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ABSTRACT

Permeability is that physical property of a porous medium that controls the flow of fluids through
that medium. The flow of methane and water may be induced by the excavation of a mine opening in
methane-bearing strata. Methane flow into a mine opening constitutes one of the biggest hazards in the
coal mining industry. It is poisonous to humans and can ignite at concentrations as low as 5 % per
volume and create explosions in the presence of coal dust from mining. If the flow of methane and/or
water into the mine opening becomes blocked by an impervious layer, excessive pressures may develop,

particularly in the roof strata of the mined seam, which can lead to roof falls.

In order to characterize the flow of methane and water into and around the openings in a mine,
that was plagued by roof falls suspected of being the result of excessive fluid pressure build-up, a large
scale laboratory investigation of the permeability of the roof sediments of the working coal seam in the
area was undertaken. The permeability was measured under atmospheric conditions by means of a
modified Ohle permeameter, and under triaxial conditions with the aid of a modified Hoek cell. The
permeability of the sediments towards methane and water was measured. Nitrogen was used as a control

because it is much less reactive than methane towards the sediments used in this project.

It was found that the permeability decreases with increasing gas pressure, in the case of gas being
the permeating fluid, and increased with increasing water pressure, in the case of water being the
permeating fluid. In some instances anomalous plots of permeability versus reciprocal mean gas préssure
were obtained. These were attributed to the effects of methane adsorption or the Klinkenberg effect, and

a possible method to determine which of the two processes is dominant is discussed.

To characterize the flow in the roof strata of the coal seam being mined, the permeability was
correlated to facies type. The different facies types were numbered from 1 to 14 with increasing grain
size for ease of correlation. Due to the variable nature of the sediments, even in a facies type, no single
permeability could be obtained for a facies type. Instead permeability ranges were obtained for each
facies type. The definition of the lower and upper limits for each range Werc found to be dependant on
the number of tests done on samples for that facies type. Nonetheless a relationship of Increasing
permeability with increasing grain size was found in the coarser grained facies (facies type 8 and higher).

For the finer grained facies types the permeability was found to decrease with increase in grain size.

A graph could be constructed for use in predicting possible hazardous zones by identifying the
facies type and then reading the permeability range that can be expected off the graph. Due to the
variable nature of the sediments, the graph is, at this time, only applicable to the areas where the samples
were obtained. A permeability prediction graph for all localities would be an ideal but is beyond the
scope of this project. Such a graph, and the methods discussed have a wide range of applications in the

coal mining and methane gas exploitation industries.

v -
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CHAPTER 1
INTRODUCTION

Majuba Colliery which is owned by Rand Coal (Pty) Ltd was commissioned as one of the
collieries to supply Majuba power station with coal. Shortly after operations commenced the mine started
to experience roof instability and roof falls thought to be caused by fluid (methane and water) building
up excessive pressures in the roof strata of the mine workings. The flow of methane and water may be
induced by the excavation of a mine opening in methane-bearing strata. Methane flow into mined
openings constitute one of the biggest hazards in the coal mining industry. It is poisounous to humans
and can ignite at concentrations as low as 5% per volume and create explosions in the presence of coal
dust from mining. If the flow of methane and/or water into the mine opening becomes blocked by an
impervious layer, excessive pressures may develop, particularly in the roof strata of the mined seam, which
can lead to roof falls. The Department of geology and applied geology of the University of Natal was
approached to carry out an initial investigation into the character of the fluid flow into and around the
mine openings. It was decided that permeability tests on the roof strata of the mined coal seam was the
easiest way to achieve this. To this end a series of experiments were devised to test the geotechnical
properties and the permeability of the roof strata (Jermy and Venter, 1993) and relating the results to
specific facies types.

Majuba Colliery is located roughly halfway between Amersfoort and Volksrust in the south-
eastern Transvaal (figure 1.1). Unfortunately, due to a variety of factors, the mine is no longer active and
was closed in mid 1993. The results and techniques in this study, however, are still thought to be of value
to mines experiencing similar problems. The results are further of interest because, to the best of the
author’s knowledge, no other published data of experiments of the nature described in this document exist

on the coal-bearing strata of the eastern Transvaal, or indeed in South Africa.

The permeability of the different facies types comprising the roof strata of the mined seam were
tested towards methane and water. Their permeability towards nitrogen was also tested because it is less
hazardous to work with than methane and in some instances can form a part of the "fire damp" that flows
into coal mine openings (Cyrul, 1989). The permeabilities were determined under atmospheric conditions

as well as under triaxial conditions to simulate the underground stress regime.

The results obtained can be used in a variety of ways. In terms of roof falls they can point to
areas where possible fluid pressure build-up can be expected, i.e. areas of low permeability overlain by
areas of relatively high permeability. The pcrmeabih'ty data can be used to divide the facies types into
possible sources, conduits and barriers to the fluid flow. The usual practice, if an area of high pressure

build-up is identified, is to drill a series of holes into the strata and ’bleed’ the pressure off. The
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permeability values could be used here to help design the extraction in terms of the length and spacing
of the holes because if the permeability could be used to identify the strata blocking the fluid and the
strata feeding the area with gas. If a relationship between the permeability and the facies type could be
established and a chart or a graph compiled, an idea of conditions in front of the face could be formed
without having to take the time to test the permeability of the facies typé,s, it could just be read off the
chart or graph. The relationship of permeability with facies types, specifically toward methane, is also
important in other areas of the coal mining industry. It could provide useful information on the possible
locality of source areas of methane gas which could be commercially extracted, mainly as an energy
source. In conjunction with adsorption-desorption data such information could be used to plan the best
locations for well development if methane is extracted. Initially the aim of the project was to establish
a hazard prediction chart whereby a potential zone of pressure build-up is identified by testing the
permeability of core extracted from exploratory drilling in advance of the mining face. Being able to
predict methane pressure build-up zones can also help in the prevention of outbursts from the mining face
and the information could also aid the design of the drilling programme used to release the pressure
before it reaches a critical value. Due to the extremely variable nature of the sediments the emphasis of
the project shifted towards the creating of a permeability versus facies type database for the study area
rather than a hazard prediction table for the whole Vryheid Formation.



CHAPTER 2
GEOLOGY

2.1. INTRODUCTION

In characterizing the flow or permeation of a fluid through a sediment the two factors that have
the biggest influence on the behaviour of the fluid are the character of the fluid and the character of the
rock. The internal character of the rock is described by its mineralogy which in turn is the result of the
external geological processes that played a role in its formation. Large scale geological factors such as
depositional environment, stress history and depth of burial all play a role in determining the flow regime

into and around a mine opening.

The permeability of a porous medium, such as a sandstone, is an important physical property of
that sandstone that controls the behaviour of a fluid that permeates through that sandstone. The
permeability of natural porous media is strongly influenced by variatiolns in the geology of that medium
on all scales (Bass, 1987).

Flow or permeation of a fluid around the grains and through the pores of a sediment, called the
intergranular permeability (Harpalani and Schruafnagel, 1989), is controlled by factors such as grain size,
grain size distribution, packing, angularity and degree of cementation between the grains. Flow on the
scale of the grain size might be totally overshadowed by the flow through larger scale structures such as
fissures, joints and fractures within the rock (Brace, 1977). Permeability due to these larger scale

structures can seldom be investigated in the laboratory due to the size of the samples involved.

Samples used in this study were obtained from the core of six boreholes drilled through the roof
strata associated with the Gus coal seam in the area of the Majuba Colliery lease. The lease area is
located within the Eastern Transvaal Coalfield (figure 1.1). The Eastern Transvaal Coalfield covers an
area of 150 km north-south by 75 km east-west. The coalfield lies between the towns of Carolina in the
north and Dirkiesdorp in the south. On the western side it is flanked by the Witbank and Highveld
coalfields, and by the Klip River and Utrecht coalfields in the south. The Eastern Transvaal Coalfield
is predominantly underlain by the rocks of the Vryheid Formation, Ecca Group, Karoo Sequence
(Greenshields, 1986).

According to Greenshields (1986) the stratigraphy is typical of the coal-bearing margins of the
Karoo Basin. Pre-Karoo basement is overlain by Dwyka Formation diamictites followed by Ecca Group
sediments, with limited occurrences of Beaufort Group sediments in the southern highland areas. The

topography is typical Highveld, with low undulating hills capped by dolerite, effectively varying the depth



at which the coal seam occur between different mining areas (Greenshields, 1986).
2.2. KAROO SEQUENCE

The name "Karoo" was first used by Bain in 1856 to describe the strata overlying the extensive
tillite horizon, now named the Dwyka Formation (SACS, 1980). Sediments of the Karoo Sequence were
deposited in, and into, a large body of water, possibly marine (Cadle et al., 1990). The basin into which
these sediments were being deposited was quite large and today the sediments cover an area of roughly

550 000 km? on the southern African mainland (figure 2.1).

In the south the basin is bounded by the mountain chain of the Cape Fold Belt. In the north the
sediments lap onto the Kaapvaal Craton. A cross-section drawn from north to south show the basin to
be asymmetric, with the thickest succession of sediments towards the south (figure 2.1). Cadle et al
(1990) states that the proximity of the basin to a mountain range and its asymmetrical shape classifies it
as a foreland basin. The reason for the asymmetry is that the southern margin was tectonically still active
during the depositional stages whereas the Kaapvaal Craton in the north was already stable in that time.
Accordingly most of the sediment was transported in from the south, with only a minor component from

the north (Cadle et af, 1990).

Deposition of the Karoo Sequence sediments started with the melting of the glaciers that covered
most of the African subcontinent in the Carboniferous, around 340 million years ago. The melting of the
glaciers resulted in the deposition of an extensive tillite horizon, called the Dwyka Formation. Following
the retreat of the glaciers the basin was transgressed by the Ecca sea, with active sediment fill from the
south and north (Cadle ef al., 1990). As the climate slowly warmed the sediment style became more
terrestrial. The major depositional style in the Beaufort Group is fluvio-deltaic. Sediment deposition
actively continued until it was interrupted by the outpouring of the Drakensberg lavas in the mid Jurassic,

roughly 170 million years ago (Cadle et al., 1990).

Economic exploitable coal seams of Permian and Triassic ages occur within the strata that make
up the sequence (figure 2.1). The climate, tectonic framework and depositional style in the Permian were
much more conducive to extensive peat formation and ultimately economic exploitable coal seams than
in the Triassic (Cadle ef al., 1990). Coals of Permian age therefore have a greater significance regarding
mining The Permian coals and the Vryheid Formation strata in which they occur are mostly confined
to the northern and northeastern regions of the Karoo basin (Cadle et al., 1990). The Volksrust
Formation is mostly present along the western and southern escarpment and isolated occurrences of the
Beaufort Group are encountered on the high ground towards the southern part of the coalfield. In the
central part the Dwyka Formation and the Pieterniaritzburg Formation are thin or absent. The
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distribution of the different groups and formations over the coalfield are mainly the result of basin
topography and modern day erosional surfaces, according to Greenshields (1990). The thickness of the
Karoo sediments varies over the whole area of the coalfield but thickens towards the south.

2.2.1. Ecca Group

During the Early Permian deep marine shales, submarine-fan sediments and shelf shales were
deposited along the southern margin of the Karoo basin. At this time the sediments from the northern,
more passive margin, were more shallow water, deltaic and fluvial sediments with associated coal seams
(Cadle et al., 1990). All these sediments together make up the Ecca Group. Sediments of the Ecca
Group attain a maximum thickness of over 400 m (SACS, 1980).

The Ecca Group sediments can be subdivided into three distinct formations (from old to young):
the Pietermaritzburg, the Vryheid, and the Volksrust formations (SACS, 1980). The Pietermaritzburg and
Volksrust Formations merge southwards to form the central Ecca shale facies and represent shales
deposited on the marine shelf. The Vryheid Formation on the other hand comprises a series of
alternating conglomerates, sandstones and shales within which the coal seams are found. The sandstones
are predominantly developed only at the margin of the basin (SACS, 1980). The marine shales of the
Volksrust Formation grade up into the terrestrial sediments of the Beaufort Group, reflecting the climatic
change (Cadle et al., 1990). The Ecca shales are characteristically dark grey and carbonaceous. In the
north-eastern part of the basin, i.e. the area covered by the Eastern Transvaal Coalfield, the sandstones

are cross-bedded and consists of upwards fining cycles (SACS, 1980).

Greenshields (1986) states that at least four major cyclothems, each with an associated coal seam,
occur in the Ecca Group. They are commonly called the "coal measures of South Africa” and crop out

in the mountains near the town Vryheid, and so were named the Vryheid Formation (SACS, 1980).

2.2.2. Vryheid Formation

The tectonic style changes from east to west and from north to south in the Karoo Basin. These
factors are the main control on the distribution and stratigraphic thickness of the formation. The Vryheid
Formation pinches out northward as a result of the asymmetry of the basin (figure 2.1).

The Vryheid Formation consists mainly of sandstone and shale with some subordinate coal seams
associated with it (SACS, 1980). The sediments of the Vryheid Formation probably represent alluvial
plain, upper and lower delta plain deposits with associated shallow lagoon and coastal swamps (Jermy

and Bell, 1990). The change from stable margin to subsiding foreland basin confined the Vryheid



Formation and the shales of the succession to "pinch-out" to the north. This "pinching-out" results in a
gradation of a fluvial valley-fill sequence into sediments of deltaic origin (Van Vuuren, 1981). According
to Cadle et al. (1990) the sandstones become interfingered with the deeper water shales, a so-called
"shale-out", approximately 500 km from the present northern basin margin. They state that this is due
to rapid basinward facies migration down the southernly dipping paleoslope.

The Formation attains a maximum thickness of 500 m in the deeper part of the basin (SACS,
1980), but in the area of the Eastern Transvaal Coalfield only attains a maximum thickness of 170 m
(Greenshields, 1986) and thins to about 80 m in thickness in the proximal basin settings (Cadle et al.,
1990). '

The Vryheid Formation contains 5 major coal seams, with locally developed partings and splits
in the coal seams increasing the number to 8, within an 85 m thick stratigraphic horizon (Greenshields,
1986) although this horizon can attain thicknesses up to 160 m in the deeper parts of the basin (Cadle
et al., 1990). According to Cadle ef al. (1990) all five major seams are still present in the thinnest and
most proximal parts of the formation. Greenshields (1986) states that all four cyclothems exhibit a
regressive phase where sedimentation occurred in fluvio-deltaic environments, followed by a transgressive
phase where sedimentation was typical of both marine and non marine transgressive shorelines. A seam
is therefore associated with clastic successions comiarising carbonaceous shale or siltstone, fine to coarse

grained sandstone and minor conglomerate (Cadle et al., 1990).

Although the five major coal seams, and their associated overlying and underlying sedimentary
packages, can be correlated between coalfields (Cadle et al., 1990), they have different names in different
coalfields (Greenshields, 1986). Table 2.1 draws a correlation between the names used in the different
coalfields.

Greenshields (1986) states that the mining potential of the seams varies throughout the area but
that the C seam has the biggest potential, although the B and E, and occasionally the D, seams attain
mineable thicknesses over limited areas. The general distribution of the upper seams is often restricted
by present-day topography, while the development of the lower seams is controlled by the pre-Karoo
topography. Structurally the seams are flat-lying with a gentle south-westerly dip (Greenshields, 1986).
The Dundas, Gus and Alfred seams are present in the Majuba Colliery mining area, but only the Gus
seam is exploited by the colliery (Lear and Hill, 1989). |

~23. THE GEOLOGY AT MAJUBA COLLIERY

The complex geological history of the area led to the deposition of a large number of different



Table 2.1 Correlation between coal seams in different coalfields (from Greenshields, 1986)
e

Highveld Coalfield Eastern Transvaal Coalfield Utrecht Coalfield

Northern half Southern half

No. 5 A Eland Eland
No. 4A B Alfred Alfred
No. 4 Upper C Gus Gus
No.4 Lower C Lower Dundas Dundas
No. 3 D Coking Coking
No. 2 E Targas Targas

lithologies. Correlation of the engineering properties of the different lithologies encountered in the
borehole cores led to their subdivision into four facies groups (Ward and Jermy, 1985; Jermy and Bell,
1990). These are called the arenaceous, argillaccous, diamictitic, organo-chemical, and heterolithic
groups. Twenty-four facies types have been identified from the sediments in the four facies groups.
Table 2.2 presents a list of the eleven facies types, and their descriptions, sampled in this study. This
ignores the presence of numerous dolerite sills and dykes present in the mining area. A sill of over 170
m in thickness overlies the whole sedimentary package into which the six boreholes were drilled (appendix
A).

The Dundas, Gus and Alfred seams are all present in the Majuba Colliery mining area, but only
the Gus is mined (Lear and Hill, 1989). The sediment directly overlying the Gus seam is very important
to this study as it would indicate if methane can flow into the mine opening through it or if it would block
the migration of methane into the mine. A variety of facies types overlie the Gus seam, notably: cross
bedded coarse grained sandstone (ARF39), fine grained sandstone with some argillaceous partings (AH
55 to 59), cross bedded fine grained sandstone (AH 58), cross bedded fine grained sandstone (AH 60),
medium grained sandstone (AH 53) and cross bedded medium grained sandstone which becomes more

argillaceous toward the roof of the Gus seam.

The samples were obtained from nearly 170 m of borehole core and two bulk samples from the
immediate roof of the Gus seam. The core was obtained from five 10 m long holes drilled vertically up
from the roof of the Gus seam (boreholes AH 53, AH 55, AH 58, AH 60 and AH 61) and one, nearly
400 m long vertical hole drilled from the surface to 4 m below the Dundas seam (ARF 39). The logs of
the latter is reproduced in Appendix A and the Jogs of the five short holes are reproduced in Appendices
B through F (after Jermy and Venter, 1993).



Table 2.2 Description of tested facies (after Jermy and Bell, 1990)
[P

Facies : Description
2 Lenticular bedded mudrock
3 Alternating layers of mudrock and sandstone.
4 Flaser bedded sandstone. _
5 Ripple cross laminated séndstone with grit.
7 Massive fine grained feldspathic sandstone.
8 Cross laminated fine grained feldspathic sandstone.
9 Massive medium grained feldspathic sandstone.
10 Cross laminated medium grained feldspathic sandstone.
11 Massive coarse grained feldspathic sandstone.
12 Cross laminated coarse grained feldspathic sandstone.
14 Sandstone with carbonaceous drapes and slump structures.

22 Coal, mixed dull and bright.

The two bulk samples (plates 2.1 and 2.2) were of facies type 10. Plate 2.1 show the micaceous
foresets of the trough cross beds. The darker band on the bottom of the sample is a small argillaceous
band (facies type 3). The transition from facies type 3 to facies type 10 is delineated by a very sharp
discontinuity. The sandstone of facies type 10 is most probably part of a river channel cutting into the
peat/mud deposit constituted by facies type 3 in plate 2.1. Plate 2.2 shows the through cross beds from

a different angle. Here it can be seen clearly that the grain size is vary variable in the same facies type.
2.4. COAL CHARACTERISTICS

Not much information has been published on the coals occurring in the Eastern Transvaal
Coalfield. The usual practice is to equate the properties of the coals in this area with the data available
from the Transvaal and Witbank coalfields for which more information is available (eg. Greenshields,
1986; Cadle et al., 1990). According to Cadle et al. (1990) the Permian age coal seams are richer in
mineral matter and more variable in type, organic matter and rock than coals in the northern hemisphere.
In particular the Vryheid Formation coals are characterized by much higher internite content than their
northern hemisphere counterparts. The coals range in rank from sub-bituminous to mid-bituminous,

progressing to meta-anthracite locally (Cadle et al., 1990).

Extensive intrusion of the Vryheid Formation by dolerite dykes and sills in the Jurassic, coupled
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Plate 2.1 Bulk sample from roof of Gus coal seam showing trough cross bedding of facies type 10.
Orientation of sample shown by arrow.
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Plate 2.2 Bulk sample from roof of Gus coal seam showing variability in

grain size for the same facies
type. Arrow shows orientation of sample.
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with changes in peat depositional settings, resulted in significant changes in grade, type and rank between
and within the different coal seams of the area (Cadle et al., 1991). This might be the reason why only
two coal mines in the Eastern Transvaal Coalfield produce anthracite grade and most others produce

- bituminous coals (Anon, 1987). Average analyses of bituminous coal from the seams that were actively
exploited in 1986 within the boundaries of the Eastern Transvaal Coalfield are presented in table 2.3.
No information has been published for Majuba Colliery and their effect on the permeability could
therefore not be investigated in this study.

Table 2.3 Average analysis for the coal seams mined in 1986 in the Eastern Transvaal Coalfield (from

Anon, 1987).
e
Air-dry values
Colliery C{l}l:lriﬁc H,O Ash Volatile Fixed Total
ue % % Content Carbon  Sulphur
Ml/kg % % %

Ermelo 28.0 31 13.1 30.0 53.8 0.85

Goedehoop 29.7 24 103 30.5 56.9 0.79

Kobar 26.8 29 16.2 21.5 59.3 0.80

Savmore 280 36 126 290 54.9 0.717

Spitzkop 273 31 14.7 289 533 i.23

2.5. PETROGRAPHY

A number of thin sections were cut from samples for which the permeability had been
determined toward nitrogen, methane and water. All the facies types used in the tests, except coal, were
sampled. Most of the minerals could easily be identified by petrographical microscope, but some of the
minor constituents could only be identified by scanning electron microscope.

Plate 2.3 shows a photomicrograph of a typical sample of facies type 10 (table 2.2). The basic

mineral assemblage is as follows:
A. Quartz.
B. Plagioclase feldspar.
C. Microcline feldspar.,
D. Detrital biotite.

E. Detrital muscovite.
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Plate 2.3 Photomicrograph of facies type 10. Magnification = 18.24x. A = Quartz, B = Plagioclase
feldspar, C = Microcline feldspar, D = Detrital biotite, E = Detrital muscovite, F = Secondary biotite,
G = Argillaceous minerals and H = Zircon.

Plate 2.4 Photomicrograph of facies type 5. Magnification = 18.24x. A = Quartz, B = Plagioclase
feldspar, C = Microcline feldspar, D = Detrital biotite, E = Detrital muscovite, F = Secondary biotite,
G = Argillaceous minerals and H = Zircon.



Additional to this assemblage, minerals such as secondary biotite (F), some clay minerals (G), zircon (H),
garnet and cordierite (neither visible in photomicrograph). The basic assemblage, however, were found
to remain the same in all facies types, as can be séen in plates 2.3, 2.4, 2.5 and 2.6 (facies type 10, 5, 7
and 12 respectively), except that average grain size increases with increasing facies number. The sorting
appears to decrease steadily from facies 5 (plate 2.4) to facies 12 (plate 2.6). This results in a better
packing with increase in facies number. The facies types that are coarser grained than facies type number
9 have a more bi-modal grain size distribution. The ratio of primary to secondary biotite visible in the
section is determined by the orientation relative to the trough cross bedding planes in which the section
was cut. Each trough cross bed is delineated by a thin layer of micas. Due to diagenesis the clastic
grains were punched through the biotite/muscovite layer and it appears that the clastic grains are
cemented by primary biotite if the section is cut nearly parallel to the bedding planes. In the cases were
the secondary biotite is more predominant, the section was cut perpendicular to the bedding planes.
Secondary biotite could also be the result of alteration of argillaceous material due to the heat generated
by > 170 m dolerite sill overlying all the sediments investigated.

Cracking of grains is common (eg. grain A, plate 2.3), but no cracks running through the whole
sample were observed under the microscope. Cracks of any nature may play a role in increasing the
permeability, so if the cracks pre-date the mining and sampling they are contributing to the real
permeability of the sample, whereas if they were post extraction the measured permeability could be
incorrect. The cracks in the grain are closed, but not infilled. This could be the result stress release due
to mining or due to the extraction by drilling. If these cracks were formed during the deposition they
most probably would have been infilled. If the stress difference between the in situ regime and
atmospheric was large the cracks would have extended through the sample and not been confined to a
few grains. This could also be because the sediments are poorly to moderately cemented meaning that
any stress release would not produce visible cracks as the grains can move to a limited extent. The cracks
in grain A (plate 2.3) could also be caused by the cutting and polishing of the sample and the thin
section.

No measurement of the pore size and the amount of interconnection between the pose spaces
were carried out, but increased sorting and decrease in packing with increase in grain size is thought to
be responsible for the increase in permeability with increase in grain size. The mineralogy of the samples
is very complex and the influence of the variable nature of the sediment on the permeability will become

apparent in chapter 5.
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Plate 2.5 Photomicrograph of facies type 7. Magnification = 1824x. A = Quartz, B = Plagioclase
feldspar, C = Microcline feldspar, D = Detrital biotite, E = Detrital muscovite, F = Secondary biotite,
G = Argillaceous minerals and H = Zircon.

Plate 2.6 Photomicrograph of facies type 12. Magnification = 18.24x. A = Quartz, B = Plagioclase
feldspar, C = Microcline feldspar, D = Detrital biotite, E = Detrital muscovite, F = Secondary biotite,
G = Augillaceous minerals and H = Zircon.



CHAPTER 3
THEORETICAL CONSIDERATIONS

3.1. INTRODUCTION

For a fluid to flow through a porous medium, the pores must be interconnected to some degree.
The measure of the resistance to flow of the fluid by the medium is called its permeability. The
permeability of a porous medium can therefore be defined as the quantity of fluid that flows through a
unit thickness of a porous medium in a unit time (eg. Bass, 1987). Many different types of permeability
exist, but only three types are referred to in this study: "specific" permeability, "liquid equivalent”
permeability and "relative” permeability. The permeability of a sample towards a specific fluid, at a
specific fluid pressure, is called the specific permeability of that sample, k;, (Bass, 1987). At infinite high
gas pressure the permeability of a sample towards a specific gas approaches the permeability of that
sample towards a liquid, i.e. it is the liquid equivalent permeability of that sample, k,, (Klinkenberg, 1941).
The liquid equivalent permeability is obtained by plotting the specific permeability of a sample measured
at a series of gas pressures against the reciprocal mean gas pressures and fitting a best fit line through
the points. The best fit line is then extrapolated to infinite high gas pressure, i.e. the y-axis intercept
(ASTM, 1990). The y-axis intercept is then taken as being equivalent to the liquid equivalent permeability
(figure 3.1). If a fluid, such as water, partially fills the pores of a porous medium and a second fluid, such
as methane, flows through the medium, no absolute specific permeability can be determined, so the
permeabilities of the two fluids are expressed relative to. each other. The permeability of the sample is
then expressed as the relative permeability of the medium towards methane (gas), kg, and the medium’s
relative permeability to water, k,, (Paterson and Meany, 1991).

A number of approaches can be used to characterize the flow of a fluid through a porous
medium (Gawuga, 1979):

a. Experimental (Based on Darcy’s law).

b. Theoretical (Based on Poisseuille’s law).

c. Semi-empirical (Based on the approaches of either Adzumi or Klinkenberg).

Experimental methods have the advantage that they give results directly, but the results may have
to be scaled up from the laboratory scale to reality. Theoretical methods depend on the mathematical
description of the internal structure of the porous medium and the type of flow at each point in the
sample (Dullien, 1979). Such models can be very complex and direct results may be impossible to obtain.
Semi-empirical methods are generally considered to give the best results. The methods usually involve
measuring the flow induced by setting up a pressure gradient across the sample and then calculate the

permeability with an empirical formula. Adzumi and Klinkenberg both reached the same conclusions but
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Klinkenberg’s approach was more experimental, whereas Adzumi’s approach was more theoretical. In
this study experimental methods based on Darcy’s law and Klinkenberg’s approach have been used. The
methods used are discussed in the next chapter. This chapter discusses some of the more important

theoretical aspects of both the mathematical and experimental methods.
3.2. THEORETICAL MODELS FOR FLOW THROUGH POROUS MEDIA

To theoretically predict the permeability, a model of the internal structure of thc. medium must
first be mathematically described (Dullien, 1979). The closer the model resembles the porous medium,
the higher the degree of confidence that can be placed on the value obtained from that model. Most
authors, however, agree that to model the pore structure of a natural porous medium, such as a
sandstone, in three dimensions results in very complex mathematical formulations. Modelling the internal
structure of a porous medium describes the path the fluid will follow when flowing through the medium,
but the flow might be of different types at different points in the medinm. This must also be taken into
account when using mathematical models to predict the permeability of a porous medium. The flow
could be one of the following types (Gawuga, 1979):

- Laminar flow (Poisseuille’s law).

- Turbulent flow.

- Molecular streaming (Knudsen’s law).

Knudsen’s law describes the behaviour of a kinetic layer near the interface between a fluid and
a solid (Bradey and Boss, 1988). Laminar and turbulent flow describes the flow conditions in the centre
of the flow channel, in this case the pore space. At some point in any system flow will pass from laminar
to turbulent (Scheidegger, 1974). In an open channel this point is considered to lie between a Reynolds
number, Re, of between 500 and 1000 (Allen, 1985), as is illustrated in figure 3.2. The Reynolds number
represents the kinematic viscosity in the fluid, i.e. the energy state (Waltz, 1976). The higher the internal
energy of the fluid the more turbulent and unsteady the flow becomes.

Mathematical models are therefore developed for the movement of the fluid relative to the
particles (or grains) of the medium; for the movements of the particles (or grains) of the medium relative
to the fluid; and for the movement of the particles of the fluid in the fluid-solid boundary regions
(Stevenson and Scott, 1991). A series of matrix equations, the Navier-Stokes equations, were developed
to describe the motion of the fluid around a single grain, and the motion of the solid is expressed by

Hooke’s law.

Desai (1975), on the other band, suggests that a number of assumptions must first be made in

order to reduce the complexity of the calculations and to make the solid-fluid system more
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understandable. These assumptions are:
- The medium is rigid and continuous.
- The fluid is homogeneous and incompreésible.
- The flow is continuous and non-rotational.
- Capillary and inertia effects are negligible.
Such stringent conditions very seldom exist in nature. Most procedures and models are therefore based

on the semi-empirical equation of Darcy (eg. Desai, 1975; Scheidegger, 1982).

Flow in a geological environment occurs on two distinct scales: the macro- and the micro-scale
(Stevenson and Scott, 1991).  The macro-scale is concerned with flow through openings, cracks and
fissures that can be observed by the naked eye, whereas the micro-scale flow is the flow in and around
grains which can only be seen under magnification by hand lens or microscope. In most instances the
macro-scale flow surpass the micro-scale flow by several orders of magnitude. Theoretical and laboratory
investigations can very seldom include macro-scale flow, so some sort of conversion factor must always
be used to scale the laboratory and theoretical finding up to in sifu conditions (Stevenson and Scott,
1991).

The easiest way to visualize the internal structure of a porous medium for theoretical description,
is a series of straight, circular tubes (capillaries on the scale of a laboratory sample) arranged on a square
lattice (Scheidegger, 1974). Such a configuration is called an "idealized porous medium" and is illustrated
in figure 3.3.A. If the fluid flowing through the configuration as shown in figure 3.3.A is considered to
be incompressible, viscous and flowing steadily, an exact mathematical solution for the permeability can
be obtained (Stevenson and Scott, 1991). The average of all the flows through all the capillaries is taken
as representative of the macroscopic flow. This, according to Gray, Fatt and Bergammi (1963), means
that the permeability depends on the number of pore channels per unit area, perpendicular to the
direction of fluid movement. The number of pore channels per unit area is then inversely proportional
to the square of the sphere radius. The permeability can therefore be theoretically predicted if the total

cross-sectional area of the capillaries (i.e. pore spaces) is known.

This treatment clearly results in an "idealized’ permeability value. By varying the diameter of the
capillaries and their orientation towards each other, a series of capillaric models can be described. Each
different arrangement results in its own prediction of the permeability (Dullien, 1979). These models can
be one-dimensional, in the case of the "bundle of capillary tubes" (figure 3.3.A). This model results in
permeability predictions only in one flow direction (Scheidegger, 1974). Orientating a third of the
capillaries in each of the three spatial directions, a two-dimensional model could be achieved. These are
called parallel type models (figure 3.3.B). In order to make the models, in both cases, more realistic the
diameter of the capillary tubes are varied along their lengths (figures 3.3.A and 3.3.B). The internal
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structure of the medium is then represented as a series of "necks" and "bulges”. Large differences in
thepermeability predicted by such models are encountered when the diameter used in the calculation is
that of a "neck" or that of a "bulge" (Dullien, 1979).

More realistic predictions of the permeability can be made by using three-dimensional
interconnected capillary networks (figure 3.3.C). The representation of the three-dimensional internal
structure of the medium, i.e. a sandstone made up of a series of irregular grains, can be transferred to
a two-dimensional "branch-and-node" chart (figure 3.3.C). Each intersection of two or more capillary
tubes as well as the diameter of any given capillary tube is given a specific mathematical value. By
compiling the values as an imaginary fluid flows along a certain path, an approximation of the
permeability can be made (Dullien, 1979). If the fluid is taken as flowing in such a way that it always
selects the capillary tube with the largest diameter at each intersection, a permeability will be arrived at
that is higher than if the fluid consistently chose the capillary tube with the smallest diameter. The
permeabilities derived from these two cases are the extremes. Taking an average of such values
calculated for each two-dimensional slice and then placing the values in a three-dimensional matrix, a very
realistic value of permeability could be obtained. The largest failure of this model it is nearly impossible
to get an accurate representation of distribution and geometry of the grains and pore spaces within a
natural substance such as a sandstone. By applying this approach, very good correlations between the
theoretical and experimental permeability could be achieved (Dullien, 1979). This statement highlights
the basic problem with any theoretical model: it has to be validated by experimental methods if it is to

be of any use in practice.
3.3. THE THEORY OF LABORATORY PERMEABILITY MEASUREMENTS

Most laboratory techniques rely on Darcy’s law or derivatives of that law for the calculation of
the specific permeability of a porous medium (Scheidegger, 1974). Darcy’s law assumes a linear
relationship between quantity of flow and pressure gradient across the sample. It is now commonly
realized that corrections have to be made to Darcy’s equation if the fluid is incompressible, eg. a gas, and
for physical effects such as pore geometry (Xue, 1991). For the most part, modifications to the law can
be neglected, but when gas is used as the permeating fluid, Klinkenberg’s effect should be taken into
account and the equation modified accordingly. In its most basic form Darcy’s law can be written as

follows (Bass, 1987):

£y

< kp _ 02 @3.1)
p os ds

where: u, = volume flux across unit area of the porous medium in unit time along flow path, s

(cm®sec.)
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s = distance in direction of flow, always positive (cm).

z = vertical coordinate, considered positive downwards (cm).

p = density of the fluid.

g = acceleration due to gravity (cm/s®).

5p/ds = pressure gradient along path s, at the point to which u, refers.

w = viscosity of the fluid.

k = permeability of the medium.

82/5s = sin ¢, where ¢ is the angle between s and the horizontal.
Upon integration, equation 3.1 reduces to (Stormont and Daemen, 1991):

g = k—tE

L 32
AP, - P) 62

Equation 3.2 is valid for incompressible fluids, in the case of a compressible fluid, the second derivative
of equation 3.1 is used to calculate the specific permeability (Stormont and Daemen, 1991):
(P 12 =P, 22)A

- _ Sl (33)
q, = -(w) 2PL

__2afel (34)
A(P?, - P2)
where: q, = volumetric rate of flow at reference pressure P, (cm?/s).
k = permeability in the direction of flow (Darcy).
L = length over which the flow is measured (cm).
i = Viscosity of the fluid (cP).
A

cross-sectional area across which g, is determined (cm?).
P, = reference pressure (atm).

P, = upstream pressure (atm).
P

, = downstream pressure (atm).

Until 1941 the standard methods for the determination of the permeability of porous media were
all based on the assumption that, as long as the rate of flow is proportional to the pressure gradient, the
permeability constant of that medium is a property of that medium and is not dependent on the type of
fluid used (Ohle, 1951). In 1941 Klinkenberg discovered that this was not the case for gases and that the
permeability depended on the type of gas used.

Klinkenberg (1941) found that the only way to obtain a linear relationship from Darcy’s law was
to plot the permeability calculated by using equation 3.4 against the reciprocal mean gas pressure. This

.22



method, according to Klinkenberg (1941), removes the effects of "gas slippage" and some of the effects
of experimental error. Gas "slippage" occurs when the gas pressure increases to such an extent that a
ldycr of gas molecules becomes compressed against the walls of the pores (i.e. grain boundaries). If the
pressure on this gas layer becomes to high, the gas shears and the layer starts to move, or "slip". The
effect is that abnormal permeability values are obtained, and is manifested in a non-linear permeability

versus gas pressure graph, similar to the flow quantity versus pressure gradient graphs in figure 3.4,

Apart from influences such as the Klinkenberg effect (gas slippage), the physical measurement
of permeability is a very straight forward process (Scheidegger, 1974). Many methods of determining the
specific permeability, that is the ability of a formation to conduct or transport a specific fluid (Bass, 1987),
are described in the literature. The methods fall into either one of two main categories; steady-state or
transient pulse-decay, depending on the way the volume of fluid flowing through a sample is measured.

If the measurement is made under a constant pressure differential across the sample it is labelled a
steady-state method. If the change in pressure difference across the sample with time is measured, it is

labelled a pulse-decay method (Jaeger, 1972).

3.3.1. Steady-state methods

Holder et al. (1988) state that steady-state methods involve the measurement of the flow rate of
a sample under a constant pressure differential. Scheidegger (1974) asserts that the steady-state is
characterized by the vanishing of the partial derivatives of physical quantities such as density and velocity
from the first derivative of Darcy’s equation (equation 3.1). The resulting equation for incompressible
fluids is equation 3.2 and for compressible fluids it is equation 3.4. If the velocity vector is drawn at every
point of a moving fluid, a vector field is obtained. If this vector ficld is independent of time, the flow is
"steady" (Scheidegger, 1982). This is illustrated by figure 3.4.A.

3.3.2. Transient or pulse-decay methods

Pulse-decay methods, as opposed to steady-state methods, measure the time necessary for an
applied fluid pressure to dissipate through a sample and equating the pore pressure dissipation rate to
the permeability (Davit and Darot, 1989). The vector field changes with time as illustrated in figure 3.4.B.

3.3.3. Steady-state versus pulse-decay methods

Many authors consider steady-state methods to require an inappropriate lengthy equilibration

process (eg. Somerton et al., 1975; Gawuga, 1979; Jeager, 1972). Holder et al. (1988) found that
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Figure 3.4 Schematic illustration of the change in the flow velocity at the same
point at three different times under different applied pressure regimes (after
Bober and Kenyon, 1980).

approximately one hour was needed for a sample with a permeability of one millidarcy to reach

equilibrium.

Brace (1977) states that it is difficult to accurately measure permeabilities below one millidarcy
using steady-state methods, but David and Darot (1989) suggest that pulse-decay methods are most
appropriate for crystalline rocks.

Harpalani, Zhou and Farmer (1991) regard pulse-decay methods as having a distinct advantage
over steady-state methods when it comes to the measurement of permeability under stressed conditions.
Chakrabarti and Taylor (1968) on the other hand states that the Ohle-cell, which will be discussed in
more detail in chapter 4, can measure permeabilities under steady-state conditions with reasonable

accuracy to as low as 0.01 mD.
3.4, LIMITATIONS TO DARCY’S LAW
Darcy’s law represents a linear relationship between the filtration velocity and the pressure

gradient. The straight line representing this relationship passes through the origin of an x-y plot. Any

deviation from this type of relationship represents "Non-Darcian’ flows. Deviations may be expected due
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to: high flow rates, molecular effects, ionic effects, and non-Newtonian behaviour of the percolating fluid

(Scheidegger, 1974). Figure 3.5 shows twelve different ways in which these effects manifest themselves
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Figure 3.5 Twelve schematic flow curves for non-Darcian flow
conditions (from Scheidegger, 1974).

when the permeability is plotted against the reciprocal mean gas pressure. The plots show that the
relationship between pressure and permeability is no longer linear (dashed lines) and Darcy’s law is no
longer applies.

The velocity component of a flow is described by its Reynolds number. For a low Reynolds
number, nearly equal to zero (figure 3.2), the flow is laminar and Darcy’s law is valid .(Desai, 1975).
Furthermore the law in its original state, as was mentioned earlier, is only valid for incompressible fluids
(Debshutz et al., 1987). If the gas is a compressible medium and the pressure at the exit is equal to
atmospheric pressure, as it is in the experiments described in the next-chapter, the measured volume that
passed through the sample is not equal to the volume in the specimen which is at a higher mean pore-
pressure, requiring the introduction of a correction factor (Debschutz et al., 1987). Measuring the specific
permeabilities at a series of applied gas pressures, and then plotting them against the mean gas pressure

at each point, these effects are largely negated (Klinkenberg, 1941).

Adsorption of gas molecules of the permeating fluid onto the carbonate molecules of the sample

occur due to a lack of thermo-dynamic equilibrium between the sample and the gas where they are in
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contact with each other (Dullien, 1979). The adsorbed molecules of gas forms a léycr between the solid
(sample) and the fluid (gas). The thickness of this layer is measured in molecules. The number of the
layers of molecule layers are determined by the type of bond between the adsorbed molecules (gas
molecules) and the molecules of the adsorbent (sample). If the bond is physical (i.e. a positively charged
molecule of the gas attracted to a negatively charged molecule of the sample), the layer can only be one
molecule thick. If the adsorption bond is chemical (i.e. one or more electrons of a atom of the gas are
attracted by the proton of the atom of the sample, and they form a chemical bond between them), the
layer may be several molecules in thickness (Dullien, 1979). This means that if a chemical reaction
(bond) can occur between the molecules of the gas and the molecules of the sample through which it is
permeating, a multi-molecule layer of gas can exist in contact with the solid in the pore spaces of the
sample. This layer can be set in motion by the frictional forces between the permeating gas and the
stationary adsorbed layer of gas molecules. The flowing layer is then referred to as Knudsen’s flow
because he was the first person to describe it mathematically (Scheidegger, 1974). The measured
permeability is then higher than expected from Darcy’s law, similar to the "gas slippage" of Klinkenberg
(1941). In most cases, the flow in an adsorbed layer can be satisfactorily expressed as diffusion along a
concentration gradient (Knudsen’s law), but if capillary condensation plays a major role, this is not true,
and a different mechanism, i.e. capillary condensation, must therefore dominate. Capillary condensation
can also induce additional flow gradients, thus increasing the volume of flow (Scheidegger, 1974). Flow
due to adsorption and flow due to capillary condensation constitute the extreme but opposite ends of
the micro flow spectrum. In practice it is found that the flow is made up of a situation somewhere in

between the two (Scheidegger, 1974).

Changes in permeability with changes in pH of the percolating solution are not linearly related
(Scheidegger, 1974). It is generally thought that the permeability changes are caused by an
electrochemical reaction between the permeating gas or liquid and the sample, such as ion exchange
reactions in swelling clays (Scheidegger, 1974). The secondary biotite in the samples studied are though
to be the alteration products of argillaccous minerals. If the alteration process was not complete, some
of the clay minerals might still be able to participate in ion exchange reactions and so influence the results

of the experiments.

If the flow does not have a homogeneous temperature distribution a straight line plot of
volumetric rate of flow versus the specific permeability cannot be obtained (Rose, 1987). In none of the
experiments done in this study was any control enforced on the temperature of the permeating fluid. It
is conceivable that the friction between the pcrmeéting fluid (especially in the case of gas) could cause
temperature differences that could affect the values obtained. The distances involved as well as the rates

of flow (typically 0.01 cm®s) argues against this having a significant influence on the values obtained.



It is commonly accepted that deviations from Darcy’s law are encountered in the flow of gases,
presumably due to molecular effects (eg. Klinkenberg, 1941; Ohle, 1951; Gawuga, 1979; Scheidegger,
1974). Air permeabilities are higher than liquid permeabilities in the same porous medium, as calculated
from Darcy’s law (Klinkenberg, 1941). When the pore diameter becomes comparable with, or smaller
than, the molecular mean free path of the flowing gas, anomalous permeability values are obtained from

Darcy’s law (eg. Gawuga, 1979; Scheidegger, 1974).

An important difference between flow of liquids and gases in porous media is that in the latter
case the velocity at the solid walls cannot, in general, be considered zero, but a so-called "slip"” or "drift"
velocity at the wall must be taken into account (Dlillien, 1979). This fact has been recognized as early
as 1875, by Kundt and Warburg, who had shown that when a gas is flowing next to the wall of the pore
space, the layer of gas next to the surface is in motion with respect to that surface. This phenomenon
is commonly called gas slippage (Ohle, 1951). This effect has been mathematically modelled by Knudsen
and can be described, physically, through particulate diffusion movements between the layers in the
laminar flow (Debschutz et al, 1989).

The phenomenon of gas slippage, or molecular streaming, occur mostly at high gas pressures.
At elevated pressures there is a crowding of molecules at the interface, thus reducing the mobility of the
gas and reducing the permeability of the porous medium (Harpalani and Schraufnagel, 1989). This
"crowding" starts to happen when the diameter of the capillary openings approaches the mean free path
of the gas (Klinkenberg, 1941).

The amount of slippage is proportional to the frequency of the collisions between the molecules
of the gas. This means that the amount of slippage is also proportional to the mean free path of the gas.
The term "mean free path" for the gas refers to the diameter of the opening through which the fluid is
flowing, in natural systems such as rocks, this is the pore diameter. Therefore, the larger the gas
molecules, the greater the slippage (Ohle, 1951). The opposite is also true, that is, if the mean free path
is much smaller than the pore diameter the slip velocity becomes negligibly small (Dullien, 1979).

In liquids the mean free path of molecules is in the order of the molecular diameter, so the ‘no-
slip” condition always applies in liquid flow. In gas flow through a capillary, the molecules at a distance
equal to the mean-free path from the wall have, on the average, a non-zero velocity in the direction of
flow. As the mean free path becomes an increasingly greater fraction of the capillary diameter, the "wall
velocity" increases in significance relative to average velocity. The limiting situation in which the mean-
free path of the gas molecules is much greater than either the diameter of the capillary or its length is
called "molecular streaming" or Knudsen flow (Dullien, 1979).
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The effect of the slippage is that, if it occurs, the experimentally measured flow rate, and
therefore the calculated permeability, is much larger than it should be. Klinkenberg (1941) recognized
this and adopted the method of extrapolating the pressure to infinitely high values which is the same as
reducing the molecular mean free path to infinitely small diameters to "correct" the permeability obtained
from the semi-empirical Darcy law. This method has been adopted as standard practice (ASTM, 1990)
and when anomalous values that can be attributed to the slippage of gas are encountered in permeability

experiments, it is commonly referred to as the "Klinkenberg effect” (eg. Gawuga, 1979).



CHAPTER 4
METHODOLOGY

4.1, INTRODUCTION

As mentioned in the previous chapter, permeability can be tested under steady-state or pulse-
decay pressure conditions. In the steady-state a constant pressure differential is maintained across the
sample, requiring less complicated apparatus than the pulse-decay methods. The steady-state methods
discussed in this chapter allowed the testing of the permeabilities of the sediments towards a range fluids.

This study concentrated on measuring the permeability of the roof strata sediments of the Gus
seam, and to a lesser extent the coal itself, under various externally applied stress conditions, Similar
studies, done on the Coal Measure strata in Britain and on the coal-bearing strata of the U.S.A,, were
mostly concerned with the influences of stress on the permeability of the coal itself and not on the

sediments associated with it (eg. Gawuga, 1979; Mordecai and Morris, 1971; Somerton ef al., 1975).

Previous studies of sediments (not related to the northern hemisphere Coal Measure strata) were
done under atmospheric conditions (eg. Ohle, 1951; Crook, Daw and Morgan, 1971; Crook et al., 1973).
Few authors describe the testing of coal under atmospheric conditions, mainly due to the difficulty in
obtaining useable intact samples (eg. Gawuga, 1979; Ohle, 1951; Walker and Mahajan, 1987).

This study used a modified Ohle cell to measure the permeability of the sediments towards
nitrogen, methane and water under atmospheric conditions and a modified Hoek cell for tests involving
methane under triaxial conditions. To the author’s knowledge no previous work of this nature has been
carried out, or the results from such studies published, for laboratory tests on the coal-bearing strata the

eastern Transvaal or anywhere else in South Africa.
42. SAMPLE PREPARATION

Core obtained from six boreholes drilled by Majuba Colliery for explorational purposes and from
borehole core drilled by the author from two bulk samples from the immediate roof of the Gus seam were
sampled for the project. Five of the holes were drilled vertically into the roof of the Gus seam and
yielded core of NX (54 mm) diameter. The sixth borehole was drilled vertically from surface to intersect

the coal seams present in the area and provided core of TNW (60.3 mm) diameter.

A post drill, fitted with an adjustable stage and an NX (54 mm diameter core) sized diamond

drill bit and core barrel with a water swivel (figure 4.1), was used by the author to obtain core samples
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Figure 4.1 Post- or pillar drill setup used for core sample extraction (from Richards, 1992).

from the bulk samples. The bulk samples were first trimmed by circular diamond saw to ensure that core
samples could be drilled parallel to, and perpendicular to, the bedding planes in the samples. The

samples were clamped in place on the stage to minimise the lateral movement of the drill bit.

The drilled core samples were cut to their correct lengths by means of a circular diamond saw.,
For the Ohle cell the samples were cut into discs of roughly 15 mm in length, irrespective of their
diameter. Triaxial tests, on the other hand, are influenced by the length to diameter ratio. A ratio of
2:11is considered to reduce the end effects to acceptable levels (Obert and Duvall, 1967). As a result the

samples were cut into 100 mm or 120 mm lengths, depending on the diameter of the core. Carborandum
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paste was used to grind the ends of the samples until they were parallel and smooth. This was done so
that an even load could be applied perpendicular to the long axis of the sample in the triaxial case, and

to assure a better seal between the o-rings and the sample when tested in the Ohle cell.

Useable coal samples are notoriously difficult to obtain (eg. Gawuga, 1979) and this study was
no exception. Although the samples were already cored and needed only to be cut to the correct length,
only a small number of samples did not disintegrate completely when cut with the circular diamond saw.
By encasing the whole length of the piece of coal that was intended to be cut with masking tape it was
found that useable samples could be cut for use in the triaxial cell, but not for the Ohle cell. Coal
samples had to be kept in a desiccator with the masking tape in place, otherwise it was found that they

would fall apart within a few days, thereby making them unsuitable for the intended tests.

After the samples were sawn into their appropriate lengths and their ends ground to the required
smoothness, the samples were washed to remove all the grit and carborundum paste. This was done with
care to avoid impregnating the pores of the sample with the grit and paste, which could affect the
permeability of the sample. The samples were then oven-dried at 110°C to remove all the excess moisture
and placed in desiccators containing silica gel to keep them moisture-free. Drying over a period of
twelve hours was found to be sufficient in most cases for the samples to attain a constant weight, i.e.
assumed to be moisture-free. The coal samples could not be washed or oven dried, because washing
dissolved the coal and speeded up the breaking up process and at a temperature of 110°C there is a
danger of driving off all the volatiles from the coal. The excess moisture in the coal samples was removed
by first drying them under 60 Watt lamps for a short period (3 to 4 hours), and then placing the samples

in a desiccator with water absorbent silica gel.

In the cases where water was the permeating fluid the sandstone samples were first

vacuum-saturated with de-aired water for 48 to 72 hours.

43. OHLE CELL

43.1. Apparatus

The original design of the Ohle cell as described by Ohle (1951) and Chakrabarti and Taylor
(1978) was modified (figure 4.2), mainly concerning the material used for its construction and the sample
holder. Brass was used instead of the original stainless steel because it allowed for the more flexible new
design. Brass was chosen because it does not react with any of the fluids used (eg. does not rust when

testing with water) and is strong enough to withstand the pressures used. Modification of the sample
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holder allows it to hold a broader spectrum of samples with respect to diameter and length. Scaling
between the sample and the sample holder is achieved by two rubber O-rings pressed against the sample
by means of a spacer (figure 4.2). Plates 4.1 and 4.2 show the cell in its assembled and dismantled state.

This apparatus was chosen because of its proven ability to give accurate results in the 10 to 107
millidarcy range (Chakrabarti and Taylor, 1967). The cell also allows the testing of the permeability
towards various fluids (gases and liquids) without the need to remove the sample from the cell. The

*. present modifications also allow for speedier sample changing.
43.1.1. Gas

Figure 4.3 shows the various components of the apparatus used to test the permeability of the
samples towards gas. The gas (either nitrogen or methane) was supplied by means of a commercial gas
cylinder that is capable of delivering 20 MPa pressure. The supplied pressure was kept constant by
means of a regulator and measured with a transducer and a digital readout. Flow rates were measured

with a stopwatch and a series of bubble flow meters of 25, 100 and 250 cm® capacity (figure 4.3).
4.3.1.2. Water

In the cases where water was used as permeating fluid, the setup of the apparatus differed
slightly. The water pressure was supplied by either a constant pressure apparatus able to deliver 1600
kPa pressure (figure 4.4) or a hydraulic ram connected to a hydraulic pump that can deliver pressures
up to 17 MPa. The water was de-aired by means of an ELE de-airing apparatus. Flow rates were

measured with a stopwatch and a graduated burette (figure 4.4).
4.3.2. Test method
43.2.1. Gas

After a sample was installed in the chamber the apparatus (figure 4.2) was assembled. Sealing
was achieved by compressing an o-ring against the sample. The effectiveness of the seal was tested by
inserting a steel disc of the same dimensions as the sample in the cell, applying a pressure and noting if
any fluid reached the bubble flowmeter. With a porous sample installed plug A was removed and a small
pressure ,50 kPa, applied. This was done to expel any air in the space between the fluid inlet and the
sample (figure 4.2). Plug A was then replaced after plumbers tape had been wound around its thread
to guard against leakage, and plug B removed. The pressure was increased to 150 kPa which caused the

sample to be "flushed" with the testing fluid and to expel any air that might have been trapped
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Plate 4.1 Photograph showing the assembled Ohle cell.
(Vernier calliper open at S0 mm)

Plate 4.2 Photograph showing the different parts of the Ohle cell.

(Vernier calliper open at 50 mm).
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Figure 43 Diagram showing the different components of the Ohle cell for tests
involving gas as the permeating fluid.
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Figure 4.4 Diagram showing the different components of the Ohle cell tests
involving water as the permeating fluid.
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in the pores of the sample or the test apparatus. Coupled with the oven-drying of the sample this was
assumed to produce a single-phase environment with respect to the testing fluid. When all the air at the
low pressure side of the sample was replaced by the permeating fluid, plug B was replaced (normally after

15 minutes).

The rate of flow was then periodically measured, and at the point when the flow rate became
constant, the sample was assumed to be fully saturated with the fluid pressure and the system was
assumed to be in equilibrium. The gas pressure was now increased by 50 kPa. The system was left to
equilibrate again and the flow rate was recorded. This incremental increase in gas pressure was
continued until the pressure reached 700 kPa. A gas pressure of 700 kPa was chosen as termination point
because the initial tests resulted in erratic specific permeability versus reciprocal mean gas pressure plots

after a inlet gas pressure of 400 kPa was reached (figure 4.5). This behaviour was thought to be caused
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Figure 4.5 Plot of k, versus 1/ P,, for methane showing erratic behaviour above
400 kPa inlet gas pressure.
by either the Klinkenberg effect (Klinkenberg, 1941) or by the flow becoming turbulent so that Darcy’s
law was no longer valid (Desai, 1975). Subsequent experiments were continued up to 700 ‘kPa inlet gas
pressure to make sure that the cause could be identified as well as to provide enough data points for the
later statistical manipulations required by ASTM D4525-85 (1990). The data was then recorded on a data
sheet like the one shown in appendix G. Appendix G is the data sheet for sample A in figure 5.9 (p. 51).

Usually the sample was first tested with nitrogen as the permeating fluid and directly afterwards
with methane as the flowing fluid. Nitrogen was used first mainly for reasons of safety. If the geometry

=36 -



of the sample did not allow a seal to be affected and a large quantity of gas escaped into the atmosphere,
it does not pose a danger as does methane. To change over from one gas to another the gas pressure
was reduced to zero and the pressure released from the system by removing plug A, without removing

the sample from the cell. The same procedure as outlined above was then followed with the new gas.

The samples obtained by coring the bulk samples across bedding were orientated so that the flow
into and out of the mine opening could be simulated. Some of the other samples, notably the samples
from the lower parts of borehole ARF 39 (Appendix A), i.e. those nearest to the coal seam being mined,
were also tested with in two directions to test for any permeability anisotropy. Approximately 10% of
all samples tested were retested by the same method to test the reproducibility of the test method.

43.2.2. Water

After the sample was saturated with de-aired water it was installed in the cell. Plugs A and B
were removed and a pressure of 200 kPa or 1000 kPa, depending if the constant pressure apparatus or
the hydraulic ram was used, applied. When all the air was displaced in the space between the Samplc
and the water inlet (figure 4.2) plug A was replaced. Plug A’s thread was first covered with plumbers
tape to ensure that no leakage of the testing fluid occurred. The system was then left until water started
to emerge at the low pressure side of the sample. The space between the sample and the outlet (figure

4.2) was then filled with de-aired water through the hole of plug B, and the plug replaced. This was
done to fill the outlet side of the cell as well as the whole length of the tube from the outlet to the burette
and to ensure that the whole face of the sample on the low pressure side was covered with water. The
tube connecting the outlet from the cell with the burette was transparent so that any air bubbles trapped
in the water could be detected. If air bubbles were detected, plug B was removed again and more water
added until the air bubbles were expelled from the tube. When a constant flow rate was achieved, the
pressure was increased in 200 kPa steps (constant pressure apparatus) or 2000 kPa steps (hydraulic ram).
After each pressure increase the system was left to equilibrate and the flow rate noted. The experiment
was terminated when a pressure of 1600 kPa was reached with the constant pressure apparatus (its limit)
and at 10000 kPa with the hydraulic ram. By removing the pressure and undoing plug A the sample could
be extracted once the apparatus had been disassembled. The measurements were recorded on data

sheets like the one shown in appendix G.

4.4. HOEK CELL

4.4.1. Apparatus

For the tests simulating in sifu stress conditions a modified Hoek-Franklin triaxial cell was used
(after Daw, 1971). Figure 4.6 shows a cross-sectional cut through the cell and plate 4.3 shows the cell

in a partially assembled state. The modifications involve a series of interconnected circular grooves cut
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into the end platens (plate 4.4). The grooves are designed to distribute the fluid over the whole cross-
sectional area of the sample, at the high pressure end, and to collect the fluid that passed through the
sample over the whole cross-sectional area of the sample, at the low pressure end. In the case of coal
it was found that these grooves pressed into the ends of the coal thereby effectively blocking any gas

penetrating the samples. Cintered discs of the same diameter as the platens were used to counteract this.

Axial load was supplied by a RELSMA testing machine capable of delivering a load of 1000 kN.
Confining stress was applied by means of an ENERPAC hydraulic pump that can supply an oil pressure
of up to 50 MPa. Figure 4.7 shows, diagrammatically, how the different components fit in relation to each
other. The gas supply system was the same as for the tests under atmospheric conditions and the flow

rates are also measured with the use of a bubble flowmeter and a stopwatch.
4.4.2. Test method

Before the samples were placed in the assembled Hoek cell the annular space between the
rubber sleeve and the cell was first filled with hydraulic oil. This was done by inserting two steel platens
of the correct diameter into the sleeve and fitting one of the oil inlet valves (figure 4.6) with a apparatus
that opens valve to the outside. Hydraulic fluid was then pumped gently into the cell from the hydraulic
pump until all the air between the cell and the sleeve have been expelled. This is managed by observing
when no more air bubbles flow out with the oil at the open valve. To ensure that the whole space
between the cell wall and the sleeve is filled by oil, the two opposing valves must be kept as close to
vertical as possible. If the whole space is not filled properly, the sample gets pushed into the sleeve and
the oil, which is under pressure, sprays out. Apart from ruining the sample by saturating it with hydraulic

oil, it can also be very dangerous.

The samples were then placed in the cell and a hydrostatic stress of 4 MPa applied (it was found
to be the general stress at which no gas flowed between the sample and the sealing rubber sleeve of any
of the samples). At the outset it was hoped to start the testing at the measured in sifu stress conditions
 in the mine, but since this is estimated to be below 4 MPa this could not be carried out. Only tests using
methane were carried out, first because of the importance of the methane tests to this study énd secondly
because of the time aspect involved in reaching equilibrium. A full range of tests on one sample could
take up to four days to complete. First the gas pressure was increased in 50 kPa increments up to 700
kPa at a hydrostatic pressure of 4 MPa, similar to the Ohle tests. From this point a series of three tests
were carried out:

~a. The axjal stress was increased in 2 MPa intervals (usually to 20 MPa) while the confining
stress was kept at 4 MPa and the gas pressure at 200 kPa. The flow rate was measured after |
each load interval. Axial load was then decreased in 2 MPa steps, until hydrostatic conditions
at 4 MPa were reached again.

b. The confining stress was increased in 2 MPa intervals while the gas pressure was kept
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Plate 4.3 Photograph showing the Hoek cell with the rubber sleeve inserted.
(Vernier calliper opened at 50 mm).

Plate 4.4 Photograph showing the modified platens for the Hoek cell.

(Vernier calliper opened at 50 mm).
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Figure 4.7 Diagram showing the different components of the Hoek cell tests
involving methane as the permeating fluid.

constant at 200 kPa. This loading was also done until 20 MPa was reached at which time the
hydrostatic load was decreased in steps of 4 MPa until the base 4 MPa hydrostatic conditions

were reached again.

c. The hydrostatic stress was increased in 2 MPa intervals while the gas pressure was kept
constant at 200 kPa. Similar to the previous method the stress was increased until 20 MPa
was reached. The confining stress was then relieved until the starting 4 MPa hydrostatic
conditions were reached.

In each of the three cases the procedure was repeated two to three times. The effect of each cycle was
determined by measuring the specific permeability at a series of gas pressures and determining the liquid
equivalent permeability in each instance. The data were then captured on a sheet such as shown in
appendix H. Appendix H contains only part of the data used to compile figure 5.14 (p. 57).

gas penetrating the samples. Cintered discs of the same diameter as the platens were used to counteract
this.

Axial load was supplied by a RELSMA testing machine capable of delivering a load of 1000 kN.
Confining stress was applied by means of an ENERPAC hydraulic pump that can supply an oil pressure
of up to 50 MPa. Figure 4.7 shows, diagrammatically, how the different components fit in relation to each
other. The gas supply system was the same as for the tests under atmospheric conditions and the flow

rates are also measured with the use of a bubble flowmeter and a stopwatch.
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- CHAPTER 5
RESULTS AND DISCUSSION

5.1. INTRODUCTION

The measurement of the quantity of fluid at a single steady flow rate permits the calculation of the
permeability from Darcy’s law (Dullien, 1979). To overcome any experimental error, the measurements
are performed at a series of flow rates (Klinkenberg, 1941). The specific permeabilities were calculated
using derivations of Darcy’s law. Equation 3.2 was used in the cases where water was used as the
permeating fluid and equation 3.4 was used in the cases where gas was the permeating fluid (Somerton
et al., 1975). The calculated permeabilities were then plotted against the pressure gradient across the
sample and a straight line fitted to the data points. According to Darcy’s law, this line passes through
the origin (Dullien, 1979). The results were plotted in accordance with the method described in ASTM
D4525-85 (1990). Only the liquid equivalent permeabilities are reported in order to compare the results

from the test involving different permeating fluids (i.e. methane, nitrogen and water).

The results are reported such that the main emphasis are on the relationship between facies type
and liquid permeability (where water was used as permeating fluid) or equivalent permeability (where

gas was used as permeating fluid).
52. OHLE CELL
S52.1. Gas

Plotting the specific permeability against the reciprocal mean gas pressure (P,,) it was found that
the permeability (k;) generally decreased with increasing gas pressure. In the majority of cases the
nitrogen and methane plots for the same sample followed the same pattern (figure 5.1). The specific
permeabilities for tests involving nitrogen were found to plot higher than the specific permeabilities for
the tests involving methane as one would expect for a gas of smaller molecular size (figure 5.1). The
same does not apply to the liquid equivalent permeabilities. Nearly half of the resulting liquid equivalent
permeabilities for methane were found to plot higher than the liquid equivalent permeabilities for
nitrogen, and the rest were found to plot lower. The difference between the k,, for methane and the k.
for nitrogen, however, was found to average less than 10%. This result is the same as the findings of Ohle

(1951), who ascribed the difference to experimental error.

Table 5.1 lists the permeability (k,) ranges obtained from the tests using nitrogen as the
permeating fluid for the eleven facies types listed in table 2.2. The liquid equivalent permeability was
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Figure 5.1 Plot of k versus 1/ P, for nitrogen and methane. (Facies 9).

used so that a better comparison between the permeabilities of different fluids (nitrogen, methane and
water) could be made. The reasons for a permeability range rather than for a single permeability for
each facies type is due to the fact that the sediments represent different depositional environments. Each
facies type also contain sediments of variable grain size which will naturally result in a range of
permeabilities rather than in a unique permeability for each facies type. The definition of the upper and
lower limit of the permeability range for each facies type is also very much dependent on the number of
tests carried out on the samples of a specific facies type. Variations due to experimental error might also
be a contributing factor. Table 5.1 represents the results of 90 tests carried out on 67 samples using
nitrogen. By retesting 26% of the samples, it was found that the average reproducibility was 71%. Table

5.2 gives the permeability (k,) ranges obtained from the tests involving methane as the flowing fluid.

Table 5.2 is the summary of 267 tests carried out on 208 samples using methane. The average
reproducibility of the results were found to be more than 75% (22% of the samples were retested to
determine the reproducibility). Ohle (1951) found the reproducibility of his experiments to be as high
as 90 %. The precision of the experiments should be 95 % according to ASTM D4525 (1990), meaning
that the value obtained for the liquid equivalent permeability should not vary by more than 5 % in
consecutive tests. This suggests that the reproducibility of the experiment in this study is low; however,

the reproducibility values of 75 and 71 % quoted for this study is the average over all the facies
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Table 5.1 Liquid equivalent permeability ranges for facies types tested with nitrogen as permeating fluid.
- ]

Facies Type Permeability Range (mD) Number Average 12
Tested
Minimum Maximum Average
2 0.0042 - 0.3785 0.1389 4 0.91
3 0.0005 0.6083 0.2364 2 0.85
4 0.0013 0.0682 0.0315 4 0.94
5 0.0059 0.0059 0.0059 | 1 0.99
7 0.0110 0.0238 0.0167 3 0.90
8 0.0682 0.1106 0.0894 2 0.96
9 0.1237 1.0117 0.3708 5 0.86
10 0.0035 1.9470 0.3960 4 0.88
11 0.3239 0.3239 0.3239 1 0.96
12 0.3835 0.3835 0.3835 1 0.99

Table 52 Liquid equivalent permeability ranges for different facies types tested with methane as
permeating fluid.
L

Facies Type Permeability Range (mD) Number Average r?
Tested
Minimum Maximum Average
2 0.0057 0.2590 0.1197 4 0.94
3 0.0025 0.6146 0.0808 6 0.77
4 0.0018 0.0040 0.0029 5 0.81
5 0.0024 -0.0070 0.0026 8 0.78
7 0.0020 0.0247 0.0108 7 0.81
8 0.0001 0.1161 0.0282 8 0.92
9 0.0213 1.5318 0.2788 22 0.80
10 0.0128 2.7132 0.4412 103 0.69
11 0.0681 2.1597 0.3902 34 | 0.80
12 0.1567 3.1960 - 10546 1 0.69



types, whereas the ones mentioned by Ohle (1951) and ASTM D4525 (1990) are for the same facies types.
There is no guarantee that the flow of the fluid through the sample did not change the internal structure
of the sample, thereby affecting the reproducibility.

The objective of this study was to determine if any correlation could be found between facies type
and permeability. Tables 5.1 and 5.2 show that the tests involving nitrogen and the tests involving
methane result in a similar relationship between liquid equivalent permeabilities obtained and facies type.
This relationship is also illustrated in figure 5.2, with the left hand range at each facies type being the
methane range and the right hand side range the range for nitrogen. Nonetheless a relationship of
increasing permeability with increasing grain size was found in the coarser grained facies (facies type 8
and higher). For the finer grained facies types the permeability was found to decrease with increase in
grain size. This could be the effect of many factors, but in the author’s opinion the most likely cause is
the number of tests done on that facies type. The more tests that are done on a specific facies type the
more representative, statistically speaking, the definition of the permeability range for that facies type will
be. The largest range in liquid equivalent permeabilities were obtained for the coarsest grained facies
type, facies type 12 (figure 5.2). Another factor that could have a significant role in the actual liquid
equivalent permeability quoted is the data points chosen for the best fit straight line. ASTM D4525-85
(1990) states that at least 3 data points should be located, at the highest gas pressure (lower values of
reciprocal mean gas pressure), and a straight line drawn through them. The intersection of this line with
the y-axis is the liquid equivalent permeability (figure 3.1). In this study 12 data points, between 150 kPa
and 700 kPa gas pressure, was used to fit a straight line.

When plotting the flow rate against the inlet gas pressure it was found that both the plot for the
nitrogen and the plot for the methane tests resulted in positive slopes. The plot of flow rate versus inlet
gas pressure for the same sample as in figure 5.1 is shown in figure 5.3. In this case the k, for the
methane test plotted higher than the k; of the nitrogen tests, with the methane plot having a steeper slope.
In some cases the plots of specific permeability versus reciprocal mean gas pressure for the tests involving
methane resulted in graphs with negative slopes, whilst the tests involving nitrogen resulted in plots with
positive slopes (figures 5.4 and 5.5). Such results were unexpected as the plot of flow rate versus gas
pressure for the same sample yielded positive, albeit non-linear, plots (figure 5.6). In other cases both
the nitrogen and methane tests resulted in plots of specific permeability versus reciprocal mean gas
pressure with negative, and very non-linear, slopes (figure 5.7). In these cases the plots of flow rate
versus gas pressure was still positive, but non-linear for both the methane and the nitrogen tests (figure
5.8). This meant that Darcy’s law no longer applied. Possible reasons for such behaviour were outlined

in chapter 3.

The two main phenomena that could be causing such anomalous specific permeability versus
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~ reciprocal mean gas pressure plots are the Klinkenberg effect and adsorption (eg. Gawuga, 1979). Using
Klinkenberg’s method of analysis (or ASTM D4525, 1990) the effects of experimental error is negated
(eg. Klinkenberg, 1941; Ohle, 1951). If the methane plot has a negative slope but the nitrogen plot for
same sample has a positive slope (figures 5.4 and 5.5) it can be assumed, in the author’s opinion, that
adsorption is the main mechanism responsible. All the facies types exhibiting this behaviour contained
some percentage of carbon (determined with total percentage carbon analysis, table 5.3) which adsorb
methane and not nitrogen. If both the permeability versus reciprocal mean gas pressure plots had
negative slopes (figure 5.7), gas slippage or Klinkenberg’s effect, must be the dominant mechanism
present. Anomalous plots were obtained from 16% of the tests involving nitrogen and 23% of the tests
involving methane. In a small number of cases the extrapolated liquid equivalent permeabilities were
found to be negative, which is physically impossible. Scheidegger (1974) states that Darcy’s law represents
a straight line through the origin, small deviations due to experimental error could therefore result in such
negative permeabilities. If the method prescribed by ASTM D4525-85 (1990) is followed, and only three
data points on the high gas pressure side is used, the liquid equivalent permeability obtained can in some
instances be changed from negative to positive. As negative liquid equivalent permeability values are a
physically impossible and the plots with negative slopes indicates that Darcy’s law is no longer applicable,

those values were not quoted in tables 5.1 and 5.2, although they were recorded as having been tested.

All the specific permeabilities were calculated using a derivation of Darcy’s law, equation 3.4,
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Table 5.3 Total carbon analysis for different facies types.
15—

Facies % Carbon Number
(= 0.1%) Tested
4 6.3 1
5 54 2
7 50 4
8 40 2
9 18 4
10 19 9
11 48 2
12 13 1
22 17.1 2

as mentioned earlier. This equation, according to a number of authors (eg. Scheidegger, 1974; Bass, 1987;
Somerton et al., 1975), represents a linear relationship between specific permeability and gas pressure.
A straight line (of the form y=a+bx) was therefore fitted to all the plots by means of a computer
program. For 86% of the nitrogen plots the confidence of fitting a straight line was more than 0.8, with
27% having confidence levels of more than 0.95. In the case of the methane plots 71% had a confidence
of more than 0.8, and 40% had a confidence of more than 0.95 toward the fitting of a straight line. Only
5% of the methane and 7% of the methane plots were best fitted by a straight line. Fitting 25 different
lines to the plots it was found that in both the cases of methane and nitrogen the most common best fit
curve was a parabola (y=a-+bx+cx?), 15% of the methane plots and 22% of the nitrogen plots. The
second most common best fit curve was found to be a second order hyperbola (y=a+b/x+ ¢/x?) in the
case of the methane tests and a beta curve (y=a*x"*(1-x)°) in the case of the nitrogen plots. It must be
realised that in the case of the gas as permeating fluid equation 3.4 was used, which is the second
derivation of Darcy’s original law (Bass, 1987). The relationship will therefore be exponential rather than
linear. In this study none of the correction factors suggested by other authors (eg. Klinkenberg, 1941;
Mordecai and Morris, 1971) were added to the basic Darcy equation (equations 3.2 and 3.4), as it is
extremely difficult to obtain values for them and most authors agree that their influence is negligible on
the final permeability value obtained (eg. Bass, 1987; Scheidegger, 1974). If these factors were included
in the equation the overall effect would have been to make it in the form of a straight line, i.e. y = mx

+ ¢, where m and ¢ are the correction factors.

The permeability (k; and k,,) was found to vary over very short distances. In figure 5.9 the plots
of k, versus 1 /P, for 4 samples taken over a 10 cm distance, belonging to facies type 10 (table 2.2), were
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Figure 5.9 Plot of k, versus 1/ P, for methane, showing variation of k; and k,
(in brackets) with grain size. (Facies 10).

combined to illustrate the variability in permeability (k, and k). The grain size increases from the
medium grained sample A, to more coarse grained sample D. As can be seen the permeability, both
specific and liquid equivalent (quoted in brackets), increases with increasing grain size. The slopes of
the graphs become less as the grain size decreases. The distribution of the data points also becomes less
linear as the grain size increases. In other words the confidence factor for the fitting of a straight line
increases as the grain size decreases. This might be the influence of better sorting, meaning that the flow
paths available to the fluid became more or less of uniform geometry so that with an increase in gas
pressure the path the fluid takes does not differ significantly from the path the fluid took at the previous
gas pressure. Figure 5.9 could also be used as an argument for the fact that a range of permeabilities
will be obtained for a specific facies type, and not just a single value.

Two oriented bulk samples from the immediate roof of the Gus seam were used to determine
the permeability, and therefore the flow, characteristics in three directions. These samples were identified
as belonging to facies 10, i.e. medium to coarse grained sandstone with trough cross beds. Samples used
for tests in the Ohle cell were obtained parallel to, and perpendicular to, the bedding. Each sample was
reversed so that they were subjected to flow in two directions. The results of the methane tests are given
in table 5.4. The results for the tests involving nitrogen are not listed because they closely follow those
in table 5.4. No obvious differences between the average liquid equivalent permeabilities could be found

between the flow across and the flow parallel to the bedding planes, but this could be a function of the
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Table 5.4 Liquid equivalent permeabilities for tests in three directions using methane as permeating fluid.
-]

Orientation: Direction of Permeability Range (mD) ‘Number
' flow Tested
Minimum Maximum Average
Parallel to Bedding: Left to Right 0.2822 0.8171 0.4740 12
Right to Left 0.0605 1.4218 0.3701 27
Across the Bedding: Top to Bottom 0.0918 1.8077 0.6225 8
Bottom to Top 0.1206 0.5970 0.2376 5

difference in the number of tests carried out in each orientation. The average permeability (k,) was
found to be different, in both cases, if the direction of flow was changed. The average permeability (k,,)
was found to be slightly less if the fluid flowed from bottom to top than from top to bottom. A flow from
top to bottom is comparable with the flow into the mine opening and a flow from bottom to top is

comparable to the flow out of the mine opening. Figure 5.10 shows that this is not necessarily the case
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Figure 5.10 Plot of k, versus 1/ P, for methane, showing variations in k; and k,,
with change in flow direction. (Facies 10).

in individual samples, although the geometry of the plot is the same in both cases. That is if a difference
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of 0.03 mD could be shown as being significant. The resuits listed in table 5.4 also indicate that the
permeability of a fluid flowing along a bedding plane will be affected by the direction in which it is
flowing. In this instance there is a very slight difference in the average liquid equivalent permeability.

Again the number of samples tested might have an influence on the accuracy of such differences.
5.2.2. Water

Tests involving water as the permeating fluid were found to require a substantially longer amount
of time to equilibrate than the tests using gas as the flowing fluid. Where a test using methane or
nitrogen would take approximately 1 hour to reach equilibrium (constant flow rate at constant pressure
differential) it would take the same sample approximately 3 to 4 hours to equilibrate to the applied
pressure differential if the permeating fluid was water. In the early stages of the project a hydraulic pump
connected to a hydraulic ram was used to supply the water pressure to the sample. This apparatus was
only capable of supplying pressures from 1 MPa upwards. In the case of the majority of samples with
facies type numbers higher than 9, and a diameter of 60.3 mm, 1 MPa of water pressure at the inlet was
enough to fracture them. In one case the water, at a pressure of 1 MPa, punched a hole of about 10 mm
in diameter through the centre of the sample. From the geometry of the fractures (usually three radiating
outward from the centre of the sample) it was inferred that this setup delivered the pressure in high
intensity pulses. These problems were solved by using a constant pressure apparatus that was capable

of delivering pressures from about 200 kPa.

Some of the samples broke apart while being vacuum saturated. A large number of samples were
found to have increased in both diameter and length, by up to 1 mm, after the vacuum saturation was
completed. If a sample broke up, even slightly, a seal between the sample and the O-rings (figure 4.2)
may or may not have been achieved successfully, casting doubt on the accuracy of the resulting
permeability. No doubt was cast on the results if the sample started to fracture during the test. The flow
rate increased suddenly and dramatically, indicating that the flow regime had shifted from being
intergranular to fracture flow. The samples that increased in size after being vacuum saturated, most
probably due to clay minerals absorbing water and swelling, could not be tested as they could not be
made to fit into the Ohle cell. They could be fitted into the cell again if they were allowed to dry out
slightly, but then there was no way of knowing if the sample was still fully saturated or not making it

unusable.

Table 5.5 gives a summary of the average permeabilities (k,) obtained from the tests involving
water as the permeating fluid for 38 samples. Figure 5.11 shows a plot of specific permeability
versus a water pressure range of 200 to 1800 kPa. The specific permeability of the sample towards water

increased with increasing water pressure, exactly opposite as the relationship found if gas was used as the
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Table 5.5 Average permeability at 1 MPa water pressure for the facies types tested.

Facies Average Permeability in millidarcy at ~ Average r Number Tested
Type 1 MPa water pressure

3 0.0004 0.48 1

4 0.0001 NA 1

7 0.0042 035 3

8 0.0084 0.51 6

10 0.0480 0.42 26

11 0.0660 0.91 1
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Figure 5.11 Plot of k, versus water pressure. (Facies 10).

permeating fluid. Such behaviour can be ascribed to the incompressibility of water and the fact that the
water molecules have a larger size relative to the mean free flow path (eg. Bass, 1987; Gawuga, 1979;
Scheidegger, 1974). This means that the water molecules get pushed through the flow path one at a time
whereas many gas molecules are pushed into the mouth of the pore space. The gas molecules then get
"crowded" at the entrance with the result that less gas passes through the sample along flow path and
thereby reducing the permeability the higher the pressure the gas is under. The values in
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- table 5.5 are those obtained at 1 MPa water pressure. Klinkenberg (1941) found that increasing the gas
pressure to infinitity the permeability approached that of the specific permeability of the medium to water
(or any other liquid). He, however, does not mention the pressuré at which the water must be to be
comparable to the iquid equivalent permeabilities obtained when using gas as the permeating fluid. One
megapascal inlet pressure were chosen in this study because at that pressure it was found that the specific
water permeabilities for the different facies types showed the best correlation to the liquid equivalent
permeabilities obtained from the tests involving gas as the permeating fluid. The average specific water

permeabilities shows an’ exponential increase with increase in grain size, as would be expected (figure

5.12).

When plotting specific permeabilities for a range of water pressures, very few samples resulted
in best fit straight lines with confidence levels higher than 0.5 (figure 5.11). The most common best fit
curve was found to be a second order hyperbola (y=a+b/x+ c¢/x?) with 26% of the samples falling into

0.08 -
=
o -
5
5 0.06
i
=
or=d
g [
>~ 0.04
& h
= §
= ]
m -
<4 ]
g ;
7 0.02
m -
5 ]
. ’ [
] =
L e a s R e —
e 1 2 3 4 B & 78 9 1o 11

FACIES TYPE NUMBER

Figure 5.12 Plot showing the relationship between k, for water (at 1000 kPa inlet
pressure) and facies type.

this category. The second most common best fit curve was found to be a reciprocal relationship

(y=a+bx+c/x) and this included 16% of the samples tested.

Permeabilities were also determined in three directions on the samples obtained from the two

bulk samples. The majority of these samples swelled and were unusable. Results from the samples that
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could be tested followed those set out in table 5.4 if the specific permeability at an inlet water pressure
of 1000 kPa was taken as comparable to the liquid equivalent permeability of the sample obtained from

the tests involving methane as the permeating fluid.
53. HOEK CELL

The time needed for tests involving methane as the permeating fluid to reach equilibration, was
approximately 1 hour in the case of the Ohle cell tests. Applying a hydrostatic stress (i.e. o, = 0, = 03)
of 4 MPa, equilibration was only reached after about 5 hours in the Hoek cell. Figure 5.13 shows the
typical time to reach equilibrium for a facies type 8 (table 2.2) sample, and it was found that higher
numbered facies types, which are generally more permeable, required less time to equilibrate and facies

types with lower numbers required more time to equilibrate.

In order to obtain a basis for comparison with the tests done under atmospheric conditions (Ohle
cell), a series of permeability measurements were done at for a range of gas pressures at a hydrostatic

load of 4 MPa in the Hoek cell. Table 5.6 shows the results obtained from 39 tests carried out on 21
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Figure 5.13 Plot showing the change in flow rate with time under a constant
external hydrostatic stress of 4 MPa. (Facies 8).

samples. Sixteen percent (16%) of the tests produced plots showing deviations from Darcy’s law. These
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Table 5.6 Liquid equivalent permeability ranges obtained under a constant 4 MPa hydrostatic stress.
R S

Facies Permeability Range (mD) Number Average 12
Type Minimum Maximum Average Tested
7 0.0061 0.0061 0.0061 1 0.92
8 0.0060 0.0666 0.0363 _ 2 0.72
9 0.3492 3.3127 1.3837 3 0.87
10 0.0096 2.9999 0.5852 14 0.69
12 0.5280 0.5280 0.5280 1 0.99
14 0.0075 0.1316 0.0963 4 0.57
22 0.4182 0.4182 0.4182 4 0.67

included one of the coal samples and all of the facies type 2 and 6 samples. Their results are therefore
absent from table 5.5. The most common, 30% of the tests, best fit curve to the data points was found
to be a parabola (y=a+bx+cx?). The second most common, 16% of the tests, best fit curve was found

to be a second order hyperbola (y=a+b/x+c/x?).

It was found that an increase in either axial stress (o,) or confining stress (o,) or both will lead
to a significant reduction in both specific and liquid equivalent permeabilities. Figure 5.14 shows the
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consecutive decrease in both liquid equivalent and specific permeabilities with each increase in applied
confining stress (o). Gawuga (1979) found that at a certain point, the sample will no longer deform, and
the permeability obtained will remain constant no matter by how much the applied load is still increased.
The same effect is obtained if the axial stress (o) or the hydrostatic stress (oy = 0, = 03) were
increased in steps of 4 MPa. In all the cases (axial stress, confining stress and hydrostatic stress increase)
the reduction in specific and liquid equivalent permeability due to the first 4 MPa increase in stress (i.e.
from 4 MPa to 8 MPa) was found to be the largest, up to 50%.

Loading the sample and then unloading it produced plots similar to figure 5.15. The specific
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Figure 5.15 Plot of k, versus 1 / P, for methane showing the difference in
reduction in k,, produced by applying different stress loading cycles. (Facies 12).

permeability decreased with increase in applied stress and then increased with decrease in applied stress.
In the case of the sample in figure 5.15 the stress had to be removed totally for 2 to 3 days before the
same initial permeability could be obtained. This might seem to be a surprising large amount of time,
but as figure 5.16 shows, the difference in permeability (k, and k) is still marked after the sample was
relieved from its applied stress for more than 30 minutes. This kind of behaviour, where there is only
a slight elastic recovery immediately after the stress is reduced, and a full recovery after a longer period
of time, is referred to as time-dependent (or an-elastic) recovery (Dr. M.K. Watkeys, pers. comm., 1993).
The permeability of the sediments is therefore influenced by the stress history, for a short while at least.

Figure 5.15 shows that the application of load cycles of different stress types affect the samples
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similarly. The permeability reduction due to an axial load cycle is less than the permeability reduction
due to a hydrostatic load cycle (figure 5.15). The permeability reduction due to a confining stress load
cycle lies somewhere between the two, but more towards the amount of reduction experienced from a
hydrostatic stress increase. If the stress is released in stages and the permeability measured after each
stage, it is found that the permeability will increase with decrease in applied stress. The final permeability
is, however, not the same as the starting permeability, meaning that some deformation of the internal

structure of the sample have taken place.

Figure 5.17 shows that once a load cycle was applied, consecutive loading cycles have little
influence on the permeability if the sample is not allowed to recover fully between the tests. The sample
in figure 5.17 shows a 84 % reduction liquid equivalent permeability after the first load cycle and virtually
no change, from 0.087 to 0.082 mD after the second load cycle. Gawuga (1979) and Mordecai and Morris
(1971) found that, in the case of coal, the permeability no longer showed any reduction after the second
load cycle. The permeability is them said to be stabilized. Due to the more elastic nature of the

sediments, it can be assumed that they would require more than 2 load cycles to reach a stable

permeability.
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Figure 5.17 Plot of k, versus 1 / P, for methane, showing the change of k,
before and after a series of axial load cycles. (Facies 9).

By increasing and then decreasing the gas pressure while keeping the hydrostatic stress constant
and determining the permeability after each increment, a plot like figure 5.18 is obtained. This figure
shows that a permeability hysteresis exists, the flow does not follow the same path when the gas pressure
is increased as when the gas pressﬁre is decreased. The beginning and end values for the specific
permeability, however, stays the same. Even hydrostatic stresses of 11 MPa are not able to change the
internal structure of a natural porous medium to such an extent that the paths available to the fluid

becomes isotropic. The permeability is therefore anisotropic under normal circumstances.

Some of the samples cored for the three dimensional analysis from the two bulk samples were
also subjected to triaxial testing. Table 5.7 compares the liquid equivalent permeabilities measured
parallel and across bedding for these samples at hydrostatic pressures of 4, 8, 12 and 16 MPa. Table 5.7
shows that at all stress levels, the liquid equivalent permeability across the bedding planes is significantly
less than the liquid equivalent permeability parallel to the bedding planes. This results are the opposite
of those listed in table 5.4, but the discrepancy might be due to the number of tests done, making the
results in table 5.4 statistically more correct. As in table 5.4, table 5.7 shows that there are differences
in the average liquid equivalent permeabilities when measured in two opposing flow directions. This is

most probably due to the anisotropy of the flow path, i.e. the packing of the grains results in different
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Figure 5.18 Plot of k, versus 1/ P, for methane, showing anisotropic behaviour,
even at hydrostatic pressures of 11 MPa. (Facies 9).

flow path geometries in different directions.
5.4. POTENTIAL SOURCES OF EXPERIMENTAL ERROR

In any experiment dealing with natural substances there are always one or more factors that can
give rise to unexpected results. Some of these factors can be controlled by the operator and others can

not. Operator and apparatus errors that can occur are discussed separately for each experiment below.
5.4.1. Ohle cell

54.1.1. Gas

In his experiments Klinkenberg (1941) found the experimental error for the determination of
k, to be roughly 5 % on synthetic substances (Jena glass filters). This is also the allowable margin for
error prescribed by ASTM D4525-85 (1990), but that value pertains to the difference obtained over three
consecutive tests using air as the permeating fluid. Ohle (1951) found the difference between the liquid
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Table 5.7 Liquid equivalent permeability ranges in three dimensions for methane as the permeating fluid
at hydrostatic pressures of 4, 8, 12 and 16 MPa.
.

Direction of " Permeability Range (mD) Number  Average r2

Tested
Flow Minimum Maximum  Average :

Hydrostatic Pressure: 4 MPa )
Orientation: Left to 0.6308 2.9999 1.8153 2 0.79

Parallel Right
to Bedding Rightto | 0.9200 1.4388 1.1794 2 0.89
Left
Orientation: Top to 0.2085 0.5152 0.3396 4 0.61
Across Bottom
Bedding Bottom to |  0.1680 0.2083 0.2528 3 0.86
Top

Hydrostatic Pressure: 8 MPa

Orientation: Left to 0.2672 1.1388 0.7030 2 0.86
Parallel Right
to )
Bedding Right to 0.5960 0.5960 0.5960 1 0.92
Left
Orientation: Top to 0.0819 0.1383 0.1101 2 0.56
Across Bottom
Beddi
ecing Bottom to |  0.1071 0.3251 0.1808 3 0.84
Top

Hydrostatic Pressure: 12 MPa

Orientation: Left to 0.1564 0.8842 0.5203 2 0.91
Parallel Right
to Beddin,
& Rightto |  0.4391 0.4391 0.4391 1 0.89
Left
Orientation: Top to 0.0597 0.1100 0.0848 2 0.48
Across Bottom
Bedding
Bottom to 0.0746 0.1644 0.1195 2 0.86
Top
Hydrostatic Pressure: 16 MPa
Orientation: Left to 0.1125 0.4514 0.2819 2 0.96
Parallel Right
to Bedding .
Right to 0.3583 0.3583 0.3583 1 0.77
Left
Orientation: Top to 0.0461 0.0817 0.0639 2 0.75
Across Bottom
Bedding :
Bottom to 0.0508 0.1139 0.0749 3 0.80
Top

“
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equivalent permeabilities of different fluids to be around 10% with a reproducibility of 90 %. In this
study the reproducibility was found to be between 71 and 75 % (section 5.2.1) and the variation between
the liquid cquivalcnt permeabilities for different fluids were on average still 10 %. The difference
between Ohle’s findings and the findings of this study might be explained by the inherent variability in
the sedimentary strata used as samples for this study versus the synthetic regularity of the Jena glass filters
used by Klinkenberg.

The specific permeability at each gas pressure differential is calculated by equation 3.4. The
quantity of flow per unit time (Q), the length (L) and the diameter (d) of the sample is measured, while
the inlet gas pressure (P,) is read off the transducer’s digital readout (figure 4.3) and the outlet gas

pressure was assumed to be a constant at 1 atmosphere (100 kPa).

The largest source of potential error with this apparatus was gas leakage. The fluid might leak
between the rubber o-ring and the sample (figure 4.2) resulting in a higher volume of flow than would
be expected. The effectiveness of the seal could be tested by placing a steel disc in the cell, but it was
found that the edges of the sample need only have a slight imperfection for a significant amount of fluid
to leak by. The steel disc, however, allows the operator to determine if gas is leaking from plugs A or
B when the gas pressure is increased. If fluid leaks out of the connection between the outlet of the cell
and the tube leading to the bubble flow meter, the measured flow rate might be underestimated. The
quantity of flow measured depends on the time a soap bubble travels between two set calibrations on the
graduated burette. Apart for the obvious error of parallax, errors can also occur from the lapse in time
between the point at which the bubble crosses the graduation and the point when the stopwatch is
stopped. A hundredth of a second translates into an error of 0.22 % in the k, permeability obtained.
If the volume recorded between the two graduations on the burette for which the time was obtained was
in error of 0.1 cm® an error of up to 0.99% can be made in the calculation of the liquid equivalent
permeability. Misreading the volume by 1 ¢cm® an error of up to 9 % can be introduced in the calculation
of the liquid equivalent permeability.

The lengths of the samples were measured by means of a Vernier calliper calibrated to within
0.01 mm. Such small variation introduces a negligible error (less than 0.00001 %) into the calculated
liquid equivalent permeability. A variation of 0.1 mm, on the other hand can introduce an average error
of 0.6 % in the k,, obtained. Varyiﬁg the diameter by 1 mm can introduce an average error of 5.9 % in
the k,, obtained.

As a large part of equation 3.4 is involved with the pressure differential across the sample, and

because the equation uses the square of these values, the values used for both the inlet and the outlet

pressure are very important. The applied gas pressure was obtained by reading a number from the digital
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readout of the transducer (figure 4.2). A difference could exist between the gas pressure displayed on
the transducer’s readout and the actual pressure applied to the sample. This difference, however, could
be assumed to be constant in all cases. Any leak in the joints and taps from the cylinder to the inlet of
the cell could cause the applied pressure to be less. If the whole of the annular space between the gas
inlet and the sample is not filled by the same gas (eg. air and methane) pressure differences could occur.
Nitrogen and methane are compressible gases and some compression of the gas molecules in the annular
space between the gas inlet and the sample have to be assumed, although it is hard to quantify the
amount of pressure loss this represents. Lastly the transducer’s accuracy (= 0.01 kPa) could result in
the use of an inappropriate value in the calculation of the k;, and therefore in the k, obtained. The gas
pressure used in the equation is therefore designated the mean inlet pressure and not the exact inlet

pressure. Table 5.8 shows the percentage change in k,, for the sample used in the construction of figure

Table 5.8 Table showing the percentage error introduced by varying the inlet gas pressure for a specific
sample.

Change in inlet Percent change in liquid equivalent permeability (k,.)
gas pressure
(kPa) Nitrogen Methane
0.1 0.28 0.26
1 221 1.78
2 424 3.74
3 533 527
4 6.61 6.53
5 8.26 | 7.92
10 14.08 13.35

—————,——,——

5.1 for a series variations in the inlet gas pressure. As the table indicates the amount of the error is
virtually the same for nitrogen as for methane. A change in outlet pressure is much more. dramatic as
an error of 0.1 kPa can produce an error of up to 3 % in the k,. The increase in the percentage error
is also not linear, but exponential in the k,. An error of 1 kPa can produce an error of up to 135 % in
the obtained k,,.

Errors due to dirt and dust clogging up the pores because the sample was not washed properly
could be significant, as the pore volume and pore interconnectedness is the vital factors controlling the

permeability of the sample. As the pore volume or porosity of the samples was not determined, the effect
of this could not be judged.
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If all the different errors were active during one particular test, the total experimental error

would be around 10 % as indicated by the difference in ki, for tests involving different gases.
5.4.1.2. Water

The basic assumption of equation 3.2 is that water is an incompressible liquid. Air is not. If the
de-airing was not complete, or all the air was not displaced out of the pores of the sample, some degree
of compression might result. The quantitative effect of this was not calculatable as the amount or air
present cannot be determined. That it has an effect on the results is obvious in view of figure 3.5 and

the discussion of the limitations of Darcy’s law in section 3.4 to which it refers,
Table 5.9 shows the influence on the specific permeability at different fluid pressures. The

Table 5.9 Table showing the variation in k; due to errors in the factors used to calculate it.

Factor Error in factor % Change in k,  Inlet fluid pressure
(kPa)
Inlet fluid pressure 1 kPa 0.11
Viscosity 0.001 cP 1.0 1000
Volume measured 0.01 cm® 0.1 1000
in burette 3
1cm 40 200
1 cm® 9 1600
Time ls 0.11 1000
Length 0.1 mm 0.61 1000
Diameter 0.1 mm 0.33 1600
Outlet fluid 1 kPa (0.01 atm) 0.1 1000
pressure
10 kPa (0.1 atm) 1.0 1000

- 0 09n9n9n9090B9mn_m_oDo_—_—_—————

cumulative effect of all the errors can be more than 10 % in the specific permeability at 1000 kPa inlet
water pressure. In all cases the effect of an error decreases with increase in inlet water pressure so that

if the k, at 200 kPa was used as the reference permeability, the cumulative error would have been in the
order of 50 %.
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5.42. Hoek cell

All the tests were done using methane which precluded the determination of the experimental
error by comparing the variation in k, obtained for different gases (Ohle, 1951). Equation 3.4 was also
used to calculate the specific permeabilities in this experiments, thus the same errors as discussed in the
Ohle cell section could be introduced here. The external stress regime obviously has an effect on the size
of the error introduced. Table 5.10 illustrates the difference in influence that the same error had under
different applied stress conditions. The effect of the error on the liquid equivalent permeability was less
the higher the applied hydrostatic stress. The influence of the errors on the specific permeability
decrease with increase in inlet gas pressure. On average the cumulative effect of the errors can be up

to 10 %.

Table 5.10 The influence on the k,, at different hydrostatic stresses due to variations in the factors used
to obtain it.
|

Factor Change in factor % Change in k;, Hydrostatic stress
(MPa)
Inlet gas pressure 1 kPa 0.7 4
1 kPa 0.4 11
5 kPa 3.0 4
5kPa 1.6 11
Time 0.01s 2.6 4
0.01s 12 11
1s 13.5 4
1s 43 11
Volume 0.01 cm® 0.1
o1 s Sl dond
1.0 cm® 55 hydrostatic stress
Length 0.01 mm 0.1 4
0.01 mm 0.8 | 11

I ———————— .
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CHAPTER 6
CONCLUSIONS

It can be concluded that permeability (k, and k) is a physical property of a rock, which varies
even over very short distances, and depends on many internal and external factors. The permeability is
also anisotropic and depends on the path the fluid will take as it flows through the medium. A change
in direction of flow can result in up to an order of magnitude difference in the specific permeability.
Resultingly, liquid equivalent permeability ranges rather than singular liquid equivalent permeabilities are
quoted for any facies type. The definition of the minima and maxima for the ranges depends on the

number of samples tested for each facies type and on the exact data points used to extrapolate from.

It can be seen that the specific permeability of a sediment towards a gas, such as nitrogen and
methane, will decrease with an increase in gas pressure. On the other hand the specific permeability of
a sediment towards a liquid, such as water, will increase with an increase in water pressure. For
comparison between the tests using methane and nitrogen and the tests involving water as the permeating
fluid, it was found that the liquid equivalent permeability for the test involving gas and the specific
permeability at 1 MPa gives the best results.

The allowable experimental error, according to previous researchers, is between 5 and 10%. This
value depends on how the error is calculated. If the error is calculated as the difference between the
liquid equivalent permeabilities obtained from different gases or by the difference in permeability
obtained from consecutive tests on the same sample. The experimental error in this study was found to
be 10% in if the percentage error is determined by comparing the k,, obtained from two different gases
and if all the variables in the equations used are varied together. The influence of a variation in any one

of the variables in the equation diminishes with increase in applied fluid pressure.

If carbon in one form or another is present in the sample, it may adsorb methane and result in
anomalous plots. It can be shown that this effect can be distinguished from the Klinkenberg effect by the
simple expedient of testing the same sample consecutively with nitrogen and methane and then plotting

the specific permeabilities obtained against the reciprocal mean gas pressure.

Plotting the specific permeability at a series of gas pressures against the reciprocal mean gas
pressure does not result in a linear plot, but rather in a parabola in the case of gas being the permeating
fluid, and a second order hyperbola in the case of water being the permeating fluid. This indicates that
the equations used do not represent a linear relationship between volume of flow and pressure differential

across the sample such as their parent equation, Darcy’s law, does.
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Application of an external stress result in a decrease in specific and liquid cqﬁvﬂent
permeability. The amount by which the permeability decreases is controlled by the type of external stress
applied. The biggest decrease occurs when the applied stress is hydrostatic and the smallest decrease
is obtained when the applied stress is axial. An increase in confining stress results in a larger decrease
than an increase in axial stress alone, but results in a smaller decrease than an increase in hydrostatic
stress. Permeability (k, and k,,) is dependent on the stress history of the sample. The influence of the
stress history decreases with each application of a load cycle and will disappear after two to three load
cycles. Internal deformation due to the application of the load wa$ not recovered immediately after the

load was removed, the samples therefore could be said to show an-elastic behaviour.

Under the influence of a load the permeability will decrease with time. This decrease will
continue until equilibrium is reached. Equilibrium is assumed when the flow rate stabilizes. The

permeability decreases with time, and at a certain stage will reach equilibrium.

Tests involving gas as the permeating fluid requires substantially less time to complete than tests
involving water as the permeating fluid. The liquid equivalent permeability obtained from the tests
involving nitrogen and methane can be compared to the specific permeability obtained using water as the
permeating fluid. Correlation between liquid equivalent permeability and specific water permeability,
however, depends on the pressure of the water when permeating through the sample. In practice it is
therefore not necessary that the lengthy tests involving water as the permeating fluid need to be carried
out to obtain a significant correlation between permeability and facies type. It is only advisable to use

water as the permeating fluid if it can be shown that the water might be reactive to the samples tested.

The definition of the lower and upper limits for each range were found to be dependant on the
number of tests done on samples for that facies type. Nonetheless a relationship of increasing
permeability with increasing grain size was found in the coarser grained facies (facies type 8 and higher).
For the finer grained facies types the permeability was found to decrease with increase in grain size.
This is not detrimental if the results were to be used as roof fall hazard indicator or to characterize the
flow character for the extraction of coalbed methane. A permeability versus facies type graph can be
constructed, such as shown in figure 5.2. If a well was sunk for the extraction of coalbed methane or
holes were drilled in advance of the mining face, an idea of the permeability and therefore the flow
character could be formed just by identifying the facies type and looking up the permeability from the
graph.

In general it can be concluded that the methods discussed can be useful in characterizing the flow

in one specific location, but more work is needed to define the relationship between facies type and

permeability more fully, especially with reference to the influence of macro structures such as joints,
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fractures and discontinuities. A more detailed microscopic study might delineate the borders between
the different facies types more conclusively and so enable a better relationship of facies type to

permeability to be produced.
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APPENDIX A

Borehole log of borehole ARF 39.
Vertical hole from surface to a depth of 381.8 m.
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APPENDIX A

DEPT . OF GEOLOGY AND APPLIED GEOLOGY

UNIVERSITY OF NATAL

DURBAN
MINE: rojouso BOREHOLE REF . NO.: ME
BOREHOLE NO. @ arF =9 DATE LOGGED: sep+ -a=
DATE DRILLED: Jom - o2 SHEET: 2 OF: 13
rC
+J
. 0 ~ : .
sonple No. focies | K [nd) 0 & fey Jescription
D —
251 -
]
2952 -
253
_ No core.
2549 T_
]
2595 H
8
1
256
MF 1 L ¥
MF B . o257 __::::::*:
: Dolerite: light grey, speckled,
MF 8 58 _:::‘:::, unweathered.
T
259 |
ME 173 8 Fine grained sondstone: faintly bedded
3 Argillocecus: decreose in sand componer
260
8 Fine groined sondstone: faintly bedded
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BOREHOLE NO . @ ars =9 DATE LOGGED: sepx. -o=z=
DATE DRILLED: gen. oz SHEET: = OF: 13
£
.l_/
. Q ~ o
oonple No. | Focies | K (nd) |0 € Ifey Jescription
D ~—
2 8 ; Breccia: possible sheor zone.
B0 Grit: quortz grains.
MF 14 =
% Cross bedded Fine grained sandstone:
S =—
MF 18 —
MF19 =
10 ——— (Cross bedded medium grained sandstone:
=~ becoming contorted neor the botton.
= Nolerite:
MF 20 0. 006| 2553
MFE27 7 0.020]| 266 Very fine grained sondstone: uniform.
MF33 0. 101 €&7
ME 34 = 0. 067
Fine grained sandstone: faint bedding.
b8
ME 37
10 269
M 33 : ' .
0 Use 2 Cross bedded medium grained sondstone:
M7
MF 48 5 + Medium grained sondstone: ol ternoting
| with orgillaoceous lomino.
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DURBAN
MINE : Mo j wuba _ BOREHOLE REF . NO. : M
BOREHOLE NO. @ ars =39 DATE LOGGED: sepx. -a=
DATE DRILLED: sem. - o= SHEET: = OF: 13
somple No. | Facies | K (nd) Jescription
MFS4 7 | Fine grained sandstone: friable.
8 = Cross bedded fine grained sondstone:
MF B0 =
H Grit:
MPe3 B8 0 006 —| Cross bedded fine grained sandstone:
| Very Fine grained sondstone: dirty.
273 —
| Coarse grained sondstone: some grit.
10 | Mediun grained sandstone:
59 2749 —
MEe - | Very fine groined sandstone: cleon.
MF72 L - S
3 | Arglllaceous: interloyered with Fine
' grained sondstone.
MF 74
= /‘&ff‘Cross bedded fine grained sandstone:
METS a | Very fine grained sandstone: foresets
| orgillaceous.
MF 78 3
Cross bedded fine grained sondstone:
4 | Very fine groined sandstone: flazer
10 | bedded.
ME73 4 ! Very fine grained sandstone: Flazer
| bedded.
MF80 brit
5 Very fine grained sandstone: with
argl | laceous laming.
M 84
S | Fine groined sandstone:
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BOREHOLE NO. : ars =s DATE LOGGED: sepx. - ==
DATE DRILLED: Lom~. -s= SHEET: «a OF @ 13
£
.i_r
: Q ~ .
oonple No. Facies | K [nd) | 2 € |fey Jescription
D ~—
MF86 = Fine groined sondstone: flazer bedded
fAirgi | laceous: lenses of very Fine
MF88 3 281 = grained sondstone.
ML
ME 32 2 , . :
ogo Mudrock: lenticular bedded.
MF 36 3 firgi | laceous: lenses of very fine
grained sondstone.
283
MF10L z 28
udrock : lenticulor bedded with lenses
of sandstone and grit.
MF 104 285
MF 107 2836
MFE111
28’ Fine grained sandstone: flozer bedded,
< predominantly argillaceous.
< Mudrock: lenticulor bedded.
288 : : :
ME 115 q Very Fine grained sondstone: mixed
with orgilToceous laminations.
< Mudrock: lenticulor bedded, with dro
MF116 >89 stones in an argillaceous matrix.
L . .
v S :
“F119 ery fine grained sandstone: Flazer beds
ME 122 ! Fine grained sondstone: uniform.
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MINE :

BOREHOLE NO. :

Mo j ubo

BOREHOLE REF . NO.:

M

DATE LOGGED:

AR 33 l=z039..32

SHEET: = OF :

T3 13
£
+J
: Q. ~ oo
sonple No. [Focies | K (nd) | @ & key lescription
D —
MF123
291 : : : :
MFL131 10 | Medium grained sandstone: faint cross
‘ | bedding.
MF132 _
_/
=
MF 136 2933 ——
=
0 016 —
MF 1491 3 294_552 .
_;g;;;g Cross bedded Fine grained sandstone:
_EEEEEE some zones of argillaceous material.
=
=
MF 14T 295 ——
==
MF 153 >9E —
s
: Very fine grained sandstone:
MF 159 297
= Flat lominated: fine grained sandstone.
MF163 298 , _
< - firgillaceous: with lenses of sondstone.
MF 168 8 —— Cross bedded Fine grained sandstone:
299
MF16e8 3 1 Argi | laceous
ME 17 10 500 ; Medium grained sondstone:
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MINE: mMojuse BOREHOLE REF . NO.: MF
BOREHOLE ND . @ arFs =39 DATE LOGGED: sep+x. -as=
DATE DRILLED: se~. -9= SHEET: « OF: 1=
L
.‘_/
: 0 ~ S
oomple No. |Focies | K (nd) |0 € Jescription
ME173 3 | Argi | laceous
MFE 174 10 Cross bedded medium grained scndstone:
L 301 Medium groined sondSTQnet slumped beds.
MELTe % = Cross bedded very fine grained sandstone
firgi | laceous:
MF178 302 : .
Cross bedded very fine grained sandstone
= some grit ond orgilloceous zones.
303
ME181
10 | Medium grained sandstone: Faint bedding.
MF 184 304
MF187 &
< Lol Dolerite:
_ 305 = Mudrock - lenticulor bedded, more sondy
MF 188 10 )0 103 = toward bottom of layer.
MF 189 3 — — firgi | laceous:
MF 130 306
g Medium grained sondstone: dirty.
MFE 1395
307 — 1
ME1S6 L= | Mediun grained sondstone: slumped beds.
= | F'lat lominated: fine groined sondstone.
MF139 308 i_;—f
3 —  frgillaceous: not true Facies 3.
MF203 0.008 | =
309
MF 204 5 Cross bedded very fine grained sandstone
MEZ05S 80% orgillaceous, 20% arencceous.
310
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ARF 39

DATE LOGGED:

l=z203,92

DATE DRILLED: 1z-0s-9= SHEET: = DOF: 13
L
.}4
. a. ~ S
sonple No. | Focies | K [nd) |0 € Jescription
MF207 3 Airgi | laceous:
= Cross bedded very fine grained sandstone
311
MF208 14
Cross bedded medium grained sandstone:
c 312 2 corbonaceous drapes.
1 Cross bedded very fine grained sandstone
MF209 2 : Mudrock - with lenticular bedds of mediun
MF210 c grained sandstone.
313
Cross bedded very Fine groined sondstone
MF212 |
MFz213 10 314 = ,
-] Medium grained sondstone:
MFZ214 : ,
ME2 16 Cross bedded very fine grained sandstone
MFEZ217 . :
' 315 = Cross bedded medium grained sandstone:
MFZ19 14 2 corbonoceous dropes.
| = : _
MPz20 2- 0. 002 Fme gromeg songsionef rleemslg.dd J
ine grained sandstone: Flazer bedded.
ggggi} 10 316 : I"rediu% groined sondstone: dirty.
ME22E 22 0 803 Coal - (grits on top, colcite and pyrite)
: - 317 | Medium grained sandstone:
=— Cross bedded very fine grained sandstone
EE;;; 10| 1.559 Medium grained sandstone: reworked.
Jé_]D | Fine grained sondstone: Flazer bedded.
318 - Medium grained sondstone:
MF230 < ine grained sondstone: flozer bedded.
MF231 6 = Cross bedded very fine grained sondstone
M:::Zii =< 319 Coal -
ME2 - Fine grained sondstone: flazer bedded.
e = Mudrock - lenticular bedded.
q . .
14 Fine grained sondstone: flozer bedded.

. -87-



DEPT . OF GEOLOGY AND APPLIED GEOLOGY
UNIVERSITY OF NATAL

DURBAN
MINE: rojosa BOREHOLE REF . NO.: M
BOREHOLE NO.: ars =9 DATE LOGGED: sepx. -==
DATE DRILLED: sam. ez SHEET: & OF ¢ 13
L
..}_1
. Q ~ .
sonple No. [ Facies | £ (nd) | @ € fey Jescription
MF 236 4 Fine grained sandstone: flozer bedded.
10 Cross bedded medium grained sandstone:
1 Cross bedded coarse grained sandstone:
MF233
O 704
MF 245
MF250
10 = Cross bedded medium grained sandstone:
MEZE 1 = Fine grained sandstone: flazer bedded.
MFZ2bb
11 Coarse groined sandstone: uniform,
gritty in places.
MF273
MFE280
MFz28l
ME2S3 10 Cross bedded medium graoined sondsfone:
3 Medium grained sondstone: uniform.
MEZE®
10
HE%%% —| Uross bedded medium grained sandstone:
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BOREHOLE NO.: ars =9 DATE LOGGED: sepx. -o=z
DATE DORILLED: bem. -s= SHEET: s OF @ 13
£
.*_1
. Q. ~ -
conple No. | focies | K (nd) |0 & THey Description
D ~—
MFZ233 3
Medium groined sondstone: uniform.
331
HE;S% L1 Coarse grained sondstone: uniform.
? Fine grained sandstone: dirty.
ME300 11 |0 z2ss | 33< Coorse grained sondstone: uniform.
ME 302 19 | O LO8 = Cross bedded medium grained sandstone:
ME =304 carbonaceous dropes ,
333 tne grained sandstone: to medium
grained, contorted and slumped beds.
MF308 8
K¢ Fine grained sondstone:
S0 334 Argillaceous: with lenses of very fine
ME311 3 — grained sandstone.
MF313 —
= Fine grained sondstone: flazer bedded.
MF 316 333 o -
3 Argillaceous: with lenses of very fine
A Eromed sandstone.
ine groined sondstone: flozer bedded
3 firgi [loceous: with lenses of fine
ME=19 g 336 grgined sandstone .
Fine grained sandstone: flazer bedded.
’ Fine grained sandstone: uniform, dirty
MF321 337 matryx. . . .
ME 323 3 -~ firgl | laceous: interlayered with fine
= grained sondstone, Flat laminated.
MF 3249 5 Cross bedded very fine grained sandstone
338
MF325 = Fine grained sandstone: flazer beds,
MF 326 argt | Taceous .
339
PR - Stltstone: fine grained, dork motrix.
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DATE DRILLED: sem. sz SHEET: 20 OF: 1=
L
.{,_r
. 0 ~ S
sonple No. focies | K (nd) |0 € Description
MF326A = Mudrock - weothered, woter present 7
34 _ .
2 + Mudrock: lenticulor bedded, lenses of
MF3274 fine groined sandstone.
MF 3284 342 _ . L
firgl | laceous: some grits, diomictite 7.
Ll Coarse grained sondstone: interlayered
ME33 1L g 545 Wwith Fine grained sandstone.
MF 334 S | Medium groined sondstone: fining down.
MFE 336 1z '
MFE337 S Coarse grained sandstone: cross bedded.
11 3449 fine grained sandstone: cross bedded.
Coarsé grained sondstone:
- Fine grained sondstone: flozer bedded
MF 342 L4 345
ME 344 S Medium grained sandstone: flat bedded,
ME 395 some carbonaceous drapes.
a 3496 Fine groined sandstone: flazer bedded.
MF 347
347
MEF355S 9 3498 _ ' ,
Medium groined sandstone: uniform.
34
IF 328 -
MF 363
1> Veré fine grained sandstone: silty ond
350 carbonaceous, prominent marker horizon.
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BOREHOLE NO.: arFs 33 DATE LOGGED: sep+. -9=
OATE DRILLED: Lo~ = SHEET: 21 OF: 12
. :
.*_r
. 0 ~ S
oomple Mo. | focies K (nd) |2 & Key Jescription
Q —t
MF 365 11
10 | Medium groined sandstone: alternating
N with coarse grained layers.
351
HE%Z(% 14 Medium grained sandstone: carbonaceous
12 | dropes.
352 | Coarse grained sondstone: cross bedded.
MF 376 > ] |
ME377 5 H Mudrock: with some sondy lenses.
MF378 Medium grained sandstone:
ME 380 5 ioa 3573 udrock: with some sandy lenses.
0 349 :
3 0.=233 | Mediun grained sondstone:
354
= | Fine groined sondstone: flat lominated
2
P39l g =EE Mudrock: with some sandy lenses.
- 2 Medium grained sandstone: uniform.
MF 395 Mudrock : with some sandy lenses.
356
ME337
6 357 | Fine groined sondstone: cross bedded,
| some mudrock .
MEEA05 - 358
MF40E . : udfock-‘ sgndy lenses .
| Medium grained sondstone: dirty matrix.
S 359 | Fine grained sondstone: uniform.
MFE13 | zz c
= 1 Coal: stringer
MFA1S 260 Fine grained sandstone: uniform.
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BOREHOLE NO.: arr =9 DATE LOGGED: i1=z-ocs-s=
DATE DRILLED: 1z-o09-9=2 SHEET: 2= 0OF: 1=
L
.i./
) 0 ~ . .
somple No. | focies | K [nd) @ £ Key Jescription
D [y
Coal : stringer.
MF =23 = O ooz Mudrock: fine grained, interlayered with
' 361 s ltstone.
Q.0avw
MF <428 22 - Cool - stri
- o 004 oal: stringer. |
MF931 362 Fine groined sondstone: dirty.
MFa36 S 363 = Ripple cross lominated: Fine grained
= sandstone.
MF <2 12
2364 : Cross bedded coarse grained sandstone:
MF <9443 > “ Fine groined sandstone: ripple Cross
2 lominated.
MF 9498 12 365 _
Cross bedded coarse grained sandstone:
frioble
MEF4a56
3 366 Argrlloceous:
Cross bedded coorse grained sondstone:
MF <68 S Fine grained sandstone: ripple cross
365 laminated.
22 ™ ool Alfred seam.
M 74 0. 003 369
1 Mudrock : very carbonaceous .
MEa79 10
370 Cross bedded medium grained sandstone:
MF <80 LI
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BOREHOLE NO. -

~RFE 33

DATE LOGGED:

lL=z=0O03 79292

DATE DRILLED: 1zoe-9= SHEET: 13 OF : 1=
L
_*_,
. o~ .
sonple No. | Facies | K [nd) |0 € Jescription
12 Srd —4 Cross bedded coorse grained sondstone:
MFa90
MF4g4949 0O.4918 372
Coal: Gus seom.
MF <4993 2z 373
374
MFSO4 1 .
MFSO06 Mudrock: lenticulor bedded, carbonoceous
5 Fine grained sandstone: ripple cross
375 lominated.
MFS08
3 Mudrock: interlayered siltstone, flot
MFS10 laminoted.
376
S Fine groined sandstone: ripple cross
MES 13 laminoted.
377 | | |
19! 0 132 Medium grained sondstone: carbonaceous
dropes
Qggég 2z 57 g _;/- Coaol : Dundos seon. |
10 _ = Cross bedded medium grained sondstone:
MFS2 1
Fine grained saondstone: ripple, cross
5 379 lominated.
MFS27
MFS28 0. 309 | 380
3 391 Argt Hoceous: with siltstone lenses.
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- APPENDIX B

Borehole log of borehole AH 55 - 59.
10 m long vertical hole drilled up from roof of Gus coal seem.
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APPENDIX B

DEPT  OF GEOLOGY AND APPLIED GEGOLOGY
UNIVERSITY OF NATAL
DURBAN

MINE : Mo j b . BOREHOLE REF . NO.: P
BOREHOLE NO.: a1 ss — sS9 DATE LOGGED: Moy -s=

DATE DRILLED: bee. -9a SHEET: = OF: a
L
+J
. Q ~ o
oomple No. | Factes | K [nd) | @ € |Key Description
D ~—
a Fine grained sandstone: some
orgi | Taceous partings.
3 Fine groined sandstone: some
1 orgt | Taceous portings; more massive.
10 = Cross bedded medium grained sondstone:
MAL 2
= 0. 003 — Cross bedded fine groined sondstone:
some arglllaceous Taminations.
MAS - 3
MA 1O Fine grained sandstone: dirty.
Male 1z 1 0997 4 Coorse groined sondstone: frioble.
MAal3
MALE 11 Medium grained sandstone: friable.
MALT ‘ S
MAZ3 1 4988 ¢
10
= Cross bedded medium grained sondstone:
v = some grit bands.
MA33
12 | 3. 196 g
| Coorse grained sandstone: gritty, poorly
MA35 | cemented.
|
MA33 0 = ' i
0. 94z2| © = Uross bedded medium grained sondstone:
MAa3
] EO.H.
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APPENDIX C

Borehole log of borehole AH 58.
10 m long vertical hole drilled up from roof of Gus coal seem.

- 96 -



APPENDIX C

DEPT . OF GEOLOGY AND APPLIED GEOLOGY
UNIVERSITY OF NATAL

DURBAN
MINE: rMojuso BOREHOLE REF . NO.: ~MB
BOREHOLE NO. @ an ss DATE LOGGED: mMay -s=
DATE DRILLED: bee. -sa SHEET: o OF : o
L
.i_/
: 0~ A
somple No. Focies | K (nd) | 0 £ [fey Jescription
D s
S —% Cross bedded fine grained sandstone:
Cross bedded medium grained sondstone:
10 1 some argtllaceous partings.
N Mudrock : I £ dst
MB 1 . 5 u roc -_some enses of sandstone.
MB2 5 | Fine grained sandstone: ripple cross
- | laminoted, dirty.
MB7 8 . ;Z’% Cross bedded Fine grained sandstone:
g ) O 279 | Mediunm grained sandstone: feldspathic.
MBlZ
= : : _
11 { Coarse grained sondstone: gritty.
MBz0O e 1 Coal - stringer. -
11 s | Coorse grained sandstone: gritty.
MBzZ2 12 O 39 .
| Cross bedded coorse grained sandstone:
MY 1L 0. 869 e Cocrse grained sondstone: gritty.
MB30 ;
MB32 S | Medium grained sandstone:
MB34 11 - | Coorse grained sandstone: gritty.
MB37 1z é Cross bedded coorse grained sandstone:
g :
MB39 0. 950 5 { Medium grained sondstone:
11 | Coorse graoined sandstone: gritty.
MB=<4 | 0.084 '
10 : :
5 Erois bedded medium grained saondstone:
MB4S oo roKen Up.
YBaG Coal: Alfred seam.
< 10 -
Medium groined sandstone: E.0 H.
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APPENDIX D

Borehole log of borehole AH 60.
10 m long vertical hole drilled up from roof of Gus coal seem.
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APPENDIX D

DEPT . OF GEOLOGY AND APPLIED GEOLOGY
UNIVERSITY OF NATAL

DURBAN
MINE: rojuse BOREHOLE REF . NO.: =
BOREHOLE NO.: ma~ eo DATE LOGGED: mMoy -s=
DATE DRILLED: cec. -s9sa SHEET: 2+ OF: 4
L
.]_/
. 0. ~ ' .o
sople No. |Focies | K [nd) [0 € Description
8 : :
= Cross bedded fine grained sandstone:
1
MC L1 10 g . 0Os0 _
——= Cross bedded medium grained sandstone:
- Z=—- some arg| | laceous partings.
2
M7 e = : :
| Fine groined sandstone: dirty.
MC10 22 e
M Coal: stringer.
5 3
Coarse grained sandstone: gritty, poorly
ME 1T , 1 122 cemented. -
MC18 = Broken zone:
MCZ24
11 5
Coarse grained sondstone: mossive,
occasional grit bands and coal
MCz93 stringers.
0.8392| ¢ A
MC33 3
MC 35 - Medium grained sandstone:
-
Coarse grained sondstone: mossive,
occasonal grit bonds and coal
MC33 11 stringers.
MC<Ll S
E : :
MC4aS g 0 658 Pedlum grained sondstone: increasing
Ines.
MCSO
Zz
Coal: Alfred seom. E.0 H.
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APPENDIX E

Borehole log of borehole AH 53.
10 m long vertical hole drilled up from roof of Gus coal seem.
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APPENDIX E

ODEPT  OF GEOLOGY AND APPLIED GEOLOGY
UNITVERSITY OF NATAL

DURBAN
MINE: rojouee BOREHOLE REF . NO.: MD
BOREHOLE NO.: an s= UATE LOGGED: mosy -s=
DATE DORILLED: bee. -ea SHEET: 2 OF : 2
£
.i_/
. 0 ~ .
somple No. [Focies | K (ndl 10 £ fey Description
3 - - .
Medium grained sandstone:
Cross bedded medium groined sandstone:
1 some orgi | laceous portings.
10 .
S Ripple cross lominated: fine grained
MOl 2 EondsTone .
I O oos ine grained sandstone: dark matrix.
MD3 '
4 g . . .
HBB %% 0050 ggés éBéB “hedium grained sandstone:
MDS 11 3 - Coarse grained sandstone:
: | Cross bedded medium grained sondstone
MOL12 10 Q.77rH :
4
MB14
11 O 1=1 Coorse grained sandstone: gritty.
MD1s
S . :
MD20 g | 2 3493 Medium grained sondstone: massive.
MO2 2 11 5 .| Coorse grained sondstone:
MD2S 0. 460 =
10 ——=— Cross bedded mediun grained sondstone:
- —— some grit bands.
MD31 '
MD36 11 8 Coarse grained sondstone: dirty.
MDAl . _
MD42 R R a0 98185 s B Thne
MD4a5 >0 Coal - Alfred seom, calcite present.
MO=A7 = | Medium groined sandstone:  E.0 H.
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APPENDIX F

Borehole log of borehole AH 61.
10 m long vertical hole drilled up from roof of Gus coal seem.
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DEPT OF GEOLOGY AND APPLIED GEOLOGY
UNTVERSITY OF NATAL
DURBAN
MINE:  moJuse BOREHOLE REF. NO. & me
BOREHOLE NO. : mam =1 DATE LOGGED: mo» - ==

SHEET: . OF @ 1

DATE DRILLED: bee. -sa
c
+
: Q. ~ o
somple No | Focies | K (nd) 0 € Ifey Description
Cross bedded medium grained sandstone:
10 1 dirty close to roof of Gus seam.
ME 1 3 Medium grained sondstone:
MEZ S e Ripple cross laminated: Fine grained
MEG ~ sandstone . _
Fine grained sandstone: dark matrix.
ME8 ff : 3 Coal  stringer.
ME1O 1.2490 Coarse grained sandstone:
E Medium grained sandstone:
4
MEL3 1.130
MEL1S 1.029 Cross bedded medium grained sandstone:
gritty and brokrn up in places.
MEL18 10
S
MEZ6
- S
MEZ7 11 0. 460 Fine groined sandstone: dirty.
- ! Coorsé grained sandstone:
MEZ8 1.090 > | Fine grained sandstone: dirty.
10 = A :
Cross bedded medium grained sandstone:
ME3Z 1080 — dirty notrix °
23 8 : ,
ME 373 Coal: Alfred seom, mixed with mudstone
ME34
10 E Cross bedded medium grained sandstone:
ME3T =L O0H
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APPENDIX G

Data capture sheet - Ohle cell.
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APPENDIX G
Permeability - Ohle cell

Mine: MAJUBA COLLIERY Sample No: MF241A Facies: 10

Sample length {cm): 1.73 Sample diameter {cm): 6.03 Area (cm?): 28.56

Weight wet (@): cooeecninninns Weight dry (g): 118.67 Porosity {%): .ecovuenen

Gas: Methane Liquid: o Temperature (°C): 24

Tested by: B.J.VENTER Date: 4/12/92

Pressure Viscosity Quantity Time Flow rate Permeability 1/ mean
(kPa) cP) {cm®) (sec) em?®s™) (mD) pressure
=]

150 0.010938 20 50.81 0.394 0.02160 0.667
200 0.010938 20 20.38 0.981 0.4173 0.500
250 0.010938 20 13.83 1.478 0.4335 0.400
300 0.010948 20 17.22 2.323 0.3731 0.333
350 0.010948 40 19.16 3.132 0.385 0.286
400 0.010958 60 19.12 4,184 0.369 0.250
450 0.010958 80 15.94 5.019 0.370 0.222
500 0.010968 80 12.63 6.334 0.346 0.200
550 0.010968 100 12.65 7.905 0.351 0.182
600 0.010978 100 10.5 9.524 0.362 0.167
650 0.010978 100 8.94 11.186 0.361 0.154
700 0.010988 100 7.85 12.739 0.353 0.143
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APPENDIX H

Data capture sheet - Hoek cell.
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Borehole Number: Bulk Sample - Y4

Sample Length (cm): 10.8

Gas: Methane

...........................

Tested by: B.J.Venter

APPENDIX H
Triaxial Permeability Test
(Hoek Cell)

Sample No.: CC4

Sample diameter (cm): 5.22

Weight dry (g): 560.17

Date: 25/5/93

Facies: 10 - Paraliel to bedding

({Towards Y4)

Area (cm2): 21.4

Temp (°C): 25.0

o3 Axlal Load 0 Gas Pressure Time Volurpe Quantity Permeablltty
(MP4) N) (MPa) {Fa) {s) fem (em™/s) (mD)

4.0 85 4.0 200 25.75 5 0.194 0.720
4.0 8.5 4.0 250 14.65 5 0.341 0.723
4.0 8.5 4.0 300 19.38 10 0.516 0.718
4.0 8.5 4.0 350 14.50 10 0.690 0.683
4.0 8.5 4.0 400 11.06 10 0.904 0.672
4.0 8.5 4.0 450 13.28 10 1.130 0.654
4.0 8.5 4.0 500 10.97 1.5 1.367 0.636
4.0 8.5 4.0 550 8.90 15 1.685 0.643
4.0 8.5 4.0 600 7.56 15 1.984 0.633
4.0 8.5 4.0 650 6.50 15 2.308 0.625
4.0 8.5 4.0 700 5.53 15 2712 0.632
8.0 17.5 8.0 200 69.85 5 0.0108 0.265
8.0 17.5 8.0 250 41.22 5 0.072 0.257
8.0 17.5 8.0 300 27.84 S 0.121 0.250
8.0 17.5 8.0 350 21.35 5 0.234 0.232
8.0 17.5 8.0 400 32.78 10 0.305 0.227
8.0 17.5 8.0 450 26.09 10 0.383 0.222
8.0 17.5 8.0 500 21,50 10 0.465 | 0.216
8.0 175 8.0 550 18.03 10 0.555 0.212
8.0 17.5 8.0 600 15.31 10 0.653 0.208
8.0 17.5 8.0 650 13.07 10 0.765 0.207
8.0 i7.5 8.0 700 11.4 10 O.é?? 0.204
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