 10. In each case there were only 4 points
to do this, two at a w/h of 6 and two at a w/h of 10. It was
therefore decided to do an additional series of tests. The new
series consisted of 77 mm diameters for ali w/h ratios from 1 to 10,
with at ieast 4 tests at each w/h {Figure 6-2). 77 mm samples were
chosen as these samples were large enough not be affected by
surface energy effects and were easily obtainable from additional

drilling.

The scatter of strength values for w/h above the value of 6
remained high. it was not possible to ascertain whether the
strengthening effect could be described by a linear, power or other

function.
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Figure 6-2: Additional w/h tests done on 77mm samples.
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6.3 The effect of w/h on sample failure

pattern

For samples having w/h ratios of 4 and above, plane, cone or
hourglass type failure patterns are no longer observed. Tested
samples display predominately concentric fracturing patterns
arising from axial type fractures {Baker-Duly, 1995}, as shown in

Figure 6-3.

Figure 6-3: Concentric-fracturing arising from platen indentation effects (Baker-
Duly, 1995).

The cause of such failure possibly results from cone interaction and
reinforcement. In the case of samples having w/h ratics = 1/3
these cones are kept well apart to provide uniform a vertical stress
distribution at the mid-height of the sampie. However, at w/h ratics
of four, cone interaction predominates and failure arises from axial
type fractures. These commence from the outermost part of the
sampie — due to piaten indentation effects — in the form of siabs.
With increasing load further slabbing occurs until the sample finally

collapses (Baker-Duly, 1995).
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6.4 The effect of the frictional contacts on strength

The strengthening effect of w/h is generally ascribed to the
increased confinement in the sample as w/h increases (Figure 6-4).
However, the ievel of confinement must depend on the shear
resistance at the loading platen / rock sample interface. This shear
resistance, in turn, depends on the friction angie at the platen /
sampie contact. Therefore, a slippery contact should result in
weaker samples, while a rougher contact should result in a greater

w/h effect.

To test the effect of differing contact friction angles, the laboratory
tests were numerically modelled using FLAC {(York et al., 1999).
The FLAC model geomelry is shown in Figure 6-5. The contact
between the strain softening rock material and the elastic steel
platen was varied from 0° (perfectly slippery) to 30°. The value of

w/h was varied for each contact friction angle (Figure 6-6).

lateral end restraint :
due to friction at loading platen
platen / rock sample r

interface

Rock sample .

confined zone
due to end
constraint

overlap of
confined zone

Figure 6-4: A conceptual diagram of the effect of frictional end restraint on the
confinement of a sampie, depending on its w/h.
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elastic steel platen

.
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Figure 6-5: Geometry of FLAC modei to test the effect of the contact friction angle
on the strength of laboratory model! pitlars.
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Figure 6-6: The effect of the contact friction angle on the w/h effect, on the basis
of numerical modelling.

Three shear box tests were performed on the contact between

Merensky Reef and steet platens. Both the Merensky Reef and the —

platens were surface finished to the normal standard required for
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rock testing. The average value of the contact friction angle was
13,7°. A series of tests was performed on a friction angle testing
bed, showing friction angles ranging between 11° and 13°. The
laboratory test data points lie close to the curve predicted by the
numerical modelling by York ef al., 1999. The agreement between
the theoretically modelled curve and the plotted points based on
laboratory data provides some confirmation of the notion that the
w/h strengthening parameter is retated to the contact friction angle

(York, 1999).

To determine the friction angle hetween the reef and the chromitite
band, which marks its foot and hangingwalls, 55mm in diameter
core was drilled perpendicular through thelreef into the hanging
wall. Samples of intact specimens containing the contacts were
prepared and tested in shear boxes. The resuits of three tests
gave a friction angle of 30.86°. This friction angle is higher then
the 13,7° determined for the laboratory samples tested. The effect
of the diiference between the laboratory and Jjnsitu friction angle
must be considered when determining pillar strengths based on

faboratory tests.

6.5 Conclusions

From the w/h tests the following conclusions can be made

regarding Merensky Reef sample properties.

» There is a definite linear relationship between the w/h of a

sample and the samples ultimate strength for w/h < 6.

o7




o For samples having w/h greater then 6, the samples strength
increases as its w/h increases. An acceptabie curve could not be

fitted to describe this trend.

« The contact friction angle between the sample and the loading
platen influences the uftimate strength of the sample. A rougher

contact results in a greater w/h strengthening eifect.

e There is a marked difference in the insitu and laboratory contact

friction angles for Merensky Reef.
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7 Conclusions

The effects of scale and the w/h ratio on the strength for Merensky

Reef have been further examined. The following are the major

findings of this study.

« Under laboratory ioading conditions Merensky Reef samples

are scale dependent with a critical size of iess then 150 mm —

and a critical strength, having a 90 % confidence interval of

being between 100 and 120 MPa.

e The typical failure pattern of samples with w/h ratios less
then 4 is cone shaped, but some hourglass failure patferns

do occur.

« Samples having w/h ratios of 4 or greater, under laboratory

loading conditions, fail concentrically towards their centres.

¢ The effect of the w/h ratio on strength has been confirmed to

be linear until a w/h ratio of 6. For w/h greater than this

strength continues to increase with increasing w/h.

+ The contact friction angie between the sample and the
loading platen influences the ultimate strength of the sample.
A rougher contact results in a greater w/h strengthening

effect.

These findings can be used in a pillar design methodology (Figure

3-7) to scientifically design piliar sysiems on the Merensky Reef

horizon.
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Appendices: Tests and results
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Appendix A: Standard tests

Introduction

Standard tests were done on the Merensky Reef. These tests
included uniaxial and triaxial tests as well as friction angle tests

between the samples and the festing platens.

The angle of friction between the reef and the platens was
determined to enable computer modelling of the tests. The
cohesion and friction angle between the reef and a chromitite band,
which forms the contact between the reef and the foot and hanging
wall, was also determined so that this could be included in

calculations before determining real piliar strengths.

Uniaxial and triaxial tests

A summary of test dimensions and results is shown in Table 5. All

samples were strain gauged.

The principle- stress diagram res_uiting from these tesis is shown in
Figure A-1. The tests reveal that the reef has the following Mohr-
Coulomb parameters: angle of internal friction = 37.9 degrees,
cohesion = 31.6 MPa and an UCS of 129.34 MPa. The Young's
modulus the reef is about 95 GPa. These match findings of
previous researchers (Watson, 1929). It is therefore concluded that

the samplies are representative of the Merensky Reef horizon.

Table 5: Uniaxial and triaxial strength tests Merensky Reef samples.
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Figure A-1: Principal stress diagram for Merensky Reet.
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Friction angle tests

Baker-Duly {(1995), reported the large influence on strength of
contact friction angle between specimen and platen. He performed
scale effect tests on anorthosite, pyroxenite and Merensky Reef, at
normal platen rock contact friction angles (coefficients of frictions
of 0.56, 0.62 and 0.64 were determined for anorthosite, pyroxenite
and reef respectively). Tests were also performed at near to zero
contact friction angles (coefficient of friction of 0.05). Average
strength reduction of 49.2%, 57.9% and 57.2% were observed for

the rock types respectively.

The friction angle between the samplfes and the loading pfaten was
determined by shear box tests and tilt table tests. Three of the
tests gave a friction angle average if 13.7°. One test was not
included in this its value was considered too low (7.5%). The results

are shown in
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Appendix B : Friction angle fests.

Tests done between the rock specimens and the platens on a
standard friction angle table indicate a friction angle of between 11
and 13 degrees. The platen was placed on the table, and the
specimen on top of the platen. The table was then inclined by
means of a threaded screw. The specimen was gently nudged at
intervals. The angie at which the specimen started sliding freely

atong the platen was then recorded.

To determine the friction angle between the reef and the chromitite
band, which marks its foot and hangingwalls, core was driiled
perpendicular through the reef into the hanging wall. Samples of
intact specimens containing the contacts were prepared and fested

in shear boxes.

The resulits of these three tests gave a friction angle of 30.86°; this

value can now be used for pillar design purposes on the mine.
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Appendix B : Friction angle tests
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Appendix C : Scale effect tests

Table 6: Scale effect tests on Merensky Reef.

Sample No. {Height |Width jw/h {MaxStress Strain Gaugejl.oad Rate
{(mm) |{mm) (MPa) Modulus (MPa/s)
(GPRa)
2 50.00 {50.00 [1.00{135.00 101.905 1.00
3 50.00 150.00 {1.00{135.66
1 50.03 150.00 {1.00|168.27
12 76,50 {76.50 {1.00(139.66 114,707 0.4763
13 76.50 [76.50 |1.00{137.43 73.29 0.2346
22 101.00(101.00 [1.00 |143.57 115.17 0.2771
23 101.00101.00:1.00{117.88 102.58 0.2021
24 101.00:101.00{1.00{158.88
32 151.00151.0011.00 {144.47 104.52 0.1581
33 151.00{151.00|1.00|127.37 85.02 0.1534
34 151.00{151.00 [1.00 {120.11 100.75 0.2496
44 250.00 {248.00 {0.99 |108.65 77.73 0.1209
43 252.00 {248.0010.98 |197.38 110.58 0.1298
53 55.41 54.60 {1.01i129.05 117.49 0.2212
54 55.63 54.60 |1.02(111.08 98.62 0.10963
55 55.90 54.60 |1.02(131.23
56 56.10 54.60 [1.03]122.96 99.28 0.1502
57 56.32 154.60 {1.03|113.41 106.3732 0.1808
58 56.36 |54.60 11.03(136.31 100.93 0.4154
59 77.50 {76.50 {0.99(114.18
60 77.35 176.50 |0.9996.09 104.0068 0.353
61 77.25 .76.50 ,0.99127.37 114.04 0.2232
62 76.38 176.50 i1.00[109.01 79.20 0.1506
63 74.78 176.50 |1.02191.44 97.09 0.1927
64 73.65 |76.50 (1.04,143.11 98.65 0.3775
101 100.37 199.30 0.99(102.23 80.06 0.1365
102 100.30,99.30 10.99 |98.32 80.500 0.1453
103 100.11 [99.30 10.991125.14 121.21 0.1693
104 100.00 {99.30 10.99|120.67 81.19374 0.1504
105 99.65 199.30 1.00i149.72 100,39 0.1835
106 125.23 {126.00 {1.01 |72.33 95.44 0.1472
107 124,72 1126.001.01 |98.68 0.1148
108 124.00 {126.00{1.02 {109.53 62.403 0.1988
109 123.60 |126.00 {1.02 {92.99 89.69 0.1718
110 122.431126.00 {1.03108.49 71.47 0.1558
111 152.20 [152.00(1.00 {111.59 92.42 0.1751
112 152.00{152.00:1.00 |102.09 73.94 0.2236
113 151.82 :1152.00{1.00{112.30 102.86 0.2814
114 151.45|152,00 11.00 |126.62 123.38 0.1727
115 151.001152.00 {1.0197.33 96.50 0.2111
116 151.00(152.00/1.01|117.38 86.28 0.19365




Appendix D : w/h effect tests

Table 7: Resuits of w/h tests for series 1.

Series 1
TestNo ‘Width  Height (W:H Max
Stress
1 50 50.03 1.00 168.27
2 50 50.00 1.00 135.00
3 50 50.00 1.00 139.66
4 50 16.97 2.95 224.58
5 50 16.00 3.13 175.42
6 50 12.93 3.87 318.07
7 50 12.88 3.88 321.78
8 50 10.93 4.58 310.08
9 50 10.02 4.98 294.30
10 50 4.93 10.15 898,31
11 50 4,92 1017 994.40
12 76.5 76.50 1.00 139.66
13 76.5 76.50 1.00 137.43
14 76.5 26.00 2.94 207.82
15 76.5 25.48 3.00 138.55
16 76.5 18.41 4.16 122.90
17 76.5 18.00 4.25 127.37
18 76.5 12.60 6.07 268.15
19 76.5 12.50 6.12 328.82
20 76.5 8.00 9.56 £631.92
21 76.5 7.90 9.68 747.77
22 101 101.00 |1.00 143.57
23 101 101.00 |1.00 117.88
24 101 101.00 11.00 158.88
25 101 33.50 3.01 205.58
26 101 33.00 3.06 194 .41
27 101 24,97 4.05 229.05
28 101 24.95 4.05 200.00
29 101 16.96 5.96 359.14
30 101 16.92 5.97 384.42
31 101 9.94 10.16 815.90
32 101 9.50 10.63 834.00
33 151 151.00 j1.00 144.47
34 151 151.00 |1.00 127.37
35 151 151.00 |{1.00 120.11
36 151 50.99 2.96 172.20
37 151 50.80 2.97 165.35
38 151 37.97 3.98 142.18
39 151 37.90 3.98 154.82
40 151 25.02 £5.04 259.33
41 151 25.00 6.04 249,08
42 151 15.00 10.07 740.33
43 151 15.00 10.07 761.25




44 250 250.00 1.00 97.00

45 250 250.00 11.00 109.00
46 250 83.33 3.00 151.00
47 250 83.00 3.01 161.00
48 250 62.50 4.00 205.00
49 250 62.50 14.00 162.00
50 250 41.15 6.08 248.00
51 250 41.00 6.10 215.00
52 250 24.99 10.00 >400

53 250 25 10.00 >400
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Table 8: Results of w/h tests for series 2.

Series 2
Test No |Width  [Height |W/H Max
Stress
60 76.50 77.50 0.99 114.18
61 76.50 77.35 0.99 96.09
62 76.50 77.25 0.99 127.37
63 76.50 76.38 1.00 109.01
64 76.50 74.78 1.02 91.44
65 76.50 73.65 1.04 143.11
66 76.50 37.83 2.02 132.26
67 76.50 37.55 2.04 140.01
68 76.50 37.50 2.04 197.35
§9 76.50 36.60 2.09 148.79
70 76.50 25,565 2.99 170.49
71 76.50 25.53 3.00 198.39
72 76.50 25.35 3.02 208.72
73 76.50 25.08 3.05 138.46
74 76.50 18.88 3.85 327.55
75 76.50 19.80 3.86 236.10
76 76.50 19.43 3.94 197.87
77 76.50 19.20 3.98 356.99
78 76.50 15.60 4.90 368.88
79 76.50 15,55 4,92 371.98
80 76.50 15.35 4.98 356.48
81 76.50 15.20 5.03 305.85
82 76.50 12.55 6.10 425.71
83 76.50 12.48 8.13 581.47
84 76.50 12.45 6.14 476.28
85 76.50 12.40 6.17 452 .41
86 76.50 11.00 6.95 458.06
87 76.50 10.98 6.97 512.63
88 76.50 10.88 7.03 747.53
89 76.50 10.83 7.07 447 06
20 76.50 9.65 7.93 859.39
N 76.50 9.60 7.97 788.73
92 76.50 8.35 3.18 433.24
93 76.50 9.25 8.27 693.17
94 76.50 8.18 9.36 831.78
95 76.50 8.10 9.44 864.89
96 76.50 8.08 9.47 871.71
a7 78.50 8.05 9.50 785,03
a8 76.50 7.20 10.63 820.09
89 76.50 7.15 10.70 1012.36
100 76.50 7.05 10.85 932.10
101 76.50 7.00 10.93 835.67
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