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(i)

SUMMARY

The work comprises part of a continuing research programme
on colliery spoil, undertaken at Durham University.

The purpose of the present work was to elucidate material
constraints controlling the behaviour of spoil heaps. The
extent of curvature of the failure envelope of coarse colliery
discard has been investigated. Linear envelopes fitted to a
range of spoils associated with bituminous coals are shown to
have statistically valid cohesion intercepts. Cohesion, c¢', is
interpretéd, however, as being a product of a curved envelope.
The expression T = m (0°')? is used to describe the failure
envelopes of these spoils: some properties of the curves are
illustrated., It is believed that burnt and high rank materials
may have linear envelopes with ¢' = O, For discards, conventional
reversing shear-boxes are unsatisfactory for residual shear
strength determinations,.

Two potential sources of instability, which may be present
within tips, were also studied. These are, the possible
occurrence and shear strength of buried layers of weathered
discard, and the consolidation and shear strength behaviour
of lagoon sediments (tailings).

Experiments conducted on fresh discard were compared with
results acquired for older, surface waste heap materials from
the same colliery.

It is deduced that compacted coarse discards are not prone
to physical weakening unless they contain about 50 per cent
seatearth.

Consolidation parameters obtained from Rowe Cell tests
on lagoon discards show a varying rate of consolidation,

being rapid near the lagoon inlet, but slow at the outlet.
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SUMMARY (Cont'd.)

The amount of consolidation, however, is uniform. The

promotion of consolidation by contained flocculants was

also considered. Starch flocculants are shown to possess

no consistant advantages in comparison with polyelectrolytes.
Finally, various factors such as curved failure envelopes

and weak materials buried within and under tips are assessed,

using a slope stability program developed by the writer.
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1.

CHAPTER 1

INTRODUCTION

1.1 Background of research into colliery discard

When Tip number 7 at Aberfan failed in 1966, there was little
knowledge of the behaviour of colliery discards. Spoil was disposed
of as cheaply as possible, with little appreciation of the potential
dangers.

After the disaster, site investigations were initiated by the
National Coal Board upon other potentially dangerous tips. This answered
the questions of stability of the tips concerned, but gave little
information upon the long term or overall behaviour of colliery spoil.

To obtain information in this respect, further research was undertaken.
It is of this research programme that the current work forms a part.

l.2 Aims of current work

The current work is concerned with some of the properties of both
coarse and fine colliery discards*, Investigation of coarse colliery
discards has indicated that contrary to earlier belief, there is little
weathering in the body of old, loosely placed tips (McKechnie Thomson
and Rodin, 1972). Weathering is restricted to the outermost 3m at the
maximum. However, considerable breakdown could occur during emplacement,
especially with modern thin layer construction techniques. Some of the

main factors relating to the extent and effects of superficial weathering

* Coarsediscard consists principally of material above 0.5mm in size
separated in the washery. Fine discard constitutes fine material left in
suspension after the washing process (slurry) and material normally less
than 0.5mm size separated by the froth flotation process (tailings)

(McKechnie Thomson and Rodin, 1972).
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2.

upon peak and residual shear strength parameters of modern compacted
spoil heaps are therefore considered in the current work (Chapter 2).

Another point to emerge from past investigations was that some
coarse discards apparently possessed curved Mohr failure envelopes
(McKechnie Thomson and Rodin 1972, Taylor and Spears 1972). This
subject has been investigated in more detail in Chapter 3, in terms of
both peak and residual shear strength.

Compared to coarse colliery discards,the properties of fine discards
are less well known. Sufficient data were collected for the range of the
peak shear strength and permeability parameters to be reasonably well
known. However, there was little data on the consolidation parameters
and, with that which has been recorded, tests were carried out with small
(76mm diameter) oedometers. Because there is reason to believe such
parameters to be misleading (Rowe and Barden, 1966), the consolidation
properties of materials from two fine discard lagoons have been
investigated using large (150mm diameter and above )Rowe cells for the
first time.

Largely in response to a request from the National Coal Board, an
attempt has also been made to evaluate the effects of two different types
of flocculant upon the consolidation parameters of tailings, since this
could have a bearing on the economics of excavating lagoons.

The in situ shear strength of lagoon deposits is another factor
which is important, particularly when it is necessary to excavate the
deposits. In this respect an evaluation of vane shear strengths has been
carried out. This part of the work has drawn attention to the high degree
of variability across a lagoon, both in grain size and in the degree of
consolidation.

Finally, stability analyses have been undertaken, to determine what
effect, if any, the more important factors arising from the foregoing
investigations have upon colliery spoil embankments. These factors are:

buried weathered layers from extension of an old tip, curved shear strength



envelopes and unfavourable situations which arise when lagoons are
overtipped with coarse discard.

Overtipping in excess of 3m in thickness is normally prohibited
(National Coal Board 1970). This results in severe pressure on tipping
space. Instead of being overtipped, many lagoons may have to be reused
by excavation of the partly consolidated deposits, which will then have
to be disposed of with the coarse discard elsewhere in the layered heap.

In order to perform these stability analyses, a computer program
has been written by the author. It incorporates a number of options
which enable it to cope with the above problems, viz: a multi-layered
slope, the shear strength parameters of each layer of this can be curved
or linear, with or without anisotropy. To cater for the overtipping
situation, excess pore pressures in individual layers can also be
specified, while analyses by both circular arc and non-circular failure
surfaces may be performed.

l.3 Methods employed

To determine the weathering effects, peak and residual shear
strength of ex-washery material and of superficial material from the
spolil heap have been determined. The material from the spoil heap had
to be at least 6 months old. Where possible, material from the body of
the tip was also tested. The locations of the collieries from which
material was obtained are shown in Figure 1l.l.

Peak shear strengths of coarse colliery discards were determined by
means of consolidated ~ drained (Cd) triaxial tests, following the
procedure described by Bishop and Henkel (1962, pl22ff). Samples were
fabricated by compacting the passing 19mm fraction to British Standard
maximum density (2.5kg rammer) in a 100 mm diameter mould. In situ
densities were found to be generally in accordance with those used in
the tests. Previous work by McKechnie Thomson and Rodin (1972) had
already shown that effective shear strength is insensitive to the

initial placement density of these materials. Saturation was ensured



by using the back-saturation technique, a back-pressure of 280 kN/m2
being employed. The triaxial test rig system used in this work is shown
in Figure l.2. As set up in this figure, a maximum effective confining
pressure of 630 kN/m2 can be obtained. Initially, however, an effective
confining pressure of only 210 kN/m2 was attainable,

For residual shear strengths, a reversing shear - box was employed.
For coarse discards, a 0.3 x 0.3 m box was used, whilst a 60 x 60 mm
box was employed for finer materials. In the larger box, samples were
manufactured by compaction of the passing 38 mm fraction. The reversing
shear - box is not particularly satisfactory for determining residual
shear strengths of 'degrading' aggregates such as colliery spoils, due
mainly to the sample loss that occurs. This sample loss is caused by
particles working their way between the two halves of the box as they
move back and forth. However, a ring shear - box, which largely over-
comes this problem, was not available for the current work.

Consolidation tests were performed in two Rowe cells, one of 254 mm
diameter and the other of 152 mm diameter. The operation followed the
method described by Rowe and Barden (1966). The system employed is
shown in Figure l.3. In this, it can be seen that a back-pressure
facility is incorporated. This assisted in saturating the samples, which,
being large, would otherwise have taken many days to saturate. The Rowe
cell has several advantages over the conventional 76 mm diameter oedometer,
as will be demonstrated in Chapter 4. It may be mentioned here, however,
that the single drainage situation, combined with the thick samples which
are possible with the Rowe cell effectively slow down the rate of
consolidation in a test. This is extremely useful with some fine discards
which have proved free draining. The slower rate of consolidation imposed
by the Rowe cell enables readings to be taken where this would have been

impossible with an oedometer.



The chemical and mineralogical analyses were performed by
Mr. R.G. Hardy. The major element geochemistry was determined using
a Phillips PW1l21l2 Automatic Sequential Analyser X-ray Flourescence
(XRF) machine. A Phillips PW1130 2kW X-ray diffractometer (XRD) machine
was used to determine the mineralogye.

l.4 Failures of spoil heaps and lagoons

Considering the lack of rational design methods prior to 1966,
it is surprising that so few of the 2000 tips which have existed in the
United Kingdom have given serious trouble. The commonest kind of
failure was the "plain gravity slide'" of Terzaghi and Peck (1967).
In this type of failure (Figure l.4), little disturbance of the sliding
mass occurs and strains are not extensive. It is not usually fatal.
However, considerable damage may be caused to fixed installations. The
shear plane that is formed is also a zone of weakness that may permit
further failures to occur. The failure of Tip 7 at Aberfan in 1966
is believed to have been a reactivation of an earlier failure in 1963
(Bishop, Hutchinson, Penman and Evans, 1969).

The flow slide (Figure 1.5) is potentially far more destructive.
In it, the sliding mass is much disturbed and extensive strains of up
to 600 metres have been recorded with colliery spoil (Bishop, 1973).
With coarse colliery discard this type of failure has only occurred
with high (50m), loose tipped faces. It requires a substantial
reduction in volume in order to take place. This is because pore
pressure elevation is necessary for reduction of the effective shear
strength of the material to negligable proportions (Bishop, 1973).
With modern methods of construction, with low faces and compacted
materials, such failures are unlikely to occur.

A failure of a lagoon bank is potentially disastrous. While
the actual embankment failure may be only a plain gravity slide, the
release of water and saturated, uncompacted tailings which may follow

can be highly destructive. For example, the failure of a tailings



dam across Middle Fork, Buffalo Creek in West Virginia may be cited.

Here some 500,000m3

of tailings, slurry and water was released after
Dam No. 3 failed in 1972 (Bishop, 1973), destroying the town of
Saunders, This embankment was constructed from uncompacted coarse
discard, a practice which has been phased out in the United Kingdom
since the publication of the National Coal Board's Technical Handbook's
2nd draft in 1970. Prior to this several breaches of lagoon banks had
occurred, with associated tailings runs, but fortunately without
disastrous consequences.

Tailings lagoon embankments are only raised when required. They
are thus liable to contain weathered crusts. Thus, if these are weaker
than the remainder of the spoil, the embankment may be weakened with

potentially serious consequences.

1,5 Mineralogy and weathering of colliery discards

le5.l. Average mineralogy of spoil heaps

British colliery spoil is an aggregate of Carboniferous Coal
Measures age rocks. Generally, the discard contains mudstone/shale,
seatearth, siltstone and minor sandstone fractions. The proportions
of each can be highly variable, depending upon the stratigraphy at the
horizons of the coal seams being worked. the proportions of '"roof" to
"floor" (i.e. the beds on top of the coal seam to those beneath it)
will also vary from colliery to colliery, and also from seam to seam
in the same colliery.

Taylor (1975) gives the average mineralogy of 74 specimens from
England and Wales., This is reproduced in Table l.l. While these
averages are somewhat biased towards the South Wales coalfield (49
out of the 74 specimens), due to the preponderance of investigations
in this coalfield, some interesting points can be seen. The 103
micaceous clay - minerals (illite and mixed - layer clay) are

dominant, amounting to 50 per cent of the total, while kaolinite is a

relatively minor component. Comparisons between coalfields by Taylor



(1975) indicate that at the statistical 95 per cent confidence level,
the total clay-mineral content of the English spoil samples (excluding
Durham) is higher than the Jouth Wales suite, whilst at the same
confidence level quartz is more abundant in the Welsh materials.

In contrast to British spoils, spoils from the West Virginia
Coalfield, U.S.A., have quartz as the dominant mineral (Busch, Backer
Atkins and Kealy, 1975). Illite and kaolinite are relatively minor
components. These West Virginian spoils are also considerably more
carbonaceous, having on average 29 per cent coal, compared to the
15 per cent average coal content of British spoils.

According to Taylor (1975), potassium and sodium ions can
largely be attributed to clay minerals (103 micaceous or illitic
minerals in particular), since other K and Na* bearing minerals such
as sulphates and feldspars, are on average present in very small
quantities, (Table 1.1). Alumina (A1203) is almost entirely a
clay-minerals component. Hence, high potassium oxide to alumina

2

indicative of shales rich in illite and mixed-layer clay (10% minerals),

(K20/A1203) and sodium oxide to alumina (Na O/A1203) ratios are
whilst low ratios imply that other clay minerals such as kaolinite are
predominant (Taylor 1975).

Recently, work by Collins (1976) has shown that samples taken
from 8 coalfields infer that kaolinite is the second most common
mineral. This confirms earlier conclusions of Taylor and Spears
(1970), that kaolinite was dominant in the northern coalfields (i.e.
Scotland, Northumberland and Durham). Collins' high kaolinite samples
were from Scotland. It may well be that the average order of abundance
of the main clay minerals in British coalfields is: i) illite, ii)

kaolinite, iii) mixed-layer clay, iv) minor chlorite.

7e



Table 1.1
(Table 2, Taylor, 1975)

Average Mineralogy of 74 specimens considered (wt%)

Illite 31.5)
}— 57.5
Mixed layer clay 26,0)
Kaolinite 10.5
Chlorite 0.5
Quartz 17.5
Carbonates * 1.0
Organic Carbon 15.0

Trace sulphates, pyrite, felspar, rutile, phosphate (apatite) account
for less than 2%.

* Dominantly siderite (FeCOB)
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l.5.2 Weathering

The clay minerals and quartz are relatively stable in a normal
temperate weathering environment. The unstable (i.e. non-detrital
and secondary minerals) such as carbonates, pyrite and sulphates make
up a very small proportion of most spoil heaps (see Table 1.1).
Investigations carried out at Yorkshire Main colliery and Littleton
colliery have shown that there is little, if any, mineralogical change
in the body of the tip (Taylor, 1974a). Intense oxidation was limited
to the top metre in both spoil heaps, while at Yorkshire Main the
soluble sulphate content only increased significantly in the top 3m
of the tip.

This increase is probably a reflection of pyrite decomposition,
the resulting sulphuric acid reacting with carbonates and ions in the
clay minerals to form gypsum (CaSOh.ZHao) and jarosite (KFej(Soh)z(OH)6)'
Pyrite content showed two interesting highs, one at 3>m in depth and
the other at 3m above the water table, which was 36.6m below the surface
of the tip.

In terms of physical disintegration, desiccation followed by
saturation of shale type focks can be important. The air in the
fragment is pressurised by the capillary pressures developed in the
outer pores on wetting. The high air pressures then force apart the
mineral skeleton of the fragment. This method of breakdown is
ineffective on some rocks, and it is believed that expandable mixed-
layer clay is another control on disintegration (Taylor, 1974a).

Where sodium is the dominant exchangable cation in mixed-layer
clay, disintegration can be very rapid and complete. For example, the
Stafford tonstein (a mudstone) will explode when dry pieces are immersed
in water. This material contains 70 per cent expandable mica-
montmorillonite and has a high exchangable sodium figure (seven times

the average for colliery spoils).



With coarse colliery discards, the average content of expandable
mixed-layer clay is high (Table 1l.1), this is offset to some degree
by a low average exchangeable Na' figure (Taylor, 1974a).
Disintegration of the weaker rock types will also be masked to a
certain extent by the more silty and stronger inert rock types which
are present,

Lawrence (1972) showed that, in South Wales at least, there was
a marked difference in behaviour between seatearths (i.e. floor
material) and roof rocks. The former disintegrated far more rapidly
upon exposure.

It should be noted that physical weathering, as with chemical
weathering is restricted to the outermost 3m of a tip at the greatest
extent (McKechnie Thomson and Rodin, 1972).

1.6 Mechanical properties of coarse and fine discards

1.6.1 Coarse discard

Test results from all the site investigations in England and
Wales (McKechnie Thomson and Rodin, 1972) imply that the overall
effective shear strength of coarse colliery discard lies in the range
@' = 25.5 degrees to @' = 41.5 degrees. Spoils from Scotland have
a smaller range @', from 25.5 to 39 degrees. However, spoils from

West Virginia, formed from rocks of similar age to British spoils,

10.

have a @' value which reaches 46 degrees (Busch, Backer and Atkins 1974).

In the case of many discards the Mohr failure envelope is curved, i.e.

@' decreases with increasing normal stress (McKechnie Thomson and Rodin

1972).

The main mineralogical control on shear strength is the coal
content (Taylor 1974b). As the coal content increases, the clay
mineral content falls, while the shear strength increases. Quartz
content has no statistically significant correlation with shear

strength. While the coal content of the spoil may often mask
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variations in the strength of the parental rock constituents, such
variations can be shown to exist. Coal-free material from Cynheidre
colliery in West Wales probably has a ¢' value of around 34 degrees,
while material from Birch Coppice colliery in the South Midlands
area probably has a ¢' value of 27 degrees (Taylor, 1974b).

This fundamental difference in the shear strength of the rock
constituents could be caused by several factors, notably clay mineral
type, particle grading and the structure of the clay particles forming
individual shale fragments. It is also possibly a function of the
extent of giggggi§;§J_ In this context, Price (1966) demonstrated a
possible correlation between the uniaxial strength of some South Vales
coalfield rocks and their probable depth of burial. The depth of burial
can be qualitatively related to the rank of the associated coal seams.
In terms of the actual strength of colliery spoils, however, there is
no correlation between shear strength and rank (Ratsey, 1973). Other
variables, such as the coal content, drown any strength variation with
rank.

There is a possible correlation between shear strength and material
passing the B.S. 200 sieve, ¢' tending to decrease with increasing
fines content (McKechnie Thomson and Rodin, 1972). This may be related
to Taylor's (1974b) proposition that ﬂ' decreases with increasing clay
mineral content, in that material with a large fraction of less than
B.S, 200 sieve size may well have a high clay mineral content. It
should be pointed out, however, that Ratsey (1973) did not find a
statistically significant correldion between particle grading and
shear strength for his data,

1.6.2 Fine discard

In so far as it is known, fine discard has a lower shear
strength range than does coarse colliery discard. The range of @'

is 21.5 to 39 degrees. However, this does not give the true picture,
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as in most cases, the shear strength of the fine discard is greater
than the associated coarse discard from the same colliery
(McKechnie Thomson and Rodin, 1972).

Fine discards generally possess a high carbon content (35 to 40
per cent). This is probably the cause of their shear strengths being
higher than that of the corresponding coarse discards, which would
customarily have a much lower carbon content (mean = 13 per cent).

1.7 Published material.

The writer should mention that parts of this work have now been

published in:-

i) 'The Engineering Geology of Devensian Deposits Underlying P.F.A.
Lagoons at Gale Common, Yorkshire' (Q. Jl. Engng. Geol. Vol. 9,
No. 3 pp 195 - 216) by Taylor, R.K., Barton, R, Mitchell,J.E.
and Cobb, A.E. (1976)

ii) ‘'Mineralogical and Geotechnical controls on the storage and use
of British coal-mine wastes' (9th International Conference of
Soil Mechanics and Foundation Engineering, Tokyo, 1977) by

Taylor, R.K. and Cobb, A.E. (in press).
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CHAPTER 2
EFFECTs OF WEATHERING PROCESSES UPON SHEAR
STRENGTH OF COARSE COLLIERY DISCARDS

2.1 Introduction

Once unburnt spoil is deeply buried within a spoil heap, little
change apparently takes place, either mineralogically or mechanically
(Taylor, 1974a). From investigations at Yorkshire Main and Littleton
collieries, it appeared that weathering was only active within the
outermost 3m of a tip.

Now, while material may be stable once buried below 3m depth,
present day construction techniques using thin, compacted layers, may
leave surfaces exposed for considerable periods before burial under a
succeeding lift. If weathering processes are rapid, it is possible

that the material will be severely degraded and weakened before burial,

17.

especially upon its upper surface. Lagoon embankments which are raised

to increase lagoon capacity are also liable to similar effects. With
lagoon embankments the resulting weak zones would lie parallel to the
external surface, an unfavourable position from a stability point of

view.

While modern construction methods may permit excessive weathering
to occur, they have eradicated the old problem of burning spoil banks.
Spoil, deposited at its angle of repose by tipping over high faces and
with the consequent low degree of compaction, was very susceptible to
ignition. It is the opinion of Carr (1947/48), that the majority of
old tips caught fire. The source of ignition could be either internal
or external. The external cause would be hot cinders from the boiler
house, which were often deposited on the tip, or some other small fire
started on the surface, igniting the coaly material in the tip. The
internal causes were exothermic oxidation reactions. Internal heating

was the most common cause of combustion (National Coal Board,



Technical Handbook 1970). Burning can thus be considered to be an
extreme weathering effect.

In investigations into a partly burnt spoil heap at Brancepeth,
Co. Durham, by Taylor 1973a), there were two samples which contained
red (burnt) shale. These two samples had the highest shear strengths,
with ¢' values of 40 to 41.5 degrees compared to a range of 28.5 to
37.5 degrees for the remainder of the samples. There was also evidence
that the failure envelope was curved, in contrast to the unburnt
Brancepeth spoil which had no determinable curvature.

While burnt colliery discard is not now being formed, there are
considerable stocks of the material in old burnt and partly burnt heaps.
Its mechanical behaviour is of interest in that it is used not only in
collieries but elsewhere, as a strong aggregate. In old collieries
which are still active there may be sufficient quantities of burnt
spoil such that it cannot be ignored when designing the tip.

The mechanical behaviour of two burnt discards has been considered.
One from the old (now closed) Ireland colliery in Derbyshire and the
other from the also closed Horden colliery, Co. Durham. Material from
the latter is currently being exploited commercially as an aggregate.

To discover how much shear strength reduction might be expected
before material was buried in a tip, it was decided to compare the
shear strength of material as currently produced by the washery with
that of material, from the surface of the tip, which was at least
6 months old. In addition, where it proved possible, buried tip
material was also tested. 1In all, spoils from three different
collieries were investigated. These were Gedling (low rank coal),
Kellingley (low rank coal) and Oakdale (high rank coal). Kellingley
and QOakdale were chosen to show any difference in behaviour between
spoils from collieries producing low and high rank coals. Gedling

spoil indicates the behaviour of a spoil of high seatearth content.



2.2 Gedling discard (rank 802 and 902)

2.2,1 Sampling

Five bulk samples were obtained from Gedling colliery,
Nottingham (Fig. 1.1). One was ex-washery, and another from the
surface of a part of the tip which had been stationary for 6-12 months.
The other three samples came from a trench dug in spoil which had been
emplaced for 3-4 months. These three were taken at various depths,
namely 1, 3 and 4 metres. In additon, a single UlOO was driven into
material that had been emplaced for up to 12 months in the vicinity
of the major haul road on the tip.

2.242 Chemistry and mineralogy

The chemistry of the samples is shown in Table 2.l. There are
some variations between the samples. The three samples from the body
of the tip, of some 3-4 months age, are reasonably similar in
composition. The other two samples, i.e. that from the washery and
that of 6 months age differ slightly in that total silica (SiOa) and
alumina (A1203) are lower than the samples from the body of the tip.
It is also noticeable that the washery material has a higher organic
carbon content (16%) compared to the tip (9-10%). From Table 2.2 it
is noticeable that the 3-4 month old samples have very low K20/A1203
ratios, considerably lower than the average of Ratsey's (1973) eight
ranked samples (Table 2.3).

Considering the mineralogy which is shown in Table 2.4,
differences are again noticeable. In terms of clay minerals, the
washery sample contains the greatest proportion, while the 3-4 month
old material contains the least. The tip materials contain more
quartz than the washery sample. Ankerite is also of noticeable
proportions in the tip. Considering that ankerite is a cleat
mineral in coal, it is perhaps surprising that it does not appear in

detectable proportions in the washery material which has the highest

coal content.

19.
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One mineral which does not appear is jarosite. This indicates
a lack of significant mineralogical alteration, even in the material
from the tip surface.

It should be mentioned that Gedling discard contains a high
proportion of seatearth. During a three week period over which the
make of dirt was measured, seatearth accounted for some 54 per cent

of all material placed on the tip.



TABLE 2.1

CHEMISTRY OF COARSE DISCARD SAMPLES
WEIGHT PER CENT

Components| Gedling Gedling Gedling Gedling Gedling
Tip Washery 1m deep 3m deep U4m deep
5102 54,13 48,21 57.92 57.48 57450
AL203 22.60 21.69 24,69 2k.21 2k 63
FE203 4,36 b, 29 4,06 4,07 3.82
MGO 1.54 1.48 1.37 1.40 1.32
CAO 0.91 0.92 0.13 0.11 0.18
NA20 0.49 0.35 0.36 0.37 0.36
K20 3.55 3.62 0.77 0.76 0.73
T102 1.02 0.91 1,08 1.07 1.08
S 1.57 1.48 0.51 0.4l 0.51
P205 0.71 0.67 0.05 0.02 0.03
Cc 9.12 16.39 9.0k4 10.09 9.84

Kell- Oakdale Oakdale Ireland Horden Burnt

ingley Tip Washery Tip Shale
s102 38,28 51.64 Lp,62 53404 62436
AL203 21.61 25.50 28.16 30.21 25.05
FE203 5.61 3.45 3,81 7622 7.3
MGO 1.19 1.06 1.17 1.78 1.21
CAO 0.31 0.37 0.88 0.40 0.38
NA20 0.33 0.28 0.40 0.66 0.41
K20 1.15 2.71 3451 L.53 0.82
7102 0.91 1.32 1.34 1.01 1.03
S 3.67 0.53 0.77 1.06 1.19
P205 0.19 0.07 0.17 0.08 0.10
C 26.75 13.07 17.17 0.00 0.00

21,
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TABLE 2.2

ELEMENT OXIDE TO ALUMINA RATIOS OF COARSE DISCARD SAMPLES

Components [ Gedling Gedling Gedling Gedling Gedling
Tip Washery 1m deep 3m deep 4m deep
5102 2439 2.22 2.35 2.37 2.33
Al1203 1.00 1.00 1.00 1.00 1.00
FE203 0.19 0.20 0.16 0,17 . 0.15
MGO 0.07 0.07 0.06 0,06 0.05
CAO 0.04 0.04 0.01 0.00 0.01
NA20 0.02 0.02 0.01 0.02 0.01
K20 0.16 0.17 0.03 0.03 0.03
T102 0.05 0.04 0.0k 0.04 0.0k
5 0.07 0,07 0.02 0,02 0.02
P205 0.03 0.03 0.00 0,00 0.00
c 0.k40 0.76 0.37 0.h42 0.40
Kell- Oakdale Oakdale Ireland Horden Burnt
ingley Tip Washery Tip Shale
5102 1.77 2.02 1.51 1.76 2,49
AL203 1.00 1.00 1.00 1.00 1.00
FE203 0.26 o1k 0.14 0.24 0.30
MGO 0.05 0.0k 0.0k4 0.06 0.05
CAO 0.01 0.01 0.03 0.01 0.02
NA20 0.02 0.01 0.01 0.02 0.02
K20 0.05 O.11 0.12 0.15 0,03
T102 0.0k 0.05 0.05 0.03 0.0k
S 0.17 0.02 0.03 0.0k 0.05
P205 0.01 0.00 0.01 0.00 0.00
c 1.24 0.51 0.61 0.00 0,00




AVERAGE ALUMINA RATIOS OF 8 SAMPLES FROM RATSEY(1973)

TABLE 2.3

Component
Ratio Average
510
2
2.01
A1203
Fe, 0
A1203 0.165
2°3
Mg0
A1203 0.05
iioo 0.02
23
Na20 0.025
A1203
K,O
2
0.1k
A1203

23.



TABLE 2.4

MINERALOGY CF COARSE DISCARD SAMPLES

WEIGHT PER CENT

2k,

Discard Gedling Kellingley Oakdale
—ﬂ

inerals |Washery| gy’ 2yl uy oy q[Stockpile| 3, Y7o 0e |2 Yree ol
Quart, 15.0 22,0 | 26.0 6.0 8.0 15.0 7.0
Illite* 51.0 49,0 | W.5 51.0 k9,0 3345 53.5
Kaolinite| 17.0 15.0 | 11.5 14.0 6.0 135 23.0
Chlorite 0.0 0.0 0.0 0.0 1.5 1.5 0.0
Ankerite 0.0 5.0 | 11.0 0.0 365 4,0 1.0
Jarosite 0.0 0.0 0.0 0.0 345 0.0 0.0
Pyrite 0.0 0.0 1.0 3.0 1.5 5.5 1.0
Coal 16.5 9.0 9.0 26.5 26.5 26.5 - 14.5

* 'Tllite'includes mixed-layer clay

W.T.=Water Table
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2e243 Grading

As can be seen in Figures 2.1 and 2.2, Gedling discard is
dominantly of sand and gravel size, ranging up to coarse gravel.
Considering first the ex-washery material which is shown in Figure 2.1
it can be seen that the majority (56%) of the material is of gravel
size,i.e. between 2 and 60mm. However, with 44 per cent smaller than
2mm size and 20 per cent smaller than 0.072mm size, it is fine grained
in so far as coarse discards are concerned. None of the eight ranked
samples tested by Ratsey (1973) have more than 30 per cent smaller
than 2mm and 11 per cent smaller than 0.072mm (Figure 2.1).

Turning to the material which had been on the surface of the tip
for some 6-12 months, this material is considerably finer grained
than the ex~-washery material, having 68 per cent smaller than 2mm
and 35 per cent smaller than 0.072mm size. Thus in this period of
6-12 months, Gedling spoil can be degraded from a silty-sandy gravel
to a silty-gravelly sand.

Of the three samples which were 3-4 months old when excavated
(Figure 2.2), the sand size content of the grading curves are similar,
but the gravel size section of the sample from 3m in depth is finer
than the other two. This 3m deep sample has very little material
coarser than 20mm., With an average of 55 per cent smaller than 0,072mm
the grading of these materials lies between the ex-washery material
and the 6-12 month old material, but closer to the latter than the
former.

2.2l Shear strength

2.2.4.,1 Peak shear strength

The peak shear strength of each of the samples was determined
using four or more consolidated - drained triaxial tests. In the
case of the 3-4 month old material these tests employed effective
confining pressures (03) of up to 630 kN/m2. At the time when

tests were performed on the other two samples (i.e. ex-washery and



6-12 months old), however, the apparatus was only capable of

reaching an effective confining pressure of 210 kN/mZ. The solitary

U100 sample was tested at an effective confining pressure of 20 kN/m2.

' 1
The values of ¢ and @ are determined by the K_. line relationship.

f

A line drawn through the top points of the Mohr's circles (the Kf line)

is related to ¢' and @' in the following manner (Figure 2.3).

. 1
sin @ = tan ©
' a
(o =
cos

where tan O is the gradient of the Kf line
and a is the y-intercept of this line.

In order to obtain the best line through the top points, the
statistical linear regression method known as 'reduced major axis'
was employed. This method assumes a normal error distribution on
the points in both x and y directions.

To carry out the necessary calculations, a computer program has
been written (Appendix B). This program can also drive the Calcomp 563
plotter attached to the NUMAC IBM 370 machine. This plotter then
produces a diagram (e.g. Figure 2.10) showing the shear stress to
normal stress relationship. The program can also handle data obtained
by shear-box tests.

Considering the results of the triaxial tests, which are shown
in Figures 2.4 to 2.9, there are a number of points common to all
the samples from Gedling colliery. The strain at failure is generally
large, from 10 to 20 per cent, with the strain at this condition usually
increasing with the effective confining pressure, The volumetric
strain is small, never being greater than 2.3 per cent. It also
generally increases with the confining pressure. At low pressures
(70 kN/mZ) and below), while there is still an overall volume decrease
at failure, the actual volumetric strain is decreasing to a slight

extent, e.g. the UlO0 sample, Figure 2.5.
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Compared with typical examples of consolidated-drained triaxial
shear stress-strain data given in Part 3.4 of Bishop and Henkel(1962),
the material is behaving in a manner which has similarities with
both a loose sand and a normally consolidated clay. It is, however,
behaving in a similar way to that commonly found for coarse colliery
discard of both British and American origin. The volumetric strain is |
smaller than normal, though not to an abnormal degree.

The shear strength parameters of the samples are given in Table 2.5
and illustrated in Figures 2.10 to 2.13. With a statistically determined
linear envelope, all the samples exhibit cohesion of varying amounts,
For ease of comparison of the materials, the equivalent shearing angle,
¢é is also given in Table 2.5. McKechnie Thomson and Rodin (1972)
defined ¢'e as the angle between the normal stress axis and a line
drawn from the origin of the stress axis (i.e. where c. = 0) to the
point on the failure surface at 350 kN/m2 normal stress.

The fresh washery discard (Figure 2.10) exhibits a peak ¢! of
27.5° with a small cohesion (linear fit), or a ¢'e of 30°. This
lies within the range to be expected of colliery spoils (i.e. 25.5
to 42 degrees). The material of 6-12 months age from the surface of
the tip is shown in Figure 2.11, along with the solitary U100 sample
result (shown by dotted line). This weathered material shows a low
peak shear strength with # = 16.9° and ¢ = 33.9 kN/m> - ¢’é = 22°,

The material of 3-4 months age (Figure 2.12) was tested at much higher
effective confining pressures than the other samples. Owing to
curvature of the failure envelopes, which will be discussed in detail
in Chapter 3, the linear strength parameters cannot be compared
meaningfully with those of the washery and 6-12 month old samples.
However, the ¢'e values can still be compared. These lie in the

range 26° to 28° i.e. between the washery and 6-12 month old samples,

but closer to the former. Of the three horizons sampled in the trench,



that at 3m proved strongest, with a ¢'e of 280, while that at 1m
proved weakest, ¢'e being 26°. The bm deep sample had a ¢'e of
270. Compared to the value of 29o for ¢'e obtained for Gedling
East spoil heap by Messrs Wimpey Central Laboratories in 1968,
these results show the present material to be somewhat weaker.

The possible explanations of these peak shear strength values will
be considered in Section 2.2.5.

2.2.4.2 Residual shear strength

The residual shear strength was determined on two samples, the
fresh washery material and the 6-12 month old material. A O.3 x O.3m
reversing shear-box was used. The residual envelope was determined
using a single specimen, the step loading technique of Ratsey (1973)
being adopted. 1In this, the sample is subject to a stepwise increase
in normal stress to a maximum value, with shearing being continued at
each increment until residual is apparently attained. The sample is
then unloaded in steps, residual shear strength being measured at each
stage. This technique enables stress/strain behaviour at low normal
stresses (i.e. equivalent to shallow depths in tips) to be observed.
Lack of sufficient sample prevented individual specimens being run to
residual at each normal pressure.

The residual shear strength parameters of the Gedling materials
are shown in Table 2.5 and in Figures 2.10 and 2.11. They are similar
to each other, ¢'r being 12,1° with small amqunts of cohesion., This
is lower than residual strength values customarily obtained for coarse
colliery discard. The range of values obtained by Ratsey (1973) for
8 ranked discards lies between 15.5o and 350 for similar shear
displacements.

The stress ratio/displacement curves, shown in Figures 2.14 and
2.15 show that residual was attained in under 2m displacement in
both cases., They also show some other interesting points. The

maximum shear strength was not mobilised until considerable displacement

|
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TABLE 2.5

SHEAR STRENGTH PARAMETERS OF GEDLING SPOIL

. Peak Residual .
Sample = T » = > ; Figure
* *
cp kN/m~| & » ¢e #c rkN/m @ r Ib
Ex-washery 12.2 27.5930° |10.2 12.1°%]3%% | 2.10
2;&?322“2?5tg; 33,9 16.9%22° || 5.3 12.1°|46% | 2.11
1m deep |[24.7 22,0926.0° n.d. n.d. [n.d.| 2.12

- 3m deep [12.8 25.7928.1°|| n.d. ned. |n.ds| 2.12
months 3 P
in tip 4m deep|31.3 22.627.47 || n.d. n.d. |[n.d.| 2.12

g::§§:1t119.4 23.8%927.4°} n.d. nede |ned.|. 2.13
N.B. ¢'é determined upon Gedling spoil by Wimpey (1968) is 28.7°

* ¢' and @' determined by reduced

fit

major axis statistical

+Ib = Brittleness Index (Bishop 1967), determined at 80 kN/m2

normal stress

n.d. - not determined.
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(0.,08-0.1m) has occurred, corresponding to two to three reversals

of the shear-box. This is obviously similar to the large strains
encountered in the triaxial tests before peak shear strength was
developed. After passing the peak strength, the stress ratio, and
therefore shear strength, drops steadily, but fairly rapidly. That
the material bears little resistance to degradation on shearing,
even at low normal stresses, is shown by the high values of Bishop's

(1967) Drained Brittleness Index (Ib) (Table 2.5). I. is defined as:

(T, - T) b
I = f r
b~ x 100
Te
where Tf is the peak shear stress
and Tr is the residual shear stress.

It is calculated in the current work from the shear-box data at the
first normal stress increment, i.e. 80 kN/mZ.

The tip material, with an I, value of 46 per cent is obviously
more brittle than the washery material which has an Ib value of
36 per cent. However, both are high, indicating the brittleness of
Gedling spoil.

The shape of the stress-strain plots for individual runs requires
some explanation. It can be seen that for each individual run, the
shear stress rises rapidly initially. There is then a pronounced
inflexion, after which (apart from the first few runs) the shear
stress continues to rise slightly. This behaviour is characteristic
of a reversing shear-box (Bishop, Green, Garga, Andresen and Brown
1971). The cause is not known with certainty, but Taylor (1973b)
suggests that it is due to the interaction of the trailing edges of

the two halves of the box with the sample*. That this is so is also

* Owing to these unpredictable errors, no area correction has been
applied in the calculation of shear stress. The area correction,if applied,
would have the effect of increasing the shear strength at the end of the
run. The effect of the decreasing area of contact of the sample is

obviously less than that of the other errors inherent in the apparatus.



suggested by the lack of any rise at the end of shear-box travel

when the same shear-box was used to determine the shear strength

of a joint plane in a sandstone block. This rock was cemented such
that it was contained in the centre of the box, and there was no
possibility of it coming in contact with the sides of the shear-box.

As stated, the shear stress did not continue to rise with displacement;
after failure it tended to remain at a constant value.

Another feature of the individual stress-strain curves is the
small peak which developes at the inflection point in the curve
(Figure 2.16a). This peak has been interpreted as an orientation
effect (Agarwal, 1967, Bishop et al , 1971). This interpretation
was verified by McWilliam (1975). The problem then arises as to
what value should be taken to represent the shear strength. When
the stress-displacement curve from a ring shear-box was compared to
that from a reversing shear-box by Bishop et al (1971) they found
that the ring shear-box curve coincided at times with the troughs,
at others with the peaks and occasionally with neither (Figure 2.16a
and b). They also note that there is little theoretical justification
for taking the troughs as the residual strength. Normal practice is
to take the value at the peak of the reorientation peak as the shear
strength, and this has been followed in the current work*.

The large-scale displacement tests on Gedling spoil showed good
examples of these reorientation peaks. At the end of the shear test,
the top half of the box could be removed complete with the top half of
the sample. This revealed a single well developed, slickensided, shear

plane (Figure 2.17).

* It should be noted, however, that colliery discards in 0.3 x O.,3m
shear-boxes give reorientation peaks of relatively small magnitude
(compared to clays). The difference in @' that would result from
using the trough as opposed to the peak is only a matter of some

0.2 of a degree.
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Compared to clays and sand, the strain necessary to reach
residual is much greater for colliery discard (Ratsey 1973). The
discard from Gedling reaches residual at a lower strain than that of
other discards, requiring less than 2m. Of the eight discards tested
by Ratsey (1973), only Birch Coppice spoil reached a 'true' residual
after a displacement of 2.2m.

2.2.5 Discussion of the properties of Gedling spoil

There is a noticeable difference in carbon content in the samples
(Table 2.1). Whilst this must cause a certain amount of the
variation in peak shear strength, it cannot be the cause of it all.
From Figure 5 in Taylor, 1974b, the maximum fall in ﬁ'e that can be
expected for a fall in carbon content of 7 per cent (from 16 per cent
to 9 per cent) is 2 degrees. Thus, this could explain the difference
in ¢'e between the 3m deep 3-4 month old material and the ex-washery
material, but not differences between the other samples. It can
however, explain the difference between the ¢'e value of the 1968
tests and the current series. The samples from the tip in 1968 had
a carbon content of about 18 per cent, some 8 per cent higher than
the average of the samples taken from the tip in the current work.
The difference in ¢'e between the 3-4 month old tip material and the
1968 tip material is some 2 degrees.

The bulk of the drop in shear strength of the tip materials must
be due to the weathering (degradation) effects at the surface. The
material from the tip surface is the weakest, followed by the material
at 1lm depth. The material 3m deep shows no shear strength reduction
which cannot be accounted for by the carbon content. It should be
noted that 3m is the maximum depth of mineralogical weathering noted
by Spears, Taylor and Till (1970) in a 50 year old loose tip at
Yorkshire Main colliery. It is perhaps surprising, then, that the
material from 4m depth is weaker than that from 3m. The most likely

explanation is that it is from a previous lift, and was subject to a
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short period of weathering before being covered by the next lift.

The cohesion parameter which is present for all the samples
is probably not real, being a result of fitting a straight line to
a failure envelope which is in fact curved (see Chapter 3). There
may, however, be an exception to this in the case of the super-
ficially weathered material (see Figure 2.11). ‘The U100 sample
tested at only 20 kN/m2 effective confining pressure had a deviator
stress of 122 kN/m2 (Figure 2.5). Because this UlOO was a sample of
old, superficial material of similar age to the bulk sample from the
tip, it is reasonable to include it with the bulk sample results.
When this is done, it reinforces the impression that material that
has spent a considerable time upon the surface of this tip does
possesscohesion. The cause is probably to be found in the fine
grading of the material, with over 30 per cent silt size and under,
of which a considerable proportion must be of clay size. On
dessication, which must happen fairly frequently to the exposed crust
of the tip, this clay fraction will become overconsolidated and develop
cohesive forces. The amount of clay is sufficiently large to give a
noticeable cohesion to the bulk of the spoil.

2.3 Kellingley discard (Rank 502 and 702)

2.%.1 Sampling

During site investigation work at Gale Common Pulverised
Fuel Ash (P.F.A.) disposal site, it was possible to obtain a number
of samples of the discard from Kellingley colliery (Figure l.l) which
forms some of the embankments at the site. Five samples were collected
at locations shown on Figure 5.19. They comprise:
a) Fresh material from the stockpile of only a few days age,
b) Material, probably of some 2 months in age, from a minor
haul road on the main southern embankment to Lagoon B,
¢) HMaterial of some 6 years in age from near the surface of the

shale drainage blanket,
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d) Material of some 8 years in age from 2.2m below the
crest of the low, eastern embankment to emergency
Lagoon D, and from above the water table in this
embankment,
e) Material from the same embankment as d), but some 2.5m
below the crest and below the water table.
These samples provide a contrast between the behaviour of
colliery spoil compacted to civil engineering standards (i.e. the
| material from the main part of the site, samples b) and c) and that
l of loose tipped colliery spoil as found in the embankment to the
emergency Lagoon D (samples d) and e).

2e%.2 Chemistry and mineralogy

The most surprising point emerging from the chemistry (Table 2.1)
is the high organic carbon content of 26.8 per cent, some 13 per cent
above average. Comparing the element oxide to alumina ratios (Table 2.2)
with those of Ratsey (1973) in Table 2.3, it is apparent that SiOa/AIZO3
is lower than average as are the alkali oxide to alumina ratios.

Mineralogically (Table 2.4) it can be seen that clay minerals are
well represented, while quartz is low in all but the 8 year old sample
from below the water table. Quartz might be high in this sample due
to the segregation which occurs during loose tipping. When material
is tipped over a face which is standing at the material's angle of
repose, large particles tend to roll farther down slope than do small
ones, giving rise to segregation. This provides an explanation for
differences in primary minerals of the two 8 year old samples from
Lagoon D embankment, which, being formed in one lift might otherwise
be expected to be homogenous. The larger particles tend to be formed
of the stronger rock types, which contain more quartz (i.e. sandstones).

There is however one other noticeable difference in these two samples

in that the secondary mineral jarosite is of noticeable proportions
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(3.5%) in the sample from above the water table. This indicates
severe mineralogical weathering of the material above the water

table but not of that below this level., It should be noted that the
material from the shale blanket which was not mineralogically analysed
did show considerable limonite staining. It was not, however visibly
altered in any other way to any great extent.

2.%+3 Grading

The material comprises mainly sand and gravel sizes, ranging
up to 80mm size particles, as shown in Figure 2.18. The shale from
the main southern embankment is in fact slightly coarser than that
from the stockpile, indicating some variability in the grading of
the output of Kellingley colliery. This being so, the 8 year old
material from the Lagoon D embankment cannot be rigorously compared
to the newer material. It is noticeable, however, that this old
material, from an uncompacted embankment, is finer grained than the
newer material.

Of the two horizons sampled in the old embankment, that from
above the water table is finer grained than that from below this
level. It is impossible to ascertain how much of this is due to the
segragation that occurs on loose tipping (see Section 2.3.2), and
how much is due to the severe weathering experienced by the material
above the water table.

Compared to the ex-washery discards given in Ratsey (}973),
this material from Kellingley is fine grained, though not as fine
grained as Gedling (q.v.). It is similar to material from the tip
at Orgreave colliery (Ratsey, 1973) and Askern (McKechnie Thomson
and Rodin, 1972). As noted by the latter authors, there is
considerable breakdown during emplacement of spoil on a tip.

2,34 Shear strength

2.3.4.1 Peak shear strength

Some interesting points are apparent from the deviator



stress-strain diagrams, which are shown in Figures 2.19 to 2.23.

The fresh material from the stockpile (Figure 2.19) fails at low
strains (less than 10 per cent) in a brittle-like failure mode.

Post failure reduction in shear strength is, however, small in
common with other coarse colliery discards. The old materials (e.ge.
that from below the water table of the Lagoon D eastern embankment,
Figure 2.23) behave in a slightly more plastic failure mode, strains
being between 10 and 20 per cent.

At low effective confining pressures (70 kN/mZ) the fresh stock-
pile material is dilating at failure (a volumetric strain of +0.01
per cent). The only other sample to dilate at failure is that tested
at 30 kN/m2 from the main southern embankment to Lagoon B. This
dilatant behaviour is probably due to particles riding over one
another at failure rather than rupturing

The shear strength parameters are given in Table 2.6. The
material from the stockpile, with a ¢'e value of 35.9 degrees is
fairly strong. This is partly due to its high carbon content of
27 per cent. Computing from Figure 5 in Taylor 1974b, it might
possess a ¢'e value of 32 degrees if its carbon content was at the
average 13 per cent. Thus the Kellingley material is stronger than
that from Gedling. Visual examination reveals that it does not contain
the large quantities of seatearth that Gedling discard contains.

As can be seen from Table 2.6, the only sample with a distinct
drop in shear strength is the material from above the water table in
the Lagoon D embankment. The material from below this water table
shows little change in ¢'e when compared with younger material. The
6 year old material from the shale blanket, unlike the 6-12 month
old superficial material from Gedling tip, shows little fall in shear
strength.

2.3.4.2 Residual shear strength

The residual shear strength has been determined for three

56.



TABLE 2.6

SHEAR STRENGTH PARAMETERS OF KELLINGLEY DISCARD

Peak Residual
Sample 1 2 ' ' 2 '
cp kN/m ¢'p 7/ e ller kN/m /) r Iy
Stockpile 29.2 31.8 | 35.9 0.0 16.0| 5%
S.Embankment,
Lagoon B 25.9 31.1 | 34,8 n.d, n.d.{n.d.
6 year old
shale blanket 10.6 31.7 | 33.2 n.d. ned.|{n.d.
8 year old,
E Embankment o/
Lagoon D above 13.7 25.8 28.6 0.0 ll+.3 25/0
water table
8 year old,
E. Embankment . o
Lagoon D 35.2 27.9 )404 0.0 l6.o l}ﬁ
below water table

n.d. ~ not determined.




of the samples, viz: the stockpile material and the two samples
from the embankment to Lagoon D. The stress ratio-displacement
curves are shown in Figures 2.29 to 2.31. As can be seen, all
three samples reach residual after some 2m displacement. The
material from above the water table has a lower residual (14.30)
than the other two samples which have a residual value ¢'r of 16o
Table 2.6). It also has a higher value of I, (25%) than the other
two samples, indicating greater brittleness at lower pressures.
The stockpile material is remarkably resistant to degradation on
shearing at low pressures, its Ib value being only 5 per cent
(Table 2.6).

2+.3%¢5 In situ dry densities of samples

A number of in situ density determinations were performed on
Kellingley spoil at the Gale Common site. For the materials in the
main southern embankment and in the Lagoon D embankment above the
water table, the sand replacement method was employed. For the
material below the water table, this method obviously could not be
used. Instead a Ul00 was jacked into the material using a JCB
mechanical excavator, which was also used to extract the Ul00. The
density of the material could then be measured. While this method
obviously leads to some over-compaction, it is believed to give a
figure which can be compared within limits to the other figures.

The dry densities are given in Table 2.7. It can be seen that

only the material from above the water table in the Lagoon D embank-

ment is inadequately compacted, at 82 per cent of B.3. maximum density

whereas the other samples are all over 95 per cent of the maximum
value, i.e. an acceptable level from a civil engineering standpoint.
The above water table, Lagoon D embankment material is, in fact less
well compacted than the old loosely placed colliery spoil heaps for
which average values of 90 per cent B.S. maximum dry density are

normally recorded (Taylor, 1974a). This is probably due to the low

38.
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height of the emergency embankment which precludes any large amount

of self compaction.

2+346 Discussion of the properties of Kellingley spoil

It is apparent from Table 2.6 that Kellingley spoil does not
weaken appreciably with time, provided that the material is well
compacted. In this it differs from Gedling spoil. This is probably
because Kellingley spoil does not contain large quantities of seatearth.
Kellingley spoil is also resistant to degradation during emplacement,
the southern embankment material being little weaker than the stock-
pile material. This situation is reflected in the resistance of the
material from the stockpile to breakdown at ‘79.2kN/m2 normal stress
during the large displacement shear-box experiment.

The material from the embankment to Lagoon D does show some
interesting weathering effects. The sample from above the water
table (i.e. 2.2m below the crest of the embankment) is much weaker
than that from below the water table (i.e. 2.5m below the crest of
the embankment). Furthermore, the latter is of much the same strength
(in terms of ¢'e) as the younger material from the main part of the
site. The material from below the water table has two main differences
in environment to that from above, namely (i) it has been permanently
saturated (ii) it has a higher density. Since this embankment was
emplaced in one 1lift by end tipping and without compaction this
increase in density below the water table is probably due to seepage
forces generated by water flowing out of the permanently wet lagoon
behind the embankment. Thus this material would have only gradually
attained good compaction. Hence the continuous saturation must have
contributed to the protection from chemical and physical weathering.

The material from above the water table has undergone considerable
chemical degradation and has been physically weakened by it. The
material from the shale blanket, which also exhibited some chemical
weathering (Section 2.3.2) has, however, not been physically weakened
to any great extent. Thus compaction can prevent severe weakening

of Kellingley discard.



IN SITU DRY DENSITIES OF KELLINGLEY SPOIL AT

TABLE 2.7

GALE COMMON

Average dry Moisture
Location densi%y No. of determinations content
(Mg/m”)
Main Southern 4
Embankment 1.72 2 9.2
Lagoon D
Embankment above l.41 1 9.6
water table
Lagoon D
Embankment below 1,98 * 1 10.9

water table

Density determined by sand displacement except where otherwise

shown.

* Determined by jacking Ul00 into material with a JCB.

B.S. compaction (2.5 kg rammer) gave a maximum dry density

of 1.73 Mg/m3 at 7.0 per cent moisture content.

Lo.
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The chemical weathering would appear also to have produced a
reduction in the value of the residual shearing angle (¢'r).
Perhaps of greater importance is the enhanced degradation that occurs
when it is sheared at low normal stresses. This could give rise to
severe degradation and weakening should such material ever be re-
worked.

It is of interest to note the similar behaviour of the shale
fill used in the Balderhead Dam. The parent rocks of this shale
fill were of Carboniferous (Namurian) age and hence older than the
parent rocks of colliery spoils. They were, however, similar, except
that there were no discrete coal seams. It was found that only
chemically weathered material from a loose tip of some 50 years age
showed a marked reduction in strength. Surficial material from the
nearby Burnhope Dam, some 30 years old, which was, of course, compacted,
was of similar strength to the fresh Balderhead Dam material after
compaction (Kennard, et al 1967).

2., Oakdale Discard (Rank 301)

2.,4.1 Sampling

Two bulk samples of discard from Oakdale colliery (Figure 1l.1)
in South Wales were provided by the Scientific Department of the
National Coal Board. These comprised a sample of fresh washery
discard and a sample from the surface of the tip which had been
exposed for some 6-12 months.

2.44,2 Chemistry and Mineralogy

From the chemistry, shown in Table 2.1, it can be seen that
the two samples are not strictly compatible. The fresh washery
material has higher organic carbon and A1203 contents and a lower

Si0. content than the tip sample. The element oxide to alumina ratios

2
(Table 2.2) show up differences between the samples and with the
average values for colliery discards. Between the two samples, the

main differences are in the SiOZ/AIZO3 (washery material lowest),
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Ca0/Al O3 (tip material lowest) and K20/A1203 (tip material lowest).
2

Compared to the average ratios (Tlable 2.3), all the ratios, except

203 ratio for the tip and the G.aO/A1203 ratio for the

washery are lower than average. The low alkali oxide alumina ratios

the SiOa/Al

indicate a greater proportion of kaolinite to illite than normal.

From the mineralogical results, given in Table 2.4, and by
comparison with the average values shown in Table 1.1, it can be
seen that while illite plus mixed-layer clays are of average
concentration, kaolinite is much higher than normal (23 per cent as
opposed to 10.5 per cent). This increase in kaolinite is at the
expense of quartz, which, at 7 per cent is very low (17.5 per cent
average). This situation is somewhat surprising, as South Wales
discards in general are higher in quartz than English ones (Taylor
1975).

The mineralogical results quoted in Table 2.4 were obtained
from a mixture of the two samples. Separate qualitative mineralogical
analyses of the two samples indicated that the tip material was richer
in quartz than the washery discard, this variation being at the expense
of illite in the tip. The higher quartz in the tip is an indication
that the tip sample contained some run-of-mine debris*, such as sand-
stones, not present in the washery discard. The lower illite content

of the tip will be the cause of the lower KZO/Al ratios of the tip

2%

material(with respect to the washery materials).
The qualitative . analysis disclosed a trace of éhlorite

in the samples, which was not recorded in the quantitative analysis. It

is noticeable that none of the minerals produced by weathering (i.e.

gypsum and jarosite) showed up in the tip material.

* Run-of-mine dirt is that produced during development work at a
colliery, as opposed to that produced during normal working of
a coal seam. It generally by-passes the washery and is emplaced

directly onto the tip.



2.443 Grading

The incompatibility of the two samples is also shown by the

grading curves (Figure 2.32).

The tip material, ranging up to 60mm size, is much coarser than
the washery material, which only reaches a maximum size of 20mm.
The presence of run-of-mine dirt in the tip would account for the
tip material being coarser. However, it is obvious that there has
been no significant physical disintegration occurring on the tip,
or during the emplacement of the material on the tip.

This material from Oakdale is a sandy gravel, and is of similar
grading to other washery discards (Figure 2.32).

2.4.,4 Shear strength

2.4.4.1 Peak shear strength

Triaxial shear tests could only be carried out at effective
confining pressures of up to 500 kN/mZ. This was due to the rubber
membrane containing the sample repeatedly puncturing at higher pressures.
These punctures were caused by the membrane being ripped by shale
fragments during the shearing stage. This problem did not arise with
either Gedling or Kellingley spoils, as the shale fragments in these
materials were more rounded. The problem was alleviated to a certain
extent by employing a double membrane, at the expense of increasing
the errors due to membrane strength; 500 kN/m2 proved to be the
maximum effective confining pressure at which a test could be run.

The failure strains again increase as e¢ffective confining
pressure increases. Failure strains are less than 10 per cent when
the effective confining pressure is 70 kN/mz, increasing to 18 per
cent for pressures of 500 kN/m2 i.e. failure is more plastic in mode
as pressure increases. Volumetric strains up to 4 per cent at failure

are of a similar order to those commonly found with colliery discards.

L,



SHEAR STRENGTH PARAMETERS OF

TABLE 2.8

OAKDALE DISCARD

Peak ! Residual*
: Figure
Sample ' 2 1 (. 2
c pkN/m @ o [/ . ! crkN/m @ r Ib
Ex-washery 22.7 30.1 33.3 0.0 24.2 1396 2.35
6-12 months = o
d

*

attained,

Apparent values only.

True residual shear strength not

45,



It will be noticed that one sample from the tip that was tested
at 70 kN/mz, was dilating at failure.

The shear strength parameters of the samples are given in
Table 2.8. The tip material, with a ﬁ'e of 34.8 degrees, is, in
fact, stronger than the washery discard which has a ¢'e of only
3345 degrees. These values lie in the middle of the range of
shear strengths applicable to colliery discards,

2.4.4,2. Residual Shear Strength

The large strain shear-box tests failed to reach the true
residual shear strength. After some 2.2m displacement the tests
had to be terminated due to excessive sample loss through the split
in the box. An unloading cycle was performed, and the shear strength
parameters derived from these are reported in Table 2.8. It can be
seen that, although a strength reduction of around 20 per cent has
occurred, shear strengths still fall close to the lower strength
boundary for the peak strengths of colliery spoils.

The behaviour of both samples under large shear displacements
is similar (TFigures 2.37 and 2.38). The values of Ib (Table 2.8)
are both low, at 12 to 13 per cent, i.e. strength reduction is not
marked at low normal stresses. The drop in stress ratio (and hence

shear strength) is accelerated at the higher normal stress levels.

2.4.5. Discussion of the properties of Oakdale Spoil

The peak shear strengths of these samples from Oakdale provide
an exception to the general rules of Taylor (1974b) that organic
carbon content is directly related to shear strength and that quartz
has no significant influence upon shear strength. With these samples
from Oakdale, the more carbonaceous washery materials are weaker than
the more quartz-rich tip materials. This state of affairs is probably
brought about by the tip containing run-of-mine debris in which the
quartz is contained as hard sandstones, whereas in normal colliery

discard, the quartz will occur as small sand grains in the shale
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fragments and thus will be screened from performing an important
role in the peak shear strength properties. t 1s relevant that
Spears and Taylor (1971) note that the shear strength of the parent
strata (i.e. the coal measures rocks) are influenced by the quartz
content. The parent strata, will, of course contain a much larger
proportion of sandstones than do colliery discards, collieries
being primarily concerned with the extraction of coal and not
sandstone.

With regard to superficial weathering, it is apparent that
Oakdale spoil is resistant, both chemically and physically. No
mineralogical products of weathering were present in detectable
amounts.

It would appear that it is only materials with a high seatearth
content such as Gedling, which are liable to severe short-term
degradation.

2.5. Burnt colliery spoils

2.5.1 Sampling

The bulk sample of Ireland burnt spoil was provided by the
Scientific Department of the National Coal Board. It is under-
stood that it came from near the surface in a part of the tip which
had recently been lowered by regrading. The bulk sample of Horden
burnt discard was taken from material that had been treated for
sale. It had thus been processed by a jaw-crusher and passed
through a 76.2mm ring.

2.5.2 Grading

The particle size curves are shown in Figures 2.39 and 2..40.
The Ireland red shale (Figure 2.39), is virtually all gravel size.
Horden (Figure 2.40) is slightly finer grained, with 20 per cent
smaller than 2mm size. Both have an upper limit of 76 mm in size.
The particle gradings are thus very similar to many unburnt ex-

washery discards. Horden is finer grained than Ireland probably



because of the treatment it received in a jaw-crusher.

2+.5.3. Chemistry and Mineralogy

From the chemistry, shown in Table 2.1, the most noticeable
difference to unburnt spoils is the lack of organic carbon which
has been totally oxidised by ignition processes. The two burnt
spoils are themselves different from each other. Since they come
from different coalfields (Ireland from the East Pennine Coalfield,
and Horden from the Durham Coalfield) this could well be due to
original differences in composition.

Mineralogically, both materials show the effect of thorough
combustion. All the clay minerals have been destroyed, leaving a
mainly amorphous mass behind. Quartz is however present, this
mineral being stable at high temperatures. There were also small
traces of mullite, a silicate formed at high temperatures under
atmospheric pressure. The presence of mullite indicates localised
temperatures in the range 950°U to 1,30000, this being the range
over which it forms (Richardson, 1951). Kaolinite decomposes at
550°C and illite at 700°C, thus background temperatures above these
values must have been sustained in the tips. This is by no means
unlikely, as temperatures of well over 1,000°C have been measured
in burning spoil heaps and vitreous glass (analogous to volcanic
glass) has been excavated as a plug in the body of a spoil heap
(see Figure 2.1, National Coal Board, 1970).

2+.5.4. Shear Strength

2.5.4.1 Peak shear strength

The problem of punctured sheaths was considerably more
common than when encountered in the Oakdale triaxial tests. Well
burnt spoil is exceedingly hard and angular. The material was
sharp enough to puncture the sheath upon application of an effective

confining pressure in excess of 280 kN/ma. Ireland spoil proved

L8,
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TABLE 2.9

STRENGTH PARAMETERsS OF BURNT DISCARDS

Peak Residual*
Sample Figure
c'PkN/m2 ¢”p ¢‘e c'-rkN/m2 ¢'r
Ireland 58.3 43,0° | 47.3° 0.0 38.3° | 2.43
Horden 21.1 42.1° | uu4,2° ned. |n.d. 2. bl

* Apparent values only.

not attained.

True residual shear strength

49,
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impossible to test at pressures over 210 kN/mZ.

Ireland spoil exhibited a brittle mode of failure (Figure 2.%41)
with strains of 4 to 7 per cent at failure. At effective confining
pressures of 140 kN/m2 and below, the material was also dilating
at failure. This behaviour is similar to that of the burnt parts
of Brancepeth spoil heap (Taylor, 1973a).

In contrast, Horden spoil behaved in a manner more typical of
unburnt spoils, with failure strains increasing from 11 to 20 per
cent as effective confining pressure increases. At a confining
pressure of 280 kN/ma, a plastic mode of failure was apparent.
Volumetric strains were negative and large, reaching over 5 per cent
at failure for the sample tested at 280 kN/m2 effective confining
pressure.

Considering the shear strength parameters (Table 2.9), it is
apparent that the Ireland burnt spoil is stronger than Horden. Both
are considerably stronger than the strongest unburnt discards, and
also stronger than the partly burnt material from Brancepeth.

Both failure envelopes may well be curved. The cohesion
intercept of the Horden material has a 95 per cent probability
(i.e. probably significant) of being real if the failure envelope
is assumed to be linear (see Chapter 3.2.1). If the presence of
cohesion in an aggregate which is predominantly gravel size is not
considered acceptable, then it follows that there is a 95 per cent
probability that Horden has a curved failure envelope. In the case
of the Ireland material, the limited number of successful tests
makes it impossible to be certain of the degree of curvature.

A test at 280 kN/m2 effective confining pressure, gave a deviator
stress of the same order as that obtained at 210 kN/mz. This would
suggest an extreme amount of curvature. However, examination of

the test records revealed that the volumetric strain in this test



has been exceedingly large, 8.5 per cent, and, furthermore, after
6 per cent linear strain, it increased at a constant rate until
failure occurred at 16 per cent linear strain. From this, it was
apparent that the rubber membrane had punctured, so the results
from this test were discarded.

2.5.4.2. Residual strength

A large strain shear-box test was performed on the
Ireland burnt spoil. It could not be carried to completion (i.e.
true residual) due to excessive loss of sample through the gap between
the two halves of the shear-box. This gap was forced open to such an
extent that material of up to 20mm diameter could escape. From the
stress ratio-displacement curve (Figure 2.45), it is apparent that
appreciable breakdown only occurs at normal stresses above 240 kN/m2
It can also be seen that even after 1m displacement, the shear strength
is still high. It is 38.3° (Figure 2.43 and Table 2.9), which is
stronger than many unburnt spoils, although some 9 degrees lower
than the peak ¢'e value of 47.3 degrees. However, because of the
large amount of sample loss, this value of apparent residual and the
shearing displacement required to reach it is probably meaningless.
After this experience with Ireland material, a large strain shear
test was not attempted with Horden material.

2.5.5. Discussion of properties of burnt colliery spoil

It is apparent that burnt colliery spoils are considerably
stronger than unburnt ones, as was indicated by Taylor's (1973a)
results from Brancepeth (also National Coal Board, 1970). Further-
more, both fully burnt shales tested were stronger than the partly
burnt Brancepeth material. The burnt material was predominantly
amorphous and its strength must be dependant upon different factors
than unburnt spoils. The most obvious difference is, of course,
the lack of dependance upon organic carbon content, except in so

far as a high carbon content in the orginal spoil would be conducive



to total combustion. The high temperatures deduced from the
mineralogy of these samples suggests that the fragmented material
must have been nearing fusion.

2.6, Weathering effects upon shear strength of coarse colliery

discards:- conclusions

2.6.1 Unburnt discards

In terms of physical strength, spoils of low seatearth
content are resistant to short-term weathering, provided that they
are well compacted. Material from South Wales (i.e. Oakdale) is
resistant to mineralogical alteration for a period of at least 6-12
months., Material from the north-eastern part of the Yorkshire coal-
field (i.e. Kellingley) does show a slight amount of mineralogical
change in a 6 year period in the zone above the water table (this
is the shale blanket material). The same material when maintained
under full saturation, is, however resistant to mineralogical change.
When unsaturated and uncompacted, it is prone to both physical and
mineralogical degradation.

Considering that seatearthsdegrade more readily than roof
rocks (Lawrence, 1972), it might be expected that a spoil containing
large quantities of seatearth would be more prone to weathering than
one which does not. Gedling spoil, which contains at least 50 per
cent of seatearth does indeed show a severe decrease in physical
strength upon exposure for 6-12 months. It does not show any
noticeable mineralogical changes, however. A considerable quantity
of degradation of this material occurs when it is emplaced on the
tip (McKechnie Thomson and Rodin, 1972). However, the grading of
the superficial material is finer than that obtained from the body
of the tip, thus indicating further breakdown. This superficial
material is considerably weaker than any material from the body
of the tip. It may however, contain sufficient clay size fraction

to provide a measurable cohesion. The degradation occurring during
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emplacement adversely effects the shear strength, since the tip
material is noticeably weaker than the ex-washery material.

From the foregoing, it is apparent that the type of spoil
produced determines whether or not there will be a weathering
problem with compacted spoils, i.e. high proportions of seatearth
produce a spoil prone to rapid degradation. Ideally it would be
desirable to limit the output of seatearth as much as possible.
However, this is not strictly feasible since it is the weak
seatearths which pose problems in terms of settlement of mining
machinery. Consequently they are extracted and disposed of on the
tip. In tips where this material occurs, the presence of potentially
weak layers should be taken into account in the design of the tip.

From the mineralogical staandpoint weathering is obviously
slow in compacted spoil. The only samples to show pronounced
alteration came from Kellingley and were over 6 years old. Both
of these samples were also in a location where they would be subject
to alternate wetting and drying from periodic fluctuations in the
water table as well as being close to the surface. The 6 year old
compacted (shale blanket) material showed much less alteration,
both physically and mineralogically than the 8 year old, uncompacted
(Lagoon D embankment) material. The mineralogical alteration suffered
by this 8 year old material apparently caused a drop in residual
shear strength as well. As shown in Chapter 3.3.l. the residual
strengths obtained in a 60mm x 60mm shear-box are not reliable
at normal stresses less than 300-400 kN/ma. While the O.35m x 0.3m
shear-box tests were run at normal pressures higher than these
(up to 528 kN/mZ) there is no reason to suppose that the character-

istics of the two sizes of shear-box are similar*. It can be said

55
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however, that the weathered material reaches residual far more
readily than does the unweathered material. There is thus a
possible difference in behaviour of mineralogically weathered to
physically weathered materials, in that there was little difference
in residual shear strength behaviour with the Gedling materials.

2.6.2 Burnt Discards

Where weathering (oxidation) and coal content was sufficient
to cause a spoil heap to catch fire, the resulting burnt spoil is
considerably stronger, in contrast to unburnt weathered spoil
which is very much weaker than unweathered material. From the
limited data available, it would appear that fully burnt spoils,
such as Ireland and Horden are stronger than partly burnt ones
such as Brancepeth. Localised temperatures possibly up to 1,30000
may have occurred, sufficient to cause fusion. The bulk of the
discard fragments are composed of amorphous matter. The chemical
changes have produced a complete breakdown of the original minerals.

Burnt discards are also more resistant to comminution under

large shear displacements than are unburnt types.

S5k

* It was not possible to check the normal pressure-residual shear
strength relation in the O.3mx O.3m box in a similar manner to that
employed with the 60mm x 60mm shear-box because the former can only
attain a maximum normal stress of 528 kN/ma, which is too low to
determine the stress at which true residual is attained with any

accuracy,
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FIGURE 21

GRADING CURVES FOR GEDLING DISCARD, FRESH WASHERY AND 6-12 MONTHS ON

TIP MATERIAL
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FIGURE 2.2

GRADING CURVES FOR MATZRIAL BURIED IN GEDLING TIP FOR 3=l MONTHS
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FIGURE 2.3
RELATIONSHIP BETWEEN SHEAR STRENGTH PARAMETERS AND
TOP_POINT OF MOHR'S CIRCLES
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FIGURE 2.5 GEBLING TIP-U100
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FIGURE 2.7 GEDLING-3 TO 4 MONTHS OLD.
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FIGURE 2.8 GEDLING-3 TO 4 MONTHS 0OLD,

VOLUMETRIC STRAIN 7
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FIGURE 2.9 GEDLING-3 TO 4 MONTHS OLD.
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FIGURE 2.18

GRADING CURVES OF KELLINGLEY DISCARD FORMING EMBANKKENTS AT GALE COMMON
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FIGURE 2.19 KELLINGLEY,SPOIL FROM STOCKPILE
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FIGURE 2.20 KELLINGLEY.GALE COMMON SOUTH EMBANKMENT
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FIGURE 2.21 KELLINGLEY,BYR. OLD SHALE BLANKET
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FIGURE 2.22 KELLINGLEY, B8YRS. OLO.
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FIGURE 2.23 KELLINGLEY, BYRS. OLO.
(BELOW THE WATER TABLE)
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FIGURE 2.32

GRADING CURVES POR OAKDALE DISCARD
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FIGURE
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2.33 OAKDALE,FRESH WASHERY DISCARD
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FIGURE 2.34 OAKDALE, 6 TO 12 MONTHS ON TIP
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GRADING CURVE FOR IRELAND BURKT SHALE

FIGURE 2.39

20

100
80
70
60
50
40

PERCENTAGFE
PASSING

30
20
10

0

200

60

20

0.6

0.2

0.06

88.

MILLIMETRES



GRADING' CURVE FOR HORDEN BURNT SHALE
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FIGURE 2.U1 IRELAND. BURNT 3POIL
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CHAPTER 3
PEAK AND RESIDUAL SHEAR STRENGTHS As A FUNCTION OF NORMAL PRESSURE

3.1 Effective shear strength parameters

Rockfill is known to exhibit a curved Mohr failure envelope
(Marsal, 1973), ascribed to the crushing of points of contact of
fragments by high contact pressures. The greatest curvature
occurs in the pressure range 0-2,000 kN/ma. Colliery spoil, being
a weak rock aggregate, might also be expected to exhibit similar
properties. From a visual examination of shear strength test
results, McKechnie Thomson and Rodin (1972) concluded that the
Mohr failure envelope for some colliery discards were, in fact,
curved. Taylor and Spears (1972) showed that when a reduced major

axis regression line was fitted to the K, line data for spoil from

f
Yorkshire Main Colliery, the cohesion intercept was statistically
significant, whilst that for Brancepeth (Taylor, 1973a) was not
(i.e. ¢' = O in the latter case). On the basis that colliery spoil
is a granular material, it should not logically possess any cohesion.
It therefore follows that the Mohr failure envelope for Yorkshire
Main spoil is essentially curved. In the case of weak (seatearth-
rich) spoils such as Gedling it is probable that the comminuted skin
of such heaps may well have a cohesion intercept. There is little
evidence that this is a common phenomenon, however. Linear fits
have now been considered for other spoils, the results of which are
discussed in Section 3.2.

It will be appreciated that, with a curved failure envelope,
the precise values for c"and ¢' given by a linear fit will depend
upon the effective stress range over which testing has been performed.
To overcome this difficulty, McKechnie Thomson and Rodin (Figure 30,
1972) proposed an equivalent angle of shearing resistance, @ e
(see Chapter 2.2.4.1.)

This parameter is useful for comparing spoils, although it must



95.

be remembered that it is possible for two spoils with failure

envelopes of differing curvature to have the same ¢'e value if

they both have the same shear strength at 350 kN/m2 normal stress.

This parameter is not, however, very useful for stability computations,
as will be shown later in Chapter 5.3.

3.2, Curvature of Mohr envelopes

3.2el. Coarse colliery discard

The statistical tests for significance of cohesion mentioned
in the previous section, performed by Taylor and Spears (1972) on
Yorkshire Main spoil, and by Taylor (1973a) on Brancepeth spoil,
have been applied here to other spoils. The significance of a value
of cohesion obtained by the reduced major axis regression method
depends on the Student's t distribution of the y-intercept. This
can be obtained by dividing the y-intercept by its standard error.
This ratio can then be compared with the Student's t distribution
at N-2 degrees of freedom, where N is the number of points. From
this, the confidence level can be deduced (Fisher and Yates, 1948).

The results of applying this technique to a number of spoils
is shown in Table 3.1l. The test data for Gedling, Oakdale,
Kellingley and Horden are from the present work (see Chapter 2),
while the remainder have been gleaned from the literature. All
the test data from Gedling have been combined, with the exception
of the 6-12 month old weathered material, which, as mentioned in
Chapter 2.2.5 may actually possess cohesion. 3imilarly, the
results for material from Kellingley colliery (i.e. fresh spoil,
embankment spoil and shale blanket) are also combined, and so are
the results for material from Oakdale colliery. Among the results
taken from the literature, those for spoil from VWest Virginian
coalmines given by Busch, et al (1974) should be mentioned. The
failure criteria used in this reference are those of maximum stress

ratio. This is liable to give failure envelopes with a small value
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of cohesion (Bishop and Henkel, 1962). To overcome this, the failure
points have been recalculated using a maiimum deviator stress at
failure basis (or the deviator stress at 20 per cent strain, where
this is applicable).

It can be seen from Table 3.1 that all but three of the spoils
show a 99 per cent probability confidence level (i.e. statistically
significant), that cohesion is greater than zero for a linear
reduced major axis Kf line fit. Of the exceptions, twe, Horden
(a burnt shale) and Oakdale (a high rank spoil) have a 95 per cent
probability (i.e. probably significant) and one, Aberfan, has a
90 per cent probability (i.e. below the acceptable confidence level).
In addition, Table 3.2 lists some results obtained by other authors.

The values for the rank of the associated coals, shown in
Table 3.2, were supplied by the National Coal Board, with the
exception of the West Virginian material. For these, no rank values
are available. However, Barrabée and Feys (1965) mention that the
West Virginian coalfield contains ituminous coals of 30-40 per cent
volatile matter, which would imply a rank in excess of 400, but
below 901.

Spoils which display a 99 per cent probability, or above, of
cohesion are all of low rank (i.e. 400 to 902). For these, the
most likely explanation is that the Mohr failure envelope is, in
fact, curved, so that the actual failure envelope will pass through
the origin (i.e. not display any cohesion). Of the spoils which show
a lower statistical probability, the four which have only a 'probably
significant' cohesion (i.e. 95 per cent probability) are ones for
which the number of specimens tested are small, being six or less.

In statistical work a large number of data points is desirable for
meaningful correlations. Furthermore, with the exception of Oakdale,
the tests were carried out in the lower stress range (confining

I
pressures, C"3 , of up to 280 kN/ma). The amount of apparent cohesion

will, of course, increase as the effective normal. stress range increases,
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TABLE 3.2

PROBABILITY OF COHESION INTERCEPT BEING GREATER THAN ZERO, AS

DETERMINED BY OTHER AUTHORS

Sample

Rank

No. of
Specimens

Percentage
Probab?lity
that ¢ >0

]
Maximum O’
of test (kN/m2)

Yorkshire Main

600

49

99-0

(significant)

340

Brancepeth 2

301-
4o1

36

80.0
(not signifi-
cant)

340

Cynheidre ~

102

95
(probably
significant)

280

Birch Coppice

3

902

95
(probably
significant)

280

Allen,

Taylor, 1973a

1973

Taylor and Spears, 1972

98.
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when a linear fit is applied to a curved envelope.

The two samples without significant cohesion, Aberfan and

Brancepeth, are both high rank, hard, brittle materials,

Brancepeth being partly burnt. It is of interest that the other

two high rank spoils, Oakdale and Cynheidre, and the burnt spoil,
(Horden) have only a 95 per cent probability with respect to cohesion.

From the information to date it would appear that the low rank
spoils, even when strong (i.e. the West Virginian spoils), show
pronounced curvature over the normal pressure range to be expected
in colliery spoil heaps (i.e. 0-1,000 kN/ma), whilst the harder,
high rank and burnt spoils do not show such pronounced curvature
over these pressures.

This overall situation is illustrated by the last three entries
in Table 3.l. Firstly, all the British spoil data available, some
418 points, were analysed statistically. This revealed that there
was 99,0 per cent probability of a positive cohesion intercept for
all British spoils. VWhen split into Welsh and English collieries,
an interesting point arises. For Welsh spoils, the probability
of there being a positive value of cohesion is still 99.0 per cent.
For English spoils, however, the probability has risen to 99.9 per
cent. This difference may be an expression of the different ranks
of the spoils comprising the two suites. The Welsh spoils, which
are all from the South Wales coalfield, are generally of higher
rank than are those from England.

3.2.2 Peak shear strength of 0.bmm to l.2mm size fractions

A series of tests on 0.6 to l1l.2mm size fraction material
were carried out in a 60 x 60mm reversing shear-box to investigate
the effect of normal stress on rate of particle breakdown. This
effect will be discussed later in this chapter (Sections 3.3.1 and
3.3.2). The tests also help in elucidating the effects of normal

stress on peak shear strength and can therefore be compared with
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the results for coarse discard given in Section 3.2.l.

The tests were conducted over a pressure range from 50 to
1,000 kN/mZ. Each specimen was prepared by wet sieving the O.6mm
to 1.2mm fraction from a bulk sample of the material. This fraction
was then sluiced into the shear-box, and the normal stress applied.
If the material in the box consolidated to such an extent that the
top platten encroached upon the shearing zone in the sample, the
sample was unloaded, and the box topped-up with more material,
after the top surface of the compressed material had been roughened.
The normal stress was then re-applied. This usually only happened
when a high normal slress was operative.

Each sample was then sheared until it had apparently reached
residual, i.e. shear stress remained constant over several reversals.
When this stage was reached, the sample was removed and wet sieved
to find the extent of particle breakdown.

In addition, some specimens were not sheared. For these, the
requisite normal pressure was applied and the sample was then sieved
after consolidation was complete. This procedure gives an indication
of the amount of particle breakdown caused by normal stress alone.

Peak shear strength results using a reduced major axis fit
are illustrated in Figure 3.1 and Table 3.3. From these, it is
apparent that for both Kellingley and Gedling there is a 99 per
cent probability that the cohesion parameter is greater than zero.

It is, of course, improbable that a sample of coarse sand
size will possess cohesion. An examination of Figure 3.1 shows
that the failure envelope is, in fact, curved, passing through the
origin. In the case of Oakdale, however, there is no noticeable
curvature, nor is the small value of cohesion in Table 3.3 significant
(only 30 per cent probability that ¢' is greater than zero). This
reinforces the impression gained from the coarse colliery discards,
namely that the low rank (high volatile) materials, show a significant

amount of curvature in the pressure ranges associated with colliery



waste tips, whereas the high rank (low volatile) ones do not.

The amount of particle breakdown which occurs due to the
application of normal stress alone can be seen in Figures 3.2 to
3.4, and in Table 3.4. As might be expected, the amount of
degradation increases as normal stress increases. With rockfill,
increasing degradation with increasing normal stress causes a
reduction in ¢', i.e. curvature of the Mohr envelope (Marsal, 1973).

Presumeably, the same situation exists with colliery spoils.
Of the three spoils tested, the one showing the least particle
breakdown was Oalkdale, and it did not show significant curvature
of its Mohr envelope, whilst the one with the greatest amount of
breakdown, Gedling, shows the greatest amount of curvature (see
Table 3.5).

Three normal loading tests were performed on Gedling material
(Figure 3.2). It can be seen that the amount of breakdown does not
increase linearly with stress increase. This could explain why the
amount of curvature per unit stress becomes less as normal stress

increases.
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TABLE 3.5

DECREASE IN ¢ " AND INCREASE IN DEGRADATION, 0.6 to l.2mm SIZE

FRACTION SAMPLES

¢' at > ¢' at > Increase in Increase in
200 kN/m~|1,000 kN/m~ |uniformity Trask sorting
Sample coefficient, coefficient
u, at 1,000 So,at 1,000
kN/m2 kN/m2
Gedling 32.4 25.6 Approx.150 (28) Approx.2.8(22.2)
Kellingley | 29.6 26.4 L, 3 0.2
Oakdale 29,1* 29.1* 0.7 0.0

* The angle of ¢' given for Oakdale is calculated for a

straight line fit with ¢' = O.
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3e2¢3 Curve fitting

Figure 3.5 illustrates one of the problems with the ¢'e

method of describing curved envelopes. The ¢'e value for Gedling
is 29.9° and for Kellingley it is 28.5°. Whilst this gives a
sensible interpretation for the lower stress range (up to 600 kN/mZ)—
that Gedling is stronger than Kellingley - it does not highlight the
the fact that at higher normal stresses, Gedling is weaker than
Kellingley. The materials could be described in terms of equivalent
shear strength parameters by giving the value of ¢J at several normal
stresses, as has been done in Table 3.5. This is a very cumbersome
method, however. Furthermore, it suffers, as does ¢'e’ from being
very subjective, depending upon the individual observers opinion
of where the envelope should lie*. It is obviously easier and more
desirable to represent the failure envelope by a mathematical
expression which describes a curve and whose parameters can be
assessed statistically.

Owing to the scatter of data points, it is not possible to know
what the precise shape of the curve ought to be. Therefore an
assumption has to be made. The general equation that has been

chosen is of the form:

T = ntor’)?
where T = shear stress
o'= normal stress
m = constant
z = constant
* In this work, the values of ¢'e quoted in Chapter 2 have,

in fact, been calculated from the curved envelopes developed

here, using the parameters shown in Table 3.6.
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this has the following advantages:

a) There are only two parameters, m and z, to define. This is
important, as, with the usual number of test specimens, there
is not enough data to give sensible values to a large number
of parameters.

b) The equation passes through zero, i.e. there is no cohesion,
because when o' = O, m(o-')? and therefore T, = o.

c) The amount of curvature is variable, being controlled by m and z,.

d) The curve can be easily fitted to a set of data points by using
a reduced major axis statistical fit to a log-log transform of
the points.

The theoretical basis for fitting the curve is as follows:-

Given that the curve equation is

T=n2 .0 0 v o e .. (D)

taking logs of each side, this is transformed to:
1ogT = 1og m(0°')% ee ve ee we .a (2)
e logT =2 logo' +108M e oo oo (3)

This is the equation of a straight line of gradient z and with
a y axis intercept of log m.

Therefore, if the shear strength results are plotted on a
log-log basis, the equation of the reduced major axis line through
them will give values of z and log m (see Figure 3.6)

This procedure is easily applied to shear-box results, where
there is a discrete point, but for triaxial results it is more
difficult. Uhen using the curve fitting technique for triaxial
results, it is necessary to select the point on each Mohr circle
which represents the stress conditions at failure for that sample.
This is accomplished by the construction shown in Figure 3.7, and
will be known as the 'triaxial failure stress point'

The reduced major axis program (Appendix B) was modified to

give estimates of m and z and to draw the curves. The curves are



drawn by calculating the values of T at 10 kN/m2 intervals on the
o- axis. These points are then joined by straight lines. Using

this program, curves have been fitted to several spoils. The

results are shown in Figures 3.8 to 3.25 and in Table 3.6,

3.,2.be Some features of the curves

Examination of the figures shows that the value of z is
controlled by the shape of the curve. Where sharp curvature is
required in the low stress range, z is lowest (e.g. Birch Coppice,
Figure 3.8) and where it is spread over the whole of the stress
range, z is highest (e.g. Kellingley shale blanket, Figure 3.20).
Where gz is approximately constant, an increase in m indicates an
increase in strength (e.g. Oakdale, Figure 3.23 is stronger than
Gedling 3m deep specimen, Figure 3.15). These variations can also
be seen in Figure 3.26, where several shapes of curve are shown.
Where z = 1, the line is straight (e.g. Oakdale 0.6 - 1l.2mm size
fraction). In this case, m is equal to tan ¢f in the expression
T = o'tan #'.

Consideration of the values of z and the graphs of particle
breakdown for 0.6 to l.2mm size samples (Figures 3.2 to 3.4) shows
that there is a positive correlation between these two. Table 3.7

shows the values of the 'Area Ratio' and 2z. The 'Area Ratio!' is

here defined as the ratio of the area under the particle size curve

*
between 600 and 72/Am for a normal pressure of 200 kN/m2 to a
similar area at 1,000 kN/m2 normal stress. This implies that the
amount of curvature increases with increase in crushing of particle

contacts,

106.

* As the original particle size grading in these tests was
between 600 and 1200)5m, that part of the grading curve below
600/Am in size can be regarded as being solely due to particle

breakdown.



TABLE 3.6

VALUES OF m AND z FOR 11 SPOILS

107.

Sample Rank m Z Figure
Birch Coppice 902 2.613 | 0.771 3.6
Cynheidre 102 1.412 |0.890 | ..3.9
Yorkshire Main 600 0.946 {0,952 3.10
Isabella 600~-700 2.158 [0.816 3.11
West Virginia |a)Triaxial 4L00-901 1.404 | 0.902 3.12

b)3hear-box L00-901 1.255 | 0,902 3,12
Denby Hall 702 1.629 | 0.831 3.13
Composite 3~4m old sample [802/902 1.189 {0.858 3.14
Im deep 1.135 | 0.856 3.15
3m deep 0.972 | 0.898 3.15
Gedling | 4n geep 1.334 |0.839 | 3.15
Wimpey data (old tip) 0.874 ] 0.920 3.16
0.6-1.2mm fraction 1.597 |0.825 3417
Lagoon D Embankment
8 years old, above W.T. 502-702 1.061 {0.886 3.18
Lagoon D Embankment
8 years old, below VW.T. 1.957 |[0.821 3.19
Kellingley Shale blanket 6 years old 0.762 | 0.974 3,20
Lagoon B, South Embankment 1.324 [ 0.890 3421
Fresh spoil from stockpile 1.380 | 0.890 3.22
0.6-1.2mm fraction 0.881 [0.917 317
Composite sample 301 1.215 | 0.899 3.23
Oakdale
0.6-1.2mm fraction 0.557 | 1.000 3.17
Horden Burnt 1.811 | 0.89%4 3.24
Ireland Burnt 3,628 | 0.794 3.25




TABLE 3.7
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COMPARISON OF z AND AREA RATIOS FOR 0.6 to 1.2mm SIZE F'RACTION SAMPLES

« Area Ratio (see text,
Sample z Chapter 3.2.k.)
Gedling 0.825 0.73
Kellingley 0.917 0.26

Oakdale 1.000 0.19
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It should be noted that the value of m is dependent on the units

used, whereas z is not. If the conversion factor between one set of

units and another is f, and assuming the shear stress and normal

stress in the first set of units to be s and p respectively and

t and u in the second set, then from equation (1) above:

Z
5 = mp ) s s ae
also
t = S.f oe o e e e
and
u = p-f L] oe o e
From (4) and (5)
t = m.f.;?
and from (6)
u
P = T
... t = m.fo (%)z

. m Z

o o t=;T;_—17u

c-. t = m-f.(th) uz

It follows from this expression that, when

units, z remains unaltered, while the parameter

by a factor of f(l-Z)

two units*,

In the current work, S.I. units are used.

a function of stresses in kN/ma.

where f is the conversion

e ee (W)

LN ] LN (5)
e .o (6)
e .o (7)

used with different
m must be multiplied

factor between the

Thus m is always

* This parallels the Culomb-Navier equation T=ctan g + C, where

@ is unaffected by units, but ¢ is unit-dependent.
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33 Residual shear strength

3«3.1 Residual shear strength of 0.,6mm to l.2mm size fraction

As mentioned in Section 3.2.2. a series of specimens of
the O.bmm to 1.2mm size fraction of material from Gedling, Kellingley
and Oakdale were sheared to their residual strengths at varying normal
pressures. This experiment was an extension of a single test suite
performed on material from Ollerton Colliery by Ratsey (1973). This
Ollerton material (Rank 802) showed (a) a markedly curved residual
shear strength envelope and (b) residual shear strength was attained
at considerably smaller displacements at normal stress levels of
300 kN/m2 and greater, than at a stress level of 133.7 kN/m2 (see
Figures 3.27 and 3.28). These tests on Ollerton were slightly
different from the present series in that material of the required
size was obtained by crushing the larger size fractions. This
practice, which was necessary due to shortage of material, may have
led to samples not being of consistant compesition.

Figures 3.29 to 3.31 show the stress ratio-displacement curves
of the materials tested, and Figures 3.32 to 3.34 show the gradings
at the end of each test. From the curves of stress ratio against
displacement it is apparent that the residual stress ratio drops
rapidly with increase in normal stress up to a certain normal
stress level, where this decrease nearly ceases., This cut-off value,
above which the residual failure envelope is virtually linear (sce
Figures 3.35 - 3.37) varies for different spoils, from 300 kN/m2
(Kellingley)to 400 kN/m2 (Gedling and Oakdale). For Ollerton it is
in the region of 350 kN/m2 (Figure 3.27). It is of interest to note
that it is at these cut-off values that reorientation peaks first
appear.

In a reversing shear-box, there is considerable sample loss due

to material working its way through the split in the box. As this
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loss chiefly affects the finer fractions, a time will arise during
the test when the production of finer material by the shearing
process will equal the rate of loss, and the shearing resistance
will drop no further. As the angle of apparent residual shear
strength drops with increase in normal stress (see Figures 3.29 to
3.31) it is obvious that the rate of supply of finer material (i.e.
the rate of particle breakdown) must therefore increase with increasing
normal stress. This will also have the effect of decreasing the
displacement required to reach residual, as normal stress increases.

This more rapid drop to residual at high normal stresses could
be the reason for the results obtained by Bishop (1973). Here,
material from Aberfan Tip 2 was sheared for 270m in a ring shear-box
before a near-residual shear strength was obtained, whereas in the
failure of Tip 7 at Aberfan (containing similar material) a residual
value of 17.5 to 18.5 degrees was achieved in about 21m displacement.
The ring shear test was, however, conducted at a normal stress of
only 100 kN/m2 whereas the actual pressure on the slip plane of
Tip 7 was over 350 kN/m2 for most of its length, rising to a maximum
of ko kN/m2 (calculated from Figure 1.28 in Bishop et al, 1969).
Thus the rate of reduction in shear strength on the shear plane
under field conditions would have been much greater than in the ring
shear test.

While the mechanism outlined above explains the reduction in
stress ratio as normal stress increases, one would not expect such
a sharp brealk in the rate of reduction of residual shear strength
as actually occurs. This change in rate could indicate a change
in mechanism. At low normal stresses the particles will have the
facility for limited dilation and will be able to ride over one
another during shearing with breakdown being due to abrasion. At

higher stresses, the particles will become locked together, and
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shearing will take place through individual particles to cause
breakdown. It is impossible to test this hypothesis, as the
amount of sample loss during shearing masks the small amount of
dilatant behaviour. However, it is of interest to note that in
the triaxial tests upon coarse discard, dilation, if only on a
small scale, was often occurring at low confining pressures
(approx. 70 kN/mZ).

3e3%.2 Particle size after residual shear

From the grading curves after the shear tests, it is apparent
that generally, for each material, the amount of breakdown increases
as normal stress increases. However,the breakdown is not linear,
the rate of increase being greatest at the lower normal pressures.

It is of interest to note that the final grading for the
different materials does not correlate with the residual shear
strength of the material. The material with the highest angle
of ¢'r' Ollerton, (18° at 1,000 kN/ma)(Figure 3.28) has 30 per cent
of material passing 72 um at this pressure (Figure 3.38). It should
be noted that this material was only sheared until it was approaching
residual, and its true residual may well be lower (Ratsey, 1973).

The material with the lowest ¢'r at 1,000 kN/mz, Kellingley (10.5°%)
has only 20 per cent passing ?2/Am (Figures 3.36 and 3.33). Gedling
and Oakdale both have a similar residual value at 1,000 kN/mZ, 14°
(Figures 3.35 and 3.37), but Gedling has 40 per cent passing 72/;m
(Figure 3.32) whilst Oakdale only has 14 per cent passing 72 pm
(Figure 3.34) at this pressure. It is obvious that the final particle
size distribution does not constitute the only major control on ¢}r’
and hence some other control must be sought.

3e%+3 Mineralogy

The mineralogy of the samples is reproduced, for convenience,

in Table 3.8. That of Ollerton is taken from Ratsey (1973). As


http://12.jj.xa

113.

L
can be seen, there is no overall control on @ r from the mineralogy

either. Considering the two samples, Gedling and Kellingley, which
have similar peak strengths but dissimilar residuals, the main
difference in mineralogy is that Gedling has a higher quartz and lower
organic carbon content. It also has the higher residual shear strength
value. As carbon usually increases the peak shear strength (Taylor,
1974b), it was thought that coaly material might have been migrating
from the shear plane. This was tested with three available shear
plane specimens (Table 3.9) and found not to be the case. The
possibility arises, therefore, that the higher quartz content of the
Gedling spoil is the cause of its higher residual shear strength.
Quartz did not show any correlation with peak shear strength however
(Taylor, 1974b). A possible mechanism is the releasing of quartz
grains from the mineral aggregrates which form the shale particles
during the mechanical breakdown of the latter over large shear
displacements. It is noticeable that Ollerton, which also has a

high residual shear strength also has a fairly high quartz content.
Oakdale, on the other hand, has a low quartz content, but has a
residual shear strength equal to that of Gedling. In this case,
however, it will be remembered that very little particle breakdown
occurred during the test.

3.4, Conclusions

In conclusion, it can be accepted that coarse colliery discards
exhibit curved failure envelopes. The amount of curvature is dependent
upon the amount of particle breakdown with increasing normal stress.
This appears to be small with low volatile, high rank spoils, where
the failure envelope is virtually straight over the 0-1000 kN/m2
pressure range. ©Spoils associated with bituminous coals, however,
which have a lower rank (400 to 902) and 30 to 50 per cent volatile
matter, exhibit considerable curvature.

The shape of the Mohr failure envelope can be approximated by



TABLE 3.8
MINERALOGY OF 0.6 - 1l.2mm SIZE FRACTION SAMPLES

WEIGHT PER CENT

Gedling Kellingley Oakdale Ollerton
Quartz 26.0 6.0 7.0 19.5
Illite k1.5 51.0 53.5 61.0
Kaolinite 11.5 14,0 23,0 13.5
Chlorite 0.0 0.0 0.0 2.0
Ankerite 11.0 0,0 1.0 0.0
Jarosite 0.0 0.0 0.0 0.0
Pyrite 1.0 3.0 1.0 0.0
Coal 9.0 26,5 14.5 5.0
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TABLE 3.9

SHEAR PLANE CARBON CONTENT

Sample Carbon Content (% dry weight)
Gedling Shear plane 15.8
Bulk 15.8
Shear plane 8.0
Askern
Bulk 8.0
Shear plane 13.7
Birch Coppice
Bulk 12.2




the expression:
T = n(or')?

The parameters in this expression, m and z, can be approximated
by means of a log-log transform upon the failure stress data. Logm
is then the y intercept of the reduced major axis line through the
transformed points, while z is the gradient of this line. The
practical implications of curved Mohr failure envelopes upon
stability calculations will be discussed in Chapter 5.

Turning to the residual shear strength, it has been shows that
the displacement at which residual is attained is dependent upon
the normal stress. As normal stress is increased, less displacement
is necessary to attain residual. This is attributed to the rate of
particle breakdown increasing with normal stress.

The factors influencing the actual residual strength attained
are not known with certainty, and further research on this subject
would be useful. It is tentatively suggested that quartz content
and final grading may have a bearing on the outcome, with high quartz
contents raising the residual strength, whilst a high degree of
particle breakdown will lower it.

One point which also emerges from this shear-box work is that
the reversing shear-box is a poor means for determining the residual
shear strength of colliery spoils below a normal stress level of
Loo kN/mZ. This is due to material being lost through the split
in the box. An equilibrium is attained between fines production
by particle breakdown and their loss, which gives an apparent value

of residual shear strength which is higher than the actual value.
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FIGURE 3.3
KELLINGLEY, PARTICLE BREAKDOWN
ON DEAD LOADING
100 7 REx RATIO l
80 I
¢ 70
: /
gs 60
& |
g /
E 40 /
[&3
g °° 1000, /// l
20 |kN/m_ —
10 // flnlt:.al
0 =::f_———""'§66’ Grading
60 200 600 2000
PASSING SIZE (MICRONS)
FIGURE 3.4

OAKDALE, PARTICLE BREAKDOWN ON DEAD LOADING

100
AREA RATTO ]
90 = 0.19 l
80
70 /
& /
y ]I
40
30 jl
2% ITo00,
1o H/m ——”71/’llnitial
0 6—”""’—__—299—‘ Grading
0 200 600 2000

PASSING SIZE (MICRONS)

B



119.

FIGURE 5.5

ﬂé FIT TO GEDLING AND KELLINGLEY 0.6 - 1.2mm SIZE FRACTION
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- FIGURE 3.6

LOG - LOG_PLOT OF KELLINGLEY 0.6 TO 1.2mm SIZE FRACTION
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T ' FIGURE 3.29

GEDLING 0.€-1.2wn SIZY FRACTIOR, STRESS RATIO ~ DISPLACEMENT CURVES
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FIGURE 3.30

PRACTION, STHLLL RATIO = DISPLACEMENY CURVES
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FIGURE 3.31

OAKDALE 0.6-1.2mm SIZE PRACTION, STRESS KATIO = DISPLACEMNT CULVES
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FIGURE 3.32

GEDLING 0,61 . Dum SIZF PRACTION, GRADINS APTEG SUEARIiG
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FIGURE 3.34

O:KDALE 0.6-1,2m3 CIZE FRACTION, GRADING AFTEK CHEAXING
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FIGURE 3.38

( PIGURE 3.4k, RATSEY, 1973 )

OLLERTON DISCARD, 0.6-1.2mm SIZE FRACTION, GRADING AFTER SHEARING
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CHAPTER 4
FINE DI3SCARD (TAILINGS/SLURRY) LAGOON DEPOSITS

4,1 Introduction

During the coal preparation process, large quantities of solids
charged water are produced. This water has to be treated in some
manner to remove the solids before the water can be either recycled
or discharged. Two methods of treatment are in common use, both
involving the addition of a flocculant(usually an electrolytic
polymer of some description) to aid sedimentation. In the first
method a relatively small amount of flocculant is added and the water
pumped to a settling pond, known as a lagoon, where the solids
sediment out and the clean supernatant water can be drawn off.

In the other method, considerably moreflocculant is added, and
the thickened mud is press-filtered to remove excess water. The
resulting blocks, known as 'pressed tailings'", can then be disposed
of on a tip. It is with the lagoon deposits formed by the first
method that this chapter is chiefly concerned.

When a lagoon is filled with sediment, there are three possible
courses of action., It can be abandoned and a new lagoon built
elsewhere. It could also be re-used by excavating the sediments
and spreading them over the tip*. Finally, its capacity can be
increased by raising the lagoon banks periodically. Lagoon banks

can be raised by tipping new bank material( coarse discard normally)

either upon the upstream side of the o0ld bank (i.e. over the existing

lagoon deposits) or on the downstream side. The former method gives
rise to "fir-tree'" banks (see Figure 5.17). This has the advantage
that it uses less material than the latter method. Because of this,

it is much used in the metal mining industry. However, it has a

149,

* In some cases, notably with slurries, the coal content is

sufficiently high for the sediment to be saleable.
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number of defects. Saturated fine discard 1is in close proximity

to the toe of the slope, which results in a high water table.
Furthermore, as the new bank material is emplaced over the soft
sediments, bearing capacity type failures are liable to occur,

giving rise to zones of weakness in the embankment. Hence, in the
coal mining industry this type of lagoon embankment construction has
now been discontinued (McKechnie Thomson and Rodin, 1972) in favour
of the downstream method in which compaction can be used efficiently.
The supply of coarse discard from the collieryis generally sufficient
for this form of construction.

Figure 4,1 shows a typical lagoon, with downstream construction
of the banks. The coarser sediments usually settle out close to
the inlet, building up a beach., The ton surface of sediment tends
to become dished due to differential settlement. 1In the centre of
the lagoon there is a greater thnickness of deposit than over the
banks, thus the centre of the deposit can consolidate under its
own weight to a greater extent than that over the banks, which are
relatively incompressible (Hughes and Windle, 1976). It is considered
good practice to increase this dishing effect, and to spread the inlet
beach round the lagoon by periodically moving the sites of the inlet
and outlet (McKechnie Thomson and Rodin, 1972). However, in the coal
mining industry, this is rarely done, the results not being considered
worth the extra work involved,

The dished profile results in water being trapped in the centre
of the lagoon, which is consequently nearly always wet. However, the
material near the banks dries out occasionally, giving rise to
desiccation and increased strength. It also gives rise to perched
water tables when the lagoon is reflooded (Hughes and Windle, 1976).

Owing to the restricted areas available for tipping discard
near most collieries, it may well become necessary to overtip disused

lagoons with coarse colliery discard. VWhen this operation is put
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into practice, it is obviously desirable to know how the fine
discard sediment will behave. This involves primarily a knowledge
of the consolidation and shear strength parameters. The amount of
consolidation that can occur may, with deep lagoons overtipped by
weak spoils (e.g. Gedling), be enough to reduce the shear strength
of a volume of spoil to residual shear strength over the zone of
differential settlement between relatively incompressible banks and
the compressible lagoon deposits * (see Chapter 5.3.3). The rate
of consolidation will depend on the permeability of the lagoon
sediments,its banks and its foundation. Upon these factors will
depend the degree of excess pore pressure generated, and hence the
amount of shear strength mobilised by the deposits.

k,1.2. Physical and Mechanical properties of lagoons

4.,1.2.1.Grading and structure

From the data given in National Coal Board, 1972, it can be
seen that the overall grading of lagoon deposits is very variable,
ranging from silty sands to clayey silts. This is mainly due to the
segregation which often occurs in the lagoon. The slurry and tailings,
as discharged, usually contain roughly equal proportions of silt and
sand, and some 10-20 per cent of clay size particles. When the
gradings for lagoon outlet area samples from West Virginia given by
Busch et al (1975) are compared with samples from similar locations
in British lagoons, the gradings can be seen to be similar, i.e. they
are both clayey silts. It is of interest to compare fine colliery
discard with similar waste from some other extraction industries.
(Figure 4.2). Fine colliery discard proves to have a wider range of
grain size than either the metaliferous mine tailings given by

Pettibone and Kealy (1971) or the micaeous residue from China clay

* In this work the possible development and effects of liquefaction

have not been considered to any degree.



extraction (China Clay Association, 1971). The coarser bound of
the grading curves are similar in all three cases. However, the
finest fine colliery discard gradings are considerably finer than
the other two residues.

As stated above, particle grading can vary across a lagoon
from inlet to outlet. However, this does not always occur
(McKechnie Thomson and Rodin, 1972). In reservoir sedimentation ,
coarse particles sediment out first, becoming progressively finer
towards the outlet, (Barland, 1971). Fine colliery discard sedi-
mentation characteristics, are, however, complicated by the fact
that it consists of materials of widely differing specific gravities
namely coal and shale*. The nature of the deposits is also affected
by the rate cf inflow, its solids content and periodicity. In fact,

where samples from lagoons have been taken they show considerable

152.

variation. According to HMcKechnie Thomson and Rodin (1972), they range

from highly stratified, alternating layers of coarse and fine layers
to poorly stratified, visually homogenous deposits. The layer
thickness varies from 1 to over 150mm. Considering that colliery
lagoons might be considered as a deltaic environment it is perhaps
surprising that cross bedding, which is so common in deltas, has

not been recorded. This could be due to the lack of a suitable

lighter coloured bedding marker than to their actual absence.

* Specific gravity of coal is approximately 1.3

Specific gravity of shale is approximately 2.3 - 2.6
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4,1.,2.2. Shear Strength

The drained shear strength of lagoon deposits is variable,
with ¢' ranging from 21,5 to 39 degrees; in contrast to coarse
discards, the West Virginian fine discards, with ¢' values of
20 - 35 degrees (Busch et al 1975) are slightly weaker than the
British materials. They are also considerably weaker than their
coarse discards, whereas for British fine discards, four out of .
the six cases cited by HcKechnie Thomson and Rodin (1972) were
stronger than their corresponding coarse discard. In the three cases
where comparisons were made, there was no significant difference in
strength between inlet and outlet ends. The high coal content of
lagoon deposits (commonly 30-40 per cent) is the probable cause of
their high shear strength, counterbalancing their fine grading.
Taylor (1974b) showed a positive correlation between coal content
and peal shear strength for coarse discard, and it is probable that
a similar relation holds for fine discards.

In terms of undrained strength, a large number of vane tests
have been performed upon lagoon deposits. These show a wide scatter
of results although strength generally increases with depth (McKechnie
Thomson and Rodin 1972). Vane test results will be considered in
greater detail in Section 4.4.

L,2, I'ield and laboratory investigations of lagoon deposits

h,2,1. Cadeby

b,2,1.1. Site sampling

At Cadeby colliery, near Doncaster (see Figure 1l.1) several
samples were collected from Lagoons 8 and 9 at a period when the
latter lagoon was being excavated. TFigure 4.3 shows the sampling
positions. Nine bulk samples were taken from the 4.1m face at the
position marked with a cross in Lagoon 9. These samples were
extracted from a vertical section and are labelled 1 to 9 in Table 4.1l.

In situ peak shear strengths were also measured using a Pilcon hand
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vane operating in the horizontal mode. Three traverses were

carried out at horizons corresponding to vertical samples 3,5 and

7. The traverses were in a north-easterly direction, moving roughly
along the strike of the laminations and obliquely away from the final
inlet (Figure 4.3).

For the consolidation tests, four 'undisturbed' pillar samples
of 0.%m x 0.%m x 0.3m (0.027m3) were extracted from Lagoon 9. Three
of these samples were from the vicinity of the final inlet position,
and one (Sample D) from the outlet end of the lagoon. In addition
four Ul00's were extracted from Lagoons & and 9. One of these

(Number 4 on Figure 4.3) penetrated the lagoon embankment.

4,2.1.2. Stratification of Lagoon 8

Before considering the properties of the deposits from Lagoon 9
it is pertinent to refer to the complex nature of the sediments.

A U100 sample from Lagoon 8 was obtained by pressing a double U100
tube into the deposit. The sample represents the bottom section of
the double tube, i.e. base level approximately 0.9m below the surface
of the lagoon. After extruding the sample it was cut longitudinally
by means of a cheese wire. Well defined laminations enabled the
specimen to be divided up into 27 sections (Figure 4.4). These
laminae vary from 5 to 59 mm thick and show well marked graded
bedding, i.e. the particle size of the bases of the individual laminae
are coarser than their tops.

Moisture content and full major element and organic carbon
determinations were carried out on all sub-samples and mineralogical
analyses on a representative selection of them. Liquid and Plastic
limits were then obtained for the thicker laminae, and for
combinations of any two adjacent thinner laminae. The latter results,
together with natural moisture content values and organic carbon
contents are shown in Figure 4.lb.

The results demonstrate a number of pertinent points which are
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no doubt common to many stratified lagoons, viz:

1) Stratification of the deposits does not exclude high organic
carbon contents in apparently argillaceous layers. The range
In this case is from 25.88 per cent to 75.72 per cent, with a
mean of 41.01 per cent.

2) Natural moisture contents well in excess of the liquid limit
infer that most of the layers could flow under gravity as a
viscous fluid*. Wimpey results (Location F1l, Lab. Report
$/10190, 1974) confirm that this state pertains to depths of
over 2.30m. Busch et al (1975) have shown that a similar
situation is found in VWest Virginian tailings lagoons.

3) Although organic carbon contents are very high indeed ( Table L4.2)
it is clear that limit determinations are still feasible in most
layers. This suggests that much of the carbon must be in a very
finely divided state indeed. Limits that were determined by
Messrs Wimpey are of the same general order.

L) The mineralogical composition, ignoring pyrite and coal,

(Table 4.3) shows that the shale portion of the deposits does

not vary greatly in composition. Kaolinite does seem to increase
slightly at the expense of illite in the higher portions of the
core (Layer 7 and above). This lack of large scale variation

is also shown by the major element geochemistry (Table 4.2) as

do the liquid and plastic limits.

5) The element oxide/alumina ratios are shown in Table 4.4, The
higher FeZOB’ CaO and HMgO ratios are generally compatible with
the higher organic carbon (coaly) layers. When sulphur is also
high this suggests that pyrite (from the coal) is enhancing the
Fe, 0, ratios. Pyrite was detected (up to 2%) in all the

273

mineralogical analyses. High Ca0O and Mg0 ratios indicate that

* This was noted to be actually happening during the extraction of

the U100 in the field.
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carbonates and probably gypsum are also associated with the coal
fraction as cleat minerals.

k,2,1.3. In situ shear strengths

In order to ascertain the lateral and vertical variation in
in situ strength, three Pilcon hand vane traverses were conducted,
as described in Section 4.2.1.1.

From the results in Table 4.1 two features are apparent,

a) there is an increase in strength with depth and b) the lateral
change in strength suggests that strength is decreasing in a north
easterly direction i.e. away from the final inlet position.

While it is possible that the relative strength differences are
functions of moisture content and grain size, there is probably
sufficient similarity in moisture content and consistency limits
between layers 3 and 5 to accept that the increase in strength
with depth is a real one. The subject of vane shear strengths in

| lagoons will be discussed in greater detail in Section 4.4,

4,2.1.4. The vertical bulk sample sequence

The nine bulk samples from the exposed face (Figure 4.3) were
analysed for natural moisture content, particle size distribution,
consistency limits, organic carbon (coaly materials) and specific
gravitye.

The grading curves (Figure 4.5) and grading parameters (Table 4.1)
show that only three samples (3,4 and 5) have appreciable silt content.
Samples 3 and 4 contain more than 15 per cent clay size particles,
the remaining specimens having little or no clay size fraction.

Consistency limit determinations were only feasible for the
three samples mentioned above and it is of interest that these samples
also have the highest natural moisture contents.

Perhaps the most striking feature of these deposits is the high
organic carbon content, which shows a reasonable correlation with

specific gravity (Figure 4.6). It is apparent that some of this
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TABLE

’4‘.3

MINERALOGY OF CADEBY LAGOON 8
WEIGHT PER CENT

Mineral Sample
2 5 7 11 | 15 17 21 25
Quartz 10.5 7.5 | 8.0 | 8.0 |10.0 |10.0 | 5.0 | 6.5
Illite* L2,0 [43.5 |28.0 |44.0 |50.0 |43.5 |48.5 [35.0
Kaolinite | 10.0 8.5 | 740 | 5.5 | 9.0 | 6.5 | 5.0 | 6.0
Pyrite 1.0 1.0 | 05 | 1.0 | 1.0 | 1.0 | 1.0 | 1.0
Coal 36.0 |[39.5 [56.0 [41.5 |30.0 | 38.5 [40.0 |51.5
* Illite includes mixed layer clay
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coaly material must be in a very finely divided state, as there is

no correlation with the grading or limits. The correlation coefficient
between carbon conteﬁt and specific gravity is 0.900 however,
indicating a highly significant (greater than99.9 per cent probability)
correlation between these two variables. This is not an altogether
surprising result, considering the wide variation in specific gravity
of the two principal constituents, coal and shale (see Section 4.1.2.1.).
Using the reduced major axis fit to the data shown in Figure 4.6, an
estimate of the specific gravities of the coal and shale at Cadeby

may be made. Assuming a carbon content of zero, i.e. pure shale,

the specific gravity would be 2.4, while with a carbon content of

one hundred per cent, i.e. pure coal, the specific gravity is 1l.2.
These values agree reasonably well with the approximate values quoted
in Section 4.1.2.1. of 2.3 to 2.6 (shale) and 1.3 (coal).

4,2.1.5. Laboratory shear strength tests

Effective shear strength parameters were determined on the
following: =~
1) Remoulded sample of material from block samples A and C
(Figure 4.2). Peak and residual shear strength parameters were
determined in a 0.3 x 0.3m shear-box and should provide informa-
tion on the 'average' effective strength parameters.
2) A coaly undisturbed sample from a Ul0O (No. 1, Figure Lk.2).
Peak shear strength parameters only determined in a 60 x 60mm
shear box.
3) Fine grained 'clayey' specimen from block sample D (Figure 4.2).
Peak and residual shear strength parameters determined in a
60 x 60mm shear box.
The results (Figure 4.7) imply that the coaly material enhances
shear strength (e.g. coaly specimen, @'= 32.3°) whilst the 'average'
shear strength is only g' = 21.9, ¢' = 13.2 kN/m2 over the greater

part of the range, or g' = 31.5o at a normal stress of less than
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100 kN/ma. It is of interest to note that the shear strength had

not dropped measurably after a further displacement of 2.56m.
The finer grained, undistirbed block D material gave a peak

strength of @' = 23.8%, c' = 8.4 kN/ma, which dropped to ¢' = 20°

at residual (0.25m total displacement). In both cases the fact that

the residual values are not markedly lower than the peak strength

could be in line with the near normally-consolidated state of the lagoon

deposits. However, the coal content is probably equally as important.
Wimpey tests carried out on some Lagoon 8 materials reveal some

interesting features. All their triaxial test data have been

processed to give a composite picture (Figure 4.8). The specimens

would appear to be very similar to the laminated core of Figure L4.4ka.

By computing the 'best fit' to the effective Mohr circles, the shear

strength parameters that emerge are not greatly different to those

of Lagoon 9, i.e. c' = 12.2 kN/mZ, ¢' = 24.50.

4,2.,1.6. Rowe Cell consolidation tests

Four block (0.3 x 0.3 x 0.3m pillar) samples were extracted from
close to the surface of Lagoon 9, at the locations shown in Figure 4.2.

Three of the samples (A, B and C) were closer to the final inlet than

the fourth (D). The samples were subjected to consolidation tests
using a 254mm diameter Rowe cell under back pressured, single
drainage conditions. As far as is known these were the first
samples from colliery lagoons to be tested in the large size Rowe
cell,

4.2.1.,7. Sample composition

The three inlet zone samples, A. B and C, were all laminated
though not on such a small scale as the Lagoon 8 core. Particle
size distributions (Figure 4.5) show that the three specimens are
similar in grading to the coarser bulk samples of the vertical
section, which, of course, also came from the inlet end of the

lagoon. Sample D, from near the outlet, was the finest grained
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sample taken from the lagoon with the exception of the Ul0OO sample
No. 4 from close to the bank. Both of these samples were visually
homogenous.

In terms of mineralogical composition (Table 4.5) all samples
are rich in micaceous minerals (illite and mixed layer clay), with
block sample B having a particularly high content of the latter
expandable component. All samples are again very high in organic
carbon content, especially sample C. Although sample D is finer
grained than the others its limits are very similar to the more
silty section of sample A, which also had a coaly band incorporated
in it - see limits (Table 4.5). Although the samples were taken
from near the surface of the lagoon there was no evidence of weathering
and it is concluded that the small gypsum component in the three
'inlet' samples originated from the included coal, it being a
cleat mineral, as found in the Yorkshire Main investigation of
Spears, Taylor and Till (1971).

b,2.1.5. Consolidation tests

The consolidation tests were carried out in a 254mm diameter
Rowe cell with saturation by back-pressure, as stated above. The
system is shown in Figure l.3. Certain problems were experienced
with the cell at low pressures, due to friction within the apparatus.
This led to the log Pressure against voids ratio (log P - ) curves
(Figure 4.9) being kinked at low pressures in the cases of samples
B, C and D.

The log Pressure-voids ratio (log P-e) curves of Figure 4.9
represent samples A, C and D with laminations in the horizontal
plane, whilst sample B was orientated with the laminations as near
vertical as possible. Also shown is the curve for a conventional
(76.2mm diameter) oedometer test on sample D, which shows good

compatibility at high pressures but divergence at low pressures.
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The initial voids ratio of the oedometer specimen is much lower

than the Rowe cell sample. This is probably because of:~

a) The oedometer sample came from an horizon in the pillar sample
which was closer to the original lagoon surface than was the
Rowe cell sample. Thus the oedometer specimen would have been
desiccated to a greater extent than the Rowe cell sample.

b) The oedometer sample is of limited thickness and very
susceptible to disturbance when being prepared and placed in
the oedometer.

The P~e curves demonstrate that the voids ratio of the two
samples with the highest initial volumes (samples A and C) are still
elevated at maximum loading. The very coaly sample (C) does not
display a marked linear normal consolidation curve and it is clear
that rebound is minimal for this coaly material.

It is also apparent that all the samples are over-consolidated
to a certain degree, which indicates a certain amount of desiccation,
because they have not been subject to any surcharge during their
history.

The consolidation parameters (Table 4.6) raise a number of
important questions regarding the behaviour of lagoon deposits,
as well as demonstrating major differences between Rowe cell and
conventional oedometer tests.

The coarse grained, laminated samples (A, B and C) gave
coefficients of consolidation (cv's) of between 290 and 1323m2/hr
on the linear portions of the P-e curves. From the graphs of Sy
against pressure, shown on Figure 4.10, it can be seen that, for
these three samples, the value of c, rises to a peak around
300 kN/m2 and then falls away rapidly. A normal c, = pressure
graph (e.g. Figure 27.5, Lambe and Whitman, 1969) starts with

high values of c, which then drop rapidly but may rise slightly
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TABLE 4.6a
CADEBY LAGOON 9
Block A
Horizontal bedding S.G. 1.93

Initial dry density 0.800 Mg/m3

Final dry density 0.951 Mg/m>
Pressure| Voids Ratio| v Ce Gv K '
(m"~/MN) (m~/YR) | (m/sec)
0 1.412 - - - -
30 1.299 1.558 - 390.8 1.89 x 1077
55 1.258 0.717 -0.157 | bh2.4 9.86 x 1078
110 1.166 0.715 -0.306 | 455.7 1.05 x 10”7 | Linear
220 1.079 0.366 -0.289 | 902.4 1.03 x 1077 | Section
L4o 0.989 0.197 -0.300 | 684.8 4,20 x 1078
850 0.890 0.122 -0.348 | 366.6 1.39 x 1078
w
200 0.919 0.024 ~0.047 - -
100 0.933 0.071 -0.045 - - gz;ding
0 1.029 0.502 | -0.032| - - cycle
J
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TABLE 4,6b
Block B
Vertical bedding S.G. 2.10

Initial dry density 1.092 Mg/m3

Final dry density 1.338 Mg/m3
Pressure | Voids Ratio mv Cc Cv K
(kN/m?) (mZ/HN) (m2/YR) | (m/sec)
o) 0.923 - - - _
9.k 0,922 0.055 - - -
18.75 | 0.860 3,472 -0.208 |447.2 4,83 x 1077
37.5 0.816 1.264 -0.146 |298.1 1.17 x 10~7
75 0.779 0.534 -0.121 |246.6 4.10 x 10°7
150 0.722 0.432 -0.192 |349.2 4,70 x 10'8
-3 Linear
300 0.655 0.258 -0.221 |930.2 7.47 x 10 Section
600 0.567 0.178 -0.293 | 636,0 3,52 x 10‘8
1200 0.483 0.089 -0.279 | 290.7 8.06 x 10'9
120 0.510' 0.017 -0.027 - -
- Un-
12 0.543 0,202 -0.033 - - f loading
0 0.570 1. 443 - - - cycle
J




Block C

Horizontal Bedding

Initial dry density

Final dry density

TABLE 4.6¢

SQG. 1093
0.766 Mg;/m3

0.882 Mg/m3

170.

Pressure | Voids Ratio émv Cc 2Cv K
(kN/n2) (m"/MN) (m~/YR) | (m/sec)
0 1.488 - - - -
10 1.477 0.4ok - - -
20 1,449 1.129 | -0.093 | 185.0 | 6.49 x 1078
3745 1.429 0.450 | -0.071 | 385.9 | 5.38 x 10~
75 1.395 0.381 | -0.115 | 375.4 | 4,45 x 1078
150 1.347 0.212 | -0.127 | 609.9 | 4.02 x 1078
300 1,300 0.159 | -0.136 |1002.0 | 4.95 x 1o'8
600 1.227 0.106 | -0.242 |1323.0 | 4.35 x 1078
1200 1.126 0,075 | -0.,33% | 512.3 | 1.20 x 1078
120 1.164 0.016 | -0.037 - -
12 1.182 0.077 | -0.018 - -
0 1.189 0,274 - - -

)
Un-

loading

r cycle
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TABLE 4.6d

Block D 254mm diameter sample

Clay, Horizontal bedding S.G. 1.96

Initial dry density 0.949 Mg/m3
Final dry density 1.200 Mg/m3
Pressure|{ Voids Ratio va Ce ZCV X
(m~/MN) (m“/YR)| (m/sec)
0 1.065 - - - -
9."" 1.061 0-217 = - -
18.75 | 0.884 9.187 -0.590 | 27.36 7.82 x 1o'8
3745 0.843 1.166 -0.137 | 1.43 5.20 X 10710
75 0.764 1.135 -0.260 | 4.39 1.55 x 1072
-9 Linear
150 0.700 0.485 -0.213 | 8.53 1.29 x 10 Section
300 0.635 0.253 -0.214 | 13.39 1.05 x 1o'9
600 0.576 0.122 | -0.199 [18.13 | 6.87 x 10™1°
1200 0.513 0.067 -0.209 | 41.53 8.60 x 1071°
120 0.549 0.022 -0.36 - -
Un-
12 0.595 0.278 -0.047 - - loading
cycle
0 0.634 2.000 - - -
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Table 4.6e

Block D 76.,2mm diameter sample

Specific Gravity 1.96
Initial dry density 1.057 Mg/m3
Final dry density 1.203% Mg/m3 )
Press;re Voids Ratio va e CV2 :
(xN/m") (m~/H1N) (m“/YR) | (m/sec)
1.52 | 0.854 - - - -
10.98 | 0.815 2.193 -0.037 | 5.21 3.55 x 1072
20.45 | 0,790 1.470 -0.094 [ 1.56 7.13 x 1072°
39.37 | 0.761 0.873 | -0.104 | 2.51 6.83 x 107°
’ 77.22 | 0.726 0.521 -0.119 | 4.38 7.10 x 10710
‘ 152.92 | 0.685 0.311 | -0.137 | 3.54 3.43 x 10710
’ 304,31 | 0.637 0.189 | -0.161 | &.33 2.54 x 10720
‘ 607.10 | 0.575 0.125 ~0.206 | 9.11 3,54 x 10710
1210.31 | 0.509 0.070 -0.222 | 8.100 1.83 x 1071°
1.52 | 0.629 0.066 -0.041 - -
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at high pressures. tWhile the shape of the current series of cv-p
curves might be characteristic of lagoon inlet materials, it is
probably a result of friction in the apparatus limiting the spead
of consolidation, by which c, is calculated, at the lower pressures.

The fine grained, homogenous, sample D material shows
considerably lower cv's, which follow the normal pattern with
increasing pressure, i.e. falling then rising again. It is
noticeable that, over the range where the e values are similar
(i.e. 300 - 1200 kN/mZ) the <, of the large 254mm diameter sample
is from 2 to 4 times larger than the c, of the small sample. This
is due to the difference in size of the samples (Rowe and Barden,
1966).

Although it is difficult to make comparisons between samples
with such different log P-e curves (except samples B and D) it is
possible to make a comparison between cv's at approximately similar
voids ratios:-

e.g. Sample A e 0.89 ¢ = 367m2/yr

v
Sample B e = 0.86 c, = 477m2/yr
Sample D e = 0.88 c, = 27m2/yr
Sample A e = 1.17 c, = 456m2/yr
Sample C e = 1.13 ¢ = 512m2/yr

From this it is obvious that the fine-grained, silty specimen
(D) consolidates far slower than the coarser, laminated ones. This
is as one would expect. Even though the finer parts of the laminated
specimens may be of similar grading to sample D, their aggregate
thickness is much less, thus causing less impediment to water flow.
What is perhaps more surprising is the lack of significant difference
in cv's between the samples consolidated with laminations horizontal
(i.e. with water draining vertically across the laminations) and the
one with vertical laminae (i.e. with water draining along the

laminations). It would seem that the latter sample should drain



much more readily, since all the coarse layers could be expected
to act as drains. An examination of Figures 4.11(a) and (b)
provides a probable explanation. In the horizontal sample C
(Figure 4.11b) the individual laminae can be seen to be lensoid
in shape, so that the coarse parts of the different laminae
commonly impinge on one another, thus giving an easy passage for
water in a vertical as well as horizontal direction. Thus the
material is effectively isotropic. In sample C, the silt/clay
layers are much thinner than in sample B (Figure 4.11(a)) thus
giving the former the higher C,e

It can be seen from Figure 4.11(a) that the laminations can
be very contorted. The contortion visible in Figure 4.11(a)
corresponds to the "intraformational recumbent fold" type of
contorted lamination of McKee et al (1962). They are very common
in dektaic deposits (Coleman and Gagliano, 1965). Contorted
laminations on a larger scale could be seen in the excavated face
of the lagoon (Figure 4.12).

Wimpey Central Laboratories carried out five oedometer tests
on Lagoon 8 materials from position Fl on Figure 4.3. (Wimpey
Report $/10190, 1974). As details of the grading and structure
are scanty, it is not possible to compare them precisely with the
results given above. The voids ratios (see Figure 4.13) were
initially in the range 0.74% - 0.84 compared to 0.92 - 1.49 for

Lagoon 9. At 430 kN/m2 these values have dropped to 0.61 to

0.73 and 0.6 to 1.26 respectively. The reduced initial voids ratios

of the Lagoon 8 material (compared to Lagoon 9) might be due to
disturbance during driving of U100 sampling tubes.
Average coefficients of consolidation for the Lagoon 8 tests

are in the range 8 to over 80 me/yr. These values are much lower

than those for samples A, B and C, but in the same order as Sample

D from Lagoon 9. Coefficients of volume compressibility (mv) in

174,
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the comparable stress range are of the order 0,084 to 1.15 mZ/MN
for Lagoon 8 and 0.46 to 1.00 mZ/MN for Lagoon 9.

4,2.1.9. Permeability of the sediment-embankment interface

As mentioned in Section 4.,2.1.1l. a Ul00 (No. 4 on Figure 4.2)
was driven through the sediment-embankment interface. A photograph
of a section across this interface is shown in Figure 4.14. ©Particle
size analyses were carried out upon the three sections of the sample
viz: Lagoon sediments, Embankment, and Interface. The results are
shown in Figure 4.15. They show some interesting points. Even
though this part of the lagoon was nearer to the inlet than Sample D,
it is finer'grained than sample D. The embankment is very fine
grained for coarse discard, even being finer than the severely
degraded material from the surface of Gedling tip (Figure 2.1.).
Presumably solids from the lagoon have been carried into the
embankment.

Before the sample was analysed for particle size, the
permeabilities of the three portions were ascertained. These are
tabulated in Table 4.7. They contain some surprising results,
Despite the fine grain size, the lagoon sample has a surprisingly
high permeability of 10-6m/s. This compares with values of
1072 to 10_8 m/s for in situ permeabilities, as measured by McKechnie
Thomson and Rodin (1972) in four lagoons. It also contrasts strongly

9

with values of permeability of 10"7 m/s calculated for sample D
from the tests conducted in the 254mm diameter Rowe cell (Table 4.6d).
This demonstrates how seriously the consolidation test underestimates

the permeability (and hence cv), even when large size samples are

used*,

* In comparisons between field performance of embankments and
laboratory consolidation tests, the underestimation of y by
laboratory consolidation tests has often been remarked upon (Murray

and Symons, 1974).



TABLE 4.7

PERMEABILITY OF U100 SAMPLE NO., &4

Part of Mean Standard No. of
Sample Permeability Deviation determinations
m/s m/s
Embankment | 1.63 x 10742 |1.02 x 107%2 3
1 -6 -6
Lagoon +.71 x 10 1.82 x 10 b4
Interface | 5.24% x 10710 |1.24 x 10710 2

176,



177.

In marked contrast to the lagoon sediments, the permeability
of the embankment, at lO-lzm/s, is very low indeed. In situ
permeabilities of compacted coarse colliery discards, as measured
by McKechnie Thomson and Rodin (1972) range from 10'-L+ to 10-9m/s.
Even allowing for the fact that laboratory measurements of
permeability tend to be low compared to in situ tests, the value
for the Lagoon 9 embankment is still low. Presumably the voids
in the part of the embankment closest to the lagoon have been
plugged with fine silt and clay brought in by the mud laden waters
of the lagoon.

L,2,2. Gedling Lagoon 12

4,2.2.1. Site sampling

Lagoon 12 is a disused lagoon upon the YWest Tip at Gedling.
At the time of sampling it had been disused for at least a year.
One 0.3m x 0.3 x 0.3m pillar sample was extracted from the outlet
vicinity and two eylindrical 203mm diameter samples were extracted
from between the inlet and outlet, close to one of the retaining
banks.

4,2.2.2. Sample composition

Structurally the central sample has poorly developed
laminations, with no well marked change vertically across a
lamination (Figure 4.16). The outlet sample is visually homogenous.

The bulk grading of the samples is shown in Figure 4.17. It
can be seen that both samples are poorly sorted, with the outlet
sample being the finer grained., This sample, with only 10 per cent
sand size fraction, resembles the coarsest outlet material from Denby
Hall Lagoon C (Figure 4.17). Of all the samples tested by Messrs
Wimpey (National Coal Board, 1972) only some samples from the outlet
of Kinneil lagoon 22/25 are finer grained. These have only 5 per
cent sand size,

The Wimpey tests on materials from the old lagoon on the East

Tip at Gedling produced similar gradings to the coarser sample from
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Lagoon 12,

The central sample from Lagoon 12 shows a fairly marked
vertical change in bulk grading. The two sub-samples which were
consolidated with a radial drain came from the top of the main
sample and are considerably finer grained than the remainder.
Compared to Cadeby Lagoon 9 (Figure 4.5), the upper part of this
central sample is similar to sample D, whilst the lower part
resembles the grading of sample 3 in the vertical sequence.

In terms of consistency limits, which are given in Table 4.10
the finer grained outlet material has higher liquid and plastic
limits, as might be expected. The limits are of the same order as
those found at Cadeby (Figure 4.4) and at Gedling old East Tip
Lagoon (National Coal Board, 1972).

In terms of chemical composition (Table 4.8), the organic
carbon content at 38 per cent, is at the normal level for fine
discard. The other element oxides are also present in similar

amounts to the Cadeby samples. The SiOZ/Al ratio (Table 4.9)

203
is at the higher end of the range, indicating a higher quartz
content than usual, while the low K20/A12O3 ratio indicates low
illite (potassium feldspars being present in very small amounts
indeed in Coal Measures shales and mudstones of England). The
cleat minerals would appear to be less abundant since sulphur

and calcium oxide are lower than for Cadeby.

4,2.,2.3. Consolidation tests

Four tests were performed on the 0.3 x 0.3 x O0.3mm pillar
sample from the outlet end. In three of these a 152mm diameter
Rowe cell was used, a 254mm diameter cell being used in the fourth.
In these tests the sample was orientated with the bedding horizontal
except in the case of one of the 152mm diameter samples, where it was
orientated vertically. One of the other 152mm diameter samples was

only pressurised to 300 kN/ma, instead of 1200 kN/mZ. This sample
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TABLE 4.10

GEDLING LAGOON 12 - CONSISTENCY LIMITS

Sample Liguid Limit Plastic Limit Plasticity Index

Outlet 51 32 19

Central L3 27 16
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was vane tested to determine its shear strength after being loaded
to 300 kN/mZ. This was for purposes of correlation with the
floéﬁlant/tailings tests which will be described later. The
consolidation results for these outlet samples are given in

Table 4,11.(A-D).

The six tests carried out on the 203mm diameter samples from
between inlet and outlet were conducted by L. Gould. They consisted
of four tests in a 152mm diameter Rowe cell and two in a 76.2mm
diameter oedometer. In both Rowe cell and oedometer a sample drained
by A) a single vertical drain and b) a radial drain was consolidated.
The other two Rowe cell samples consisted of one with both a single
vertical drain plus a radial drain, and the second was similar but
with a sand blanket drain as well (i.e. double drainage plus radial
drainage). The results of these tests are tabulated in Table 4.12
(A-F).

The log pressure-voids ratio curves of the specimens from
the outlet sample (Figure 4.18)are virtually coincident. Those
for the central samples (Figure 4.20) show more scatter, but they
all lie below those of the outlet specimens. That the coarser
grained sample has the lower voids ratio (contrary to the case at
Cadeby), is probably due to the difference in structure between
the two lagoons. Gedling has only poorly developed graded bedding
with the result that the voids between the coarser particles, which
existed at Cadeby, are filled by finer particles.

Comparing the different sized sub-samples, in the outlet
sample series, there is no difference between 254mm and 152mm diameter
log P-e results except that the curve for the larger sample is kinked
at low pressures. The most likely cause of this is friction within
the Rowe cell apparatus between the drain spindle and its housing
in the top part of the cell. In the smaller cell, there was a

greater clearance between these two sections. 1In the case of the
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TABLE 4.11a

CONSOLIDATION PARAME[ERS

Sample Gedling Lagoon 12, outlet end. 254mm diameter

Specific gravity 2.02
Initial dry density 0.998 Hg/m3
Final dry density 1.169 Mg/m3
Pressure |Voids Ratio v Cc Cv K
(kN/mZ) (ma/MN) (ma/YR (m/sec)
0] 1.024 - - - -
9l 1.020 0,21 - - -
29.2 0.898 3.06 | -0.25 (682.6 6.49 x 1077
37.5 0.88L 0.90 | -0.13 | 4.8 | 1.35 x 1077
25 0.838 0.64 | -0.15 | 7.5 | 1.50 x 1077
\
150 0.783 0.40 | -0.18 | 17.1 | 2.14 x 1072
-9 Linear
300 0.726 0.21 | -0.19 | 29.5 1.96 x 10
-9 f Section
600 0.668 0.11 -0.19 33,4 1.16 x 10
1200 0,605 0.06 | -0.21 | 41.5 8§.17 x 10710
120 0,642 0.02 -0.04 - -
12 0.684 O.24 -0.0hL - -
0 0.729 0.22 - - -
Average over linear -9
section 0.22 -0.19 30,4 1.52 x 10
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TABLE 4.11b

CONSOLIDATION PARAMETERS
Sample Gedling Lagoon 12 outlet end, 152.4mm diameter, horizontal
bedding
Specific gravity 2.02

Initial dry density 0.922 Mg/m3

Final dry density 1.121 Mg/m3
Pressure |Voids Ratio mv Cc Cv K
(kN/mz) (m%/MN) (mZ/YR) (m/sec)
0 1.191 - - - -
9.4 0.951 11.63 | - 64.1 | 2.32 x 1077
18.75 0.918 1.86 | =0.11 | 23%35.6 | 1.36 x 10'7
37.5 00875 1018 "O.ll+ 675-3 2.’4‘7 X 10-7
75 0.829 0.66 | =0.15 54,0 | 1.11 x 10'8
\
150 0.770 0.43 | -0.20 22.6 | 3.02 x 10'9
300 0.707 o.24 | -0.21 | 21.9 |1.61 x 1072 Linear
r .
600 0.645 0.12 | -0.21 | 23.6 |8.86 x 10710 || Section
1200 0.570 0.07 | -0.25 25.5 | 6.02 x 10710 )
120 0,605 0.02 -0.04 - -
12 0.620 0.08 -0,01 - -
0 0.801 9.32 - - -
Average over linear -9
section 0.22 ~0.22 23.4 1.5%3 x 10
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TABLE 4.1lc
CONSOLIDATION PARAMETERS

Sample Gedling Lagoon 12 outlet end, 152.4mm diameter vertical

bedding
Specific Gravity 2.02
Initial dry density 0.860 Mg/m3
Final dry density 1.160 Mg/m3
Pressure § Voids Ratio m Cc Cv K
(v /n2) (m?/MN) (m%/¥R) | (m/sec)
0 1.349 - - - -
9.l 0.974 17.0 - - -
18.75 0.948 1.44 |-0,09 |576.2 2.58 x 1077
37.5 0.917 0.84% [-0.10 | 31.3 | 8.15 x 1077
75 0.882 0.49 [-0.12 | 28.6 4,37 x 1072
150 0.826 0.40 |-0.19 | 27.8 3,32 x 1077 |
300 0.765 0.22 | -0.20 | 30.2 2.09 x 1077 rLinear
600 0.698 0.13 | ~0.22 | 43.0 1.68 x 1077 ||section
1200 0.630 0.07 | -0.23 | 30.4 | 6.33 x 10°%° ‘
120 0.657 0.02 | -0.03 - -
12 0.693 0.20 | -0.04 - -
0 0.741 2.38 - - -
Avergge over linear -9
section 0.21 | -0.21 | 32.6 1.93 x 10
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TABLE 4.11d
CONSOLIDATION PARAMETERS
Sample Gedling Lagoon 12 outlet end, 152.4mm diameter sample

used for vane test

Specific gravity 2.02
Initial density 1.021 Mg/m’
Final dry density 1.09% Mg/m>
Pressure | Voids Ratio m Ce Cv K
(kN/ma) (mz/;N) (mZ/YR) (m/sec)
0 0.978 - - - -
9.4 0.952 1.40 - - -
18.75 0.923 1.56 ~0.10 | 254.3 | 1.24% x 1077
37.5 0.887 1.00 -0.12 | 568.0 | 1.77 x 1077
75 0.847 0.57 -0.13 88.7 | 1.58 x 1078
150 0.797 0.36 -0.17 20.4 | 2.29 x 1072
300 0.740 0.21 -0.19 21.2 | 1.40 x 1077
120 0,747 0,02 -0.02 - -
12 0.781 C.18 -0.03 - -
0 0.847 3.06 - - -

Average shear strength (kN/ma)

Before consolidation After consolidation
m s m s
Peak 20.0 1.7 27.2 0.8
Remoulded 8.1 0.5 4,8 0.3
m = mean value

standard deviation

]
]
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152mm and 76.2mm diameter samples, there is a large difference in
one case, but not in the other., It is the radially drained
oedometer sample which has the higher voids ratio (at similar
pressures). As the oedometer sample is thinner than the
lamination thickness in the bulk material, it is likely that an
unrepresentative sample is being considered, since, although the
laminations are poor, some fining upwards does occur in them

(see Figure 4.16).

Convex-upwards curvature is apparent at low pressures, which
is probably a function of desiccation, since these deposits have
never been subject to a surcharge.

In these samples the log pressure-voids ratio curves are
close enough together to make it possible to compare values of
L Considering first the outlet sample, graphs of c, against
log pressure are shown in Figure 4.19. It can be seen that at a
pressure of 75 kN/ma, the small Rowe cell samples with horizontally
orientated bedding have the highest value of cv(7lm2/yr), while the
large Rowe cell has the lowest value, at 8 ma/yr. The small Rowe
cell sample with its bedding orientated vertically (i.e. parallel
to the axial stress) lies between these two at 28 m2/yr. As the
pressure rises, the cJ 5 of the small samples fall until at about
125 kN/m2 they are all virtually coincident at 27m2/yr. Above
this pressure, the cv's of the horizontally orientated specimens
continue to fall, reaching 22m2/yr at 400 kN/m2 pressure. The
c, of the vertically orientated sample rises, however, reaching
35m2/yr at 400 kN/ma. Meanwhile, the ¢, of the large Rowe cell
sample has been steadily rising, until it reaches a value of
31m2yr at 400 kN/mZ, i.e. higher than the small Rowe cell samples
with bedding of a similar orientation, but less than that achieved
by the small Rowe cell sample with bedding orientated vertically.

The low values of c, in the large cell at low pressures are



TABLE 4.12a

CONSOLIDATION PARAMETERS

Sample Gedling Lagoon 12, vertical drainage 152.4mm diameter cell

Specific Gravity 1.99

Initial dry density

1.059 Mg/m3

&

Final dry density 1.217 Mg/m’
Pressure |Voids Ratio m Cec Cv K
(kN/m®) (n2/M10) (m?/YR) | (m/sec)
0 0.772 - - - -
10 0.759 0.85 - 23.1 |6.11 x 1072
20 0.728 1.77 -0.,10 22.6 |1.29 x 1078
Lo 0.629 2.09 -0.22 22.8 | 1.41 x 1078
79.7 0.607 0.81 ~0.17 61.1 | 1.53 x 1078
160 0.551 0.45 -0.18 51.4 | 7.07 x 1077
319.8 0.497 0.22 -0.17 36,4 | 2,36 x 1077
79.7 0.502 - -0.01 - -
20 0.510 - -0.01 - -
0 0.557 - - - -
Average (linear -9
section) 0.89 ~0.19 42,9 | 9.71 x 10

Average shear strength (kN/mz)

Peak

Remoulded

After loading

Standard deviation

(mean)
23%.5 14.5
347 2.9

Linear

Section
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Sample

TABLE 4.12b

CONSOLIDATION PARAMETERS

Specific gravity 2.46

Initial dry density

1.060 Mg/m3

189.

Gedling Lagoon 12, radial drainage, 152.4mm diameter cell

Linear

r Section

Final dry density 1.159 Mg/m3
Pressure | Voids Ratio mv Cc Cv
(kN/m®) (m/MN) (m2/YR) | (m/sec)
0 1.072 - - -
10 0.959 6.21 - 203.8 %.92 10‘7
20 0.925 1.75 | -0.09 |127.7 6.91 10'8
40 0.810 3.09 |-0.30 [145.6 | 1.39 x 1077
79.7 0.731 1.12 |-0.20 | 92.8 3.22 10’8
160 0.654 0.57 | -0.20 | 29.2 5.1k 1o'9
320 0.574 0.31 | -0.20 | 34.0 3.24 1o'9
160 0.579 - -0,01 -
79.7 0.587 - -0.02 -
0 0.887 - - -
Average over linear -8
Section 1.27 -0.23 75.4 L 4o 10

Average shear strength (kN/ma)

Peak

Remoulded

After loading
(mean)

Standard deviation

16.0

h,1

5.0

1.b
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TABLE 4.12¢
CONSOLIDATION PARAMETERS
Sample Gedling Lagoon, radial and vertical drainage, 152.4mm
diameter
Specific gravity 1.99
Initial dry density 1.033 Mg/m3

Final dry density 1.271 Mg/m3

Pressure | Voids Ratio mv Cc Cv K
(kN/m° (m>/MN) (n2/¥R) | (m/sec)
o O ) 927 - - - -
20 0.716 6.11 - 62.5 | 3.34 x 10‘6
Lo 0.666 1.46 | -0.16 55.4 | 2.51 x 10'8
79.7 0.614 0.79 |-0.16 54,2 | 1.33 x 10'8 Linear
160 0.557 0.45 | -0.18 Lg 7 6.93 x 10"9 Section
319.9 0.498 0.26 |-0.19| 41.9 | 3.17 x 1072
4o 0.521 - -0,02 - -
20 0.530 - -0.03 - -
0 0.566 - - - -
Average over linear -8
section 0.62 0.17 50.3 1.21 x 10




TABLE 4.124d

CONSOLIDATION PARAMETERS

Sample
blanket, 152.4mm diameter

Specific gravity 1.99

3

Initial dry density 1.095 Mg/m

Final dry density 1.258 Mg/m3

Gedling Lagoon 12, vertical and radial drainage with

191.

Linear

>

Section

Pressure | Voids Ratio m Cc Cv K
(kN/n°) (m°/MN) (m2/YR) | (n/sec)
0 0.818 - - - -
20 0.754 1.87 - 27.1 |1.57 x 1o'8
Lo 0.712 1.20 | -0.13 30,5 | 1l.1h x 107°
9.7 0.665 0.70 |-0.15 | 37.3 [8.09 x 1077
160 04610 0.43 | -0.18 56.7 |7.52 x 1077
319.8 0.557 0.21 {-0.17 | 55.9 |3.60 x 1077
4o 0.562 - -0.01 - -
20 0.568 - -0.02 - -
0 0.583 - - - -
Avergge over linear -9
section 0.64 0.16 bs,1 }7.65 x 10
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TABLE 4.12e
CONSOLIDATION PARAMETERS

Sample Gedling lagoon, vertical drainage, 76.2mm diameter cell

Specific gravity 1.99
Initial dry density 1.058 Mg/m3
Final dry density 1.327 Mg/m3
Pressure | Voids Ratio m Cc Cv K
(kN/ma) (m2;MN) (mZ/YR) (m/sec)
1.8 0.731 - - - -

2k.9 0.698 0.8k -0.03 5.7 1.47 x 1072

47.1 0.673 0.6k -0.08 7.7 1.53 x 1072

91.5 0.634 0.51 -0.12 | 10.3 1.64 x 1077

180.3 0.596 0.28 -0.13 | 22.2 1.91 x 1072

357.8 0.540 0.20 -0.18 | 20.9 1.31 x 1072 Linear
713.0 0.485 0.10 -0.17 | 26.9 8.47 x 1071° ’ Section
14234 0.429 0.05 -0.18 | 25.0 4,20 x 10710 |

180.3 0.459 - -0.03 - -

4.1 0.478 - -0.03 - -

1.8 0.481 - -0.01 - -

Average over linear -9
section 0.16 | -0.17 | 23.8 1.12 x 10
Average over 47 to
358 kN/m2 0.41 } -0.13 [ 15.3 1.60 x 1077




TABLE 4.12f

CONSOLIDATION PARAMETERS
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Sample Gedling lagoon 12, radial drainage, 76.2mm diameter cell

s

Specific gravity 2.46
Initial dry density 1.060 Mg/m3
Final dry density . 447 Mglm3
Pressure |Voids Ratio mv Cc Cv K
(kN/m?) (m®/MN) (n2/¥R) | (m/sec)
2.7 0.945 - - -
13.8 0.922 1.09 | -0.03% 7.1 | 2.38 10‘9
24,9 0.902 0.93 | -0.06 8.2 | 2.38 107
4.1 0.871 0.75 | -0.09 7.1 | 1.65 1077
91.5 0.845 0.31 | -0.07 9.9 | 9.53 10”10
180.3 0.798 0.29 | =0.12 9.9 |8.85 x 1071
357.8 0.741 0.18 | -0.15 16.4 | 9.22 10'10
713.0 0.677 0.11 | ~0.17 | 24.8 |8.17 x 1071°
1423 .4 0.608 0.06 -0,18 b1.3 | 7.58 10'10
712.0 0.618 - -0.,02 -
357.8 0.625 - -0.03 -
2.7 0,678 - -0.02 -
Average over linear -10
section 0.16 -0.16 23.1 8.46 10
Average 47 to -9
358 kN/m° 0.38 | -0.11 10.8 | 1.10 x 10

Linear

Section



probably due to the friction in the apparatus mentioned earlier,
At the higher pressures, where these effects are not so important,
the improved cylindrical surface area to cross sectional area
ratio of the larger sample causes it to give a value of c, nearer
to the trueone (Rowe and Barden, 1966),

The difference in cv between the vertically and horizontally
orientated samples of similar size seems to indicate some
anisotrony of the sample. Considering the sedimentary character
of the deposit one would expect a higher horizontal to vertical
permeability (the particles tending to settle with their short
axes vertical) thus giving a higher c, for the sample with

vertically orientated bedding*. This would appear to be the case

with pressures in excess of 150 kN/mZ. Below this pressure, however,

the horizontally orientated samples have higher cv's. This could
be due to vertical desiccation cracks, acting as drains initially,
but becoming sealed as the pressure increases.

Turning to the central sample, the graphs of c, against log
pressure are shown in Figure 4.21. Unfortunately, it is not
possible to make a direct comparison between the sub-sample with
a radial drain, and the one with a single vertical drain. This
is due to the differences between the two sub-samples mentioned
previously. It should be possible, however, to compare sub-
samples with vertical drainage and sub-samples with composite
vertical and radial drains so long as the voids ratios are similar.

Examination of the results of the three samples concerned show
considerable scatter. The sample with radial and vertical drains
has an opposite trend to that of the sample with the same drainage
facilities, but with the addition of a sand blanket. There does

not appear to be any consistent variation which could be attributed

194,

* The drain in the apparatus only allows water to flow vertically

upwards.
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to anisotropy. This being so, it must be assumed that other
factors, such as desiccation cracks and structure must be of

equal importance in determining the permeability and hence the
coefficient of consolidation. This, it will be recalled, was also
the case at Cadeby.

The major observable difference is between the small and large
samples. This shows the superiority of a Rowe cell to the common
oedometer, especially with materials such as these where individual
beds can be considerably thicker than the oedometer sample.

Comparing the central and outlet samples of similar size,
above 100 kN/m2 pressure, all the central samples have higher
cv's than the outlet samples. This might be expected as the
central sample is coarser grained than the outlet sample. Below
100 kN/'m2 the position is not so clear. The values of c, of both
sets of samples become very scattered, and no useful conclusions
can be drawn.

In contrast, the coefficient of volume change, m_ and the
compression index, Cc’ are similar for all the samples. The
former (mv) shows an exponential drop in value from 3-10 m2/MN
to 0.2 ma/HN at 300 kN/m2 and to 0.05 mZ/MN (approximately) at
1200 kN/mZ. Cc shows a slight fall in value.

L,2,2.%4. Vane strength

The vane shear strengths determined on the samples are
listed in Tables 4.11d, 4.12a and 4.12b. It can be seen that
the finest grained material is the strongest. This is to be
expected, when no normal stress is applied, since the component
of strength due to ¥ will not be mobilised. The greater amount
of clay particles in the outlet sample ensures it a higher
strength due to cohesive forces., With the two samples from the
central part of the lagoon this does not appear to apply, however,

as the coarsest specimen is strongest. It will be noticed, however,
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that the coarsest grained specimen also has the lowest voids
ratio, and this may be responsible for the increase in shear
strength.

As would be expected, the shear strength of the sample tested
before and after loading shows an increase after the loading cycle
(Table 4.11d).

L,2.3., Kellingley pressed tailings

During the investigation of the southern embankment at Gale
Common some pressed tailings from Kellingley Colliery were tested
in a 60 x 60mm shear-box. The results, Figures 4.22 and 4.23,
show a peak ¢! of 27o and a residual of 13.20. It is noticeable
that both are lower than the corresponding values for Kellingley
coarse discard (i.e. 31.8° and 16° respectively, Figure 2.24).

The peak shear strength of the coarse discard is highest, in
contrast to the usual situation, probably because of its high
carbon content (26%).

It is of importance to note that this material reached
residual after a displacement of 0.2 metres (Figure 4.22). Whilst
this might be expected, because tailings contain a large amount of
fine material in which a shear plane is more easily formed, such
behaviour could cause problems on tips during handlinge.

4.,2.4. Summary of properties of fine discard deposits

The characteristics of the two lagoons at Cadeby and Gedling
showed some marked lateral variation in lithology from inlet to
outlet. Where it could be seen, Cadeby Lagoon 9 showed no overall
vertical change. On a smaller scale, both lagoons showed
stratifications which were no longer visible as the outlet was
approached. The development of the laminae was, however, different
in the two lagoons. At Cadeby they were well marked, with a high
order of graded bedding, while at Gedling they were but poorly

developed. Observations at Cadeby showed that these laminations
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could become distorted during filling of the lagoon.

Disturbance of the laminations could be the cause of the
coarser samples from the lagoons behaving in an apparently
isotropic manner. The visually homogenous, fine grained outlet
sample at Gedling was the only one to show distinct anisotropy
(Cadeby outlet was not tested in this manner).

The actual amount of consolicdation as measured by the
coefficient of volume change, m shows little change across the
lagoons. The rate at which this consolidation takes place, however,
differs markedly. The inlet end, with the coarse sediments
consolidates rapidly, while the fine grained outlet sediments
consolidate at a much slower rate. A permeability test has shown
that the rate of consolidation recorded in the consolidation test
is logically an underestimate. However, it is feasible to compare
them, one to another on a relative basis.

Compared to the Cadeby Lagoon 9 sediments, the permeability
of the embankment face adjacent to the lagoon is very low
(10-12m/s for the embankment face, 10_6m/s for the lagoon, Table 4.7).
The permeability is such that drainage from the lagoon must be
virtually non-existant through the embankment. It follows that,
if drainage is required from the lagoon sediments via the embank-
ment, properly desisgned, filter-protected, drainage blankets on
the upstream face are necessary.

In terms of shear strength, the parameters found for Cadeby
Lagoon 9 and Kellingley pressed tailings are within the range of
values (21.5 to 39°) found by McKechnie Thomson and Rodin (1972).
At Cadeby, Lagoon 9, there is a marked difference between the peak
shear strengths of coarse layers of inlet material (¢' = 320) and
the fine outlet material (¢' = 24°). A remoulded sample of inlet

material, however, was only as strong as the outlet material.



L,3, Laboratory investigation of the effects of flocculants on

tailings
As mentioned in Section 4.1.1. flocculant is added to the

solids suspension in the washery to promote sedimentation. Two
types are in use, polyelectrolyte (Polymer) and starch, with the
former being more common. Polyelectrolytes give the higher rate
of settling but are about five times more expensive than starch,
kilogram for kilogram. There is a suspicion in some N.C.B. areas,
notably with reference to the lagoons at Gedling, that polyelecto-
lyte results in poor drainage of lagoons with consequent lower

consolidation rates and lower shear strength.

Jowett and Chopra (1974) conducted experiments on 88mm diameter

specimens sedimented from tailinpgs/flocculant mixtures. After

removal of supernatant water, the samples were then subjected to

up to 25 kN/m2 suction, the permeability and amount of consolidation
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being measured. Samples 50mm diameter by 19mm thick were also tested

up to pressures of 200 kN/mZ.
They concluded that:-
a) Faster settling rates are obtained with polyelectrolyte
than with starch.
b) In systems dosed to give the same settling rate, there
is not a significant difference in permeability.
¢) Polyelectrolyte flocculant systems produce a sediment with
lower moisture content (i.e. they have lower voids ratios,
since the samples were saturated).
Furthermore, with polyelectrolyte (polymer) as flocculant,
two peaks in permeability were observed, at concentrations of
0.02 kg/Mg and 1.0 kg/Mg.
While these results give interesting information on the
permeability with respect to flocculant doseage it was felt that

the consolidation characteristics should be investigated to sece
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whether there is any advantage in using either starch or poly-
electrolyte. To this end the following experiment was designed.

The top of the 25%mm Rowe cell was removed and a 203mm
diameter alkathene tube was bolted upright in its place (Figure 4.24).
(N.B. A tube 254mm in diameter would have been preferable, but one
could not be obtained). The requisite amount of flocculant was
then added to 18 litres of tailings suspension and vigourously
stirred to a) mix the flocculant, and b) to simulate travel along
the pipe from thickener to lagoon. 'The suspension was then poured
into the alkathene tube and allowed to settile for two to three days.
After this time the tailings had all sedimented out into the Rowe
cell, The water in the alkathene tube could then be drawn off via
the tap shown in Figure 4.24. The tube was then removed and a
254mm diameter by 0.32mm thick, saturated, sintered bronze plate
was allowed to sink slowly onto the upper surface of the sediment.
Sufficient water was now siphoned off from above this plate to
enable the top of the cell to be assembled in the usual manner.

A conventional* Rowe consolidation test could then be carried out,
with the consolidation pressure being taken up to a maximum of
300 kN/mZ.

After the consolidation test, the central ring of the Rowe
cell was removed, complete with sample, and inverted into a water
bath. A spacer was placed between the porous plate and the base
of the bath to keep the sample in place. 'The shear strength of
the sample was then found using a laboratory vane. While the vane
does not give a very satisfactory value for shear strength, as will
be explained in Section 4.4, it is the only method available which
does not destroy the sample. The results are of use on a relative

basis.

* It was not necessary to employ back-pressure for saturation in

these tests as the material was obviously fully-saturated initially.
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The sample, still in the ring, was then submerged and stored
in its correct orientation for up to 30 days under an effective
stress of 300 kN/m2. This was accomplished by using the water
bath of a 0.3x0.3m shear-box (with the box removed), the load
being applied via the lever system of the shear box (See Figure 4.34).
At the end of the 30 days, the shear strength was determined as
previously. After this, the sample could be dried and weighed.

This method enabled a large size tailings sample to be tested
with the minimum of external disturbance. In all, tailings samples
from three different sources were tested in this manner. The results
will be discussed in the succeeding sections.

k,3.2.1. Manvers tailings

155 litres of raw tailings suspension was supplied by the
Scientific Branch of the N.C.B. It is possible that the tailings
already contained a small amount of polyelectrolyte, because water
is recycled in the Hanvers preparation plant. The amount, however
is negligable. The initial moisture content was of the order of
2,000 per cent.

4,3,2.2. Sample composition

The grading of the sample is shown in Figure 4.25. It can
be seen that it is of non-uniform grading with a uniformity
coefficient in excess of 70. It contains 19 per cent clay size
and 44 per cent silt size particles with a mean of 22 microns
(i.e. coarse silt size). It is very similar to sample 4 in the
vertical sequence from Cadeby Lagoon 9 (Figure 4.5).

In terms of consistency limits, the material is an inorganic
clay of medium plasticity (Casagrande Plasticity Chart). The
limits (see Table 4.13) are similar to Cadeby samples, although
the liquid limit and plasticity index are slightly lower than

the sample with similar grading.



TABLE 4,13

CONSISTENCY LIMITS OF TAILINGS SAMPLES

Sample Liquid Limit Plastic Limit Plasticity Index
Manvers 35 23 12
Morrison 3 l 19 15
Busty
Gedling L3 29 14

201.
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The chemistry (Table 4.8) shows the high carbon content
(37.65%) common to most tailings samples. Iron and sulphur are
both high, probably combined as pyrite, which is a mineral found
in coal. The element oxide ratios are similar to Cadeby (Table 4.9).

4.,3.2.3. Consolidation tests

Five consolidation tests were carried out, the results being
tabulated in Table 4.14%A - E. the five tests were based on the
following flocculant concentrations:

A Unflocculated control sample

B 1.25 kg/Mg starch (Flocyel)*

C 0.01% kg/Mg Polymer (Polyfloc 93APA)

D 0.135 Kg/Mg Polymer (Polyfloc 93APA)

E 0.26 Kg/Mg Polymer (Polyfloc 93APA)

The dosage of Polymer initially used, 0,014 kg/Mg (sample C) was
taken from Jowett and Chopra (1974) since their work indicated
that permeability was enhanced in this dosage region. The starch
figure, which was communicated by Mr. A.R. Bacon (N.C.B.) appears
to be a 'consensus' value used in coal preparation plants. He
pointed out, however, that as starch was added by hand, the actual
values used were liable to vary widely. It was also inferred that
over-dosing with polyelectrolyte commonly occurs in practice so
further tests were carried out at higher dosages. No tests were
conducted at the other Jowett and Chopra permeability peak of
1.0kg/Mg since this dosage would be uneconomic in practice.

ho3.2.4, Pressure/voids ratio

The P-e curves are shown in Figure 4.26. It is apparent that
large drops in voids ratios occur up to pressures of %0 kN/m2 from
initial values of 2.2 to 4.8. Above 40 kN/mZ, the P-e curve is

linear up to at least 300 kN/ma. The high initial voids ratios are

due to the finer material forming a dense suspension at the sediment

* This stands for 1l.25kg of Flocgel per Megagram of dry tailings.



Sample

3pecific Gravity

TABLE 4.1k4A

CONSOLIDATION PARAMETERS

2.05

Initial dry density 0.599 Mg/m3

Final dry density

0.951 Mg/m3

Manvers tailings, unflocculated

Pressure |Voids Ratio v Cc Cv K
(kN/m°) (m/MN) (m°/¥R) | (m/sec)
0 2.2 - - -

9.4 2.42 - - -

18.75 1.58 2.61 [-2.79 | 127.5 |1.04 x 1070
37.5 1.35 4,93 |-0.79 [1019.6 |1.56 x 1070
75 1.26 0.97 |-0.28 52.7 [1.59 x 1078
150 1.17 0.50 [-0.28 79.5 [1.24 x 1078
300 1.09 0.25 |-0.27 | 154.9 |1.18 x 10‘8
120 1.11 0.03 |-0.03 - -

12 1.14 0.14 |-0.03 - -

0 1.16 - - -
Average (75-300)kN/m2 0.57 |-0.28 95.7 |1.34 x 10'8
Average shear strength (kN/ma)

O days 30 days Increase ratio
m S m S
Peak 3.9 | 0.8 6.3 | 4.0 1.61
Remoulded 3.4 | 0.0 3.8 [ 1.3 1.12
Sensitivity 1.15 1.66
m = mean
s = standard deviation
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Sample

TABLE 4

.14B

CONSOLIDATION PARAMETERS

Specific gravity

2.05

Initial dry density 0.642 Mg/m3

Final dry density

0.941 Mg/m>

Manvers tailings, 0.014 kg /Mg Polyfloc 93APA

Pressure | Voids Ratio | v Ce Cv K
(kN/n) (m/MN) (n°/¥R) | (m/sec)

0 2.19 - - - -

9.4 1.66 17.92 - - -

18.75 1.50 6.31 | -0.52 5.8 1.14 x 1078
37.5 1.39 2.31 | =0.36 | 22.7 1.63 x 1078
75 1.29 1.08 | -0.32 |104.3 3.49 x 1078
150 1.18 0.66 | -0.38 [11k4.k 2.35 x 10-8
300 1.07 0.34 | -0.37 |248.1 2.61 x 1078
120 1.09 0.06 | -0.06 - -

12 1.16 0.29 | -0.06 - -

0 1.18 0.8 - - -
Average 75-300)kw/m2 0.69 | -0.36 [155.6 2.82 x 10'8-_
Average shear strength (kN/mZ)

0 days 30 days Increased Ratio
m S m S
Peak 5.6 1.4 10.5 2.6 1.88
Remoulded 3.6 0.1 3.6 0.0 1.00
Sensitivity | 1.56 2.9
m = mean
s = standard deviation
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TABLE 4.14C
CONSOLIDATION PARAMETERS
Sample Manvers tailings 0.135 kg /Mg Polyfloc 93APA
Specific gravity 2,05
Initial dry density 0,353 Mg/m3

Final dry density 0.934 Mg/m3

m

Pressure | Voids Ratio v Cc Cv K
(kN/m°) (m/MN) (n°/YR) | (m/sec)
0 4,81 - - - -
9.4 1.89 53.54 - - -
18.75 1.61 10.56 |-0.95 |824.6 |2.71 x 1070
37.5 1.k 3.52 | -0.57 7.3 |7.98 x 1077
75 1.30 1.51 |=-0.46 [152.6 [7.18 x 1078
150 1.19 0.60 |-0.34 [858.7 |[1.61 x 1077
300 1.12 0.24 |-0.26 |351.4 [2.59 x 1078
120 1.12 0.02 |-0.02 - -
12 1.15 0.12 | -0.03 - -
0 1.19 1.63 - - -
averase (75-300 kN/m2)| 0.78 |-0.35 |u4s4.2 |8.62 x 1078




Sample

TABLE 4.

14D

CONSOLIDATION PARAMETERS

Manvers tailings 0.26 kg/Mg Polyfloc 93APA

Specific gravity

2,05

Initial dry density 0.374 Mg/m3

Final dry density  1.137 Mg/m’
Pressure |Voids Ratio | v Ce Cv K
(kN/m°) (mZ/MN) (m®/¥R) (m/sec)

0 h.bo - - - -

9.k 2.18 bl ,73 - - -

18.75 1.59 19.74% | -1.96 | 12.4 7.60 x 1078
37.5 1.01 12.07 |-1.95| 92.1 {3.46 x 1077
75 0.89 1.59 |-0.k40 6.6 3.27 x 1072
150 0.76 0.90 | -0.42 7.8 2.18 x 1077
300 0.64 0.46 | -0.40 8.83 |1.26 x 1077
120 0.66 0.07 | ~-0.05 - -

12 0.71 0.30 | -0.05 - -

0] 0.80 L,37 - - -
Average (75-300)ki/m> | 0.98 |-0.41| 7.7 |2.24 x 1072
Average shear strength (kN/mz)

O days 30 days Increased Ratio

m S m
Peak 10.1 | 2.5 16.0 | 2.7 1.58
Remoulded 6.2 | 3.1 5.3 | 2.1 0.85
Sensitivity 1.63 3.02

m = mMmean

9]
n

standard deviation
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Sample

T

ABLE 4.15E

CONSOLIDATION PARAMETERS

Specific gravity 2

05

Initial dry density 0,363 Mg/m3

Manvers tailings, l.25 kg/Mg Flocgel (starch)

Final dry density 1.080 Mg/m3
Pressure Voids Ratio m Cc Cv K
(xN/n°) (m°/MN) (m°/YR) |(n/sec)
0 4,64 - - - -
9ok 2.27 Lh 71 - - -
18.75 1.62 21.28 | -2.16 | 518.8 [3.43 x 107
37.5 1.14 9.67 |-1.58 | 96.6 [2.90 x 1077
75 0.99 1.97 | -0.53 | 89.6 |5.50 x 107°
150 0.85 0.39 | ~0.4k 62.7 |1.74 x 1078
300 0.73 0.43 | -0.39 62.9 |8.35 x 1077
120 0.76 0.07 | -0.06 - -
12 0.82 0e35 | =0.07 - -
0 0.90 3okt - - -
Average (75-300)/n® | 1.10 | -0.95 | 71.7 |2.69 x 107

Average shear strength (kN/mZ)

Peak
Remoulded

Sensitivity

0 days 30 days Increased Ratio
m s m s

73 0.5 15.0 1.6 2.05

365 0.1 5.6 1.8 1.6

2.09 2.68

m = mean

stan

]
{]

dard deviation
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wvater interface. This suspension dewaters rapidly on application
of pressure.

The P-e curves for the unflocculated sample and the two
samples with the lowest concentration of Polyfloc 93APA are
virtually coincident. However, it should be pointed out that the
voids ratios of the 0.13 kg/Mg sample (D) are slightly suspecte.
This sample was used to compare vane/shear strength with shear-
box strength and its total mass had to be calculated from a sub-
sample.

On addition of a high dose of Polyfloc 93APA, the voids ratio
drops to the lowest value attained with this material i.e. 0.64
at 300 kN/mz. With the sample dosed with starch, the voids ratio
decreased to only 0.,73. Thus a starch concentration of at least
five times that of polyfloc is required to attain the same order
of consolidation. This cancels out its cost advantage*.

The gradient of the linear portion of the log P-e curve is
steeper in the case of the starch treated material, and that with
a high polyfloc concentration, than that of the remainder of the
samples, i.e. the higher the pressure, the more divergent the
values of e become. An analysis of the grading of the fines of
the top and bottom halves of the different samples (Figure 4.27
a-d) provides a probable mechanism. The gradings fall into two
groups, between which there is a large difference in grading.

One group contains the unflocculated and the sample with low
polyfloc concentration. The other contains the sample with the
high polyfloc concentration and the starch treated sample. The
obvious cause is that with effective doses of flocculant, the

clay particles will sediment at a similar rate to the silt

208,

* The cost of polyelectrolyte is £1,200 to £1,500 per tonne
(Megagram) while the cost of starch is £400 per Megagram

(A.R. Bacon, personal communication).
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and sand sized particles, thus giving a sample with poorly
developed or non-existant graded bedding. This also would
account for the lower voids ratios of these samples after consolida-
tion, since the voids between large particles will be filled with
clay.

As Figure 4.26 shows, only the sample with a high polyfloc
dose actually has a moisture content that is lower than the
liquid limit. This may, however, be a false impression, as the
voids ratio is the average value of a stratified material. Hence
the clay layer at the top may have a lower voids ratio, and there=-
fore be below the liquid limit, even in the other samples.

4,3,2.5. Consolidation parameters

In order to compare consolidation characteristics, averages
have been calculated for the most linear sections of the log
P-e curves i.e. 70 - 300 kN/m2 (Tables 4.14 A - E)

Permeabilities (K) do not show any systematic variation with
flocculant or voids ratio. They are of the order of 10-8m/s with
the exception of the sample with the high polyfloc dose (E), where
K is 10-9m/s. Below a pressure of 70 kN/mz, the permeabilities are

10

usually higher. These values compare to lO"8 to 10~ m/s for

5

normal oedometer tests and 10 ° to 10_7 measured in the field
(McKechnie Thomson and Rodin, 1972). The Rowe cell would appear
to be giving an intermediate value.

The values of c, are similarly higher than those measured in
oedometers. Compared to the values obtained from lagoon deposits
in the current work, they lie about and above ;he values obtained
for the centrally placed lagoon sample. The sample with a high
polyfloc concentration is highlighted by its low values of cy
(only 7.7 ma/yr).

Both mv and Cc show some correlation with flocculant concentration,

The values of m, increase from 0.57 to 0.98 mZ/MN as flocculant



increases., This indicates a steeper log P-e curve, as flocculant
concentration increases. Values of Cc decrease from-0.28 to
0.41)as flocculant concentration increases.

4,3,2,6, Vane shear strength

The peak and remoulded vane shear strengths, before and after
storage, are shown in Tables k.14 A,B,D and E. The sample with
0.135 kg/Mg polyfloc 93APA was not tested in this manner because
it was used to correlate the vane at simulated depths with the
shear strength as measured in a shear-box. This will be considered
in Section k.k.

Examination of the vane strengths shows that shear strengths
increase with decreasing voids ratio, and hence also with
flocculant concentration. All samples show an increase in strength
upon storage, the ratio varying from 1.6 to 2.05, with the starch
flocculated material increasing by the greatest amount.

Sensitivities also increase with storage, as remoulded
strengths show little, if any, increase with time. The initial
sensitivities range from 1.15 to 2.09, increasing to 1.66 to 3.02
after 30 days. It is interesting that initially, the starch
flocculated specimen was the most sensitive, but after storage
the position was reversed and the specimen dosed with a high
concentration of polyfloc has the highest sensitivity. These
two specimens do, however, have the highest remoulded strengths
after storage.

4,3.3,1. Morrison Busty tailings

Three tests were performed on 90 litres of tailings suspension
from Morrison Busty ‘ashery, Co. Durham (see Figure l.1). The
tailings had a moisture content of approximately 2,000 per cent.

At this washery, the tailings are pressed into a cake rather than
being pumped into lagoons. The discard that is treated is gathered

from several collieries in the western part of the Durham coalfield.
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k,3,3.,2. Sample composition

Figure 4.28 shows the particle size distribution. The tailings
are poorly sorted, ranging in size from clay to coarse sand.
The material is coarser than the Manvers tailings sample, with
only 13 per cent clay and 25 per cent silt size fractions. It
has a median diameter of 150 micrometers (i.e. in the fine sand
size).

In view of its coarser nature, it is perhaps surprising that
the sample has a lower plastic limit than Manvers, and a similar
liquid limit (see Table 4.13). The element oxide ratios (Table 4.9)
show that the SEOZ/AlZO3 ratio is substantially lower for Morrison
Busty, however, indicating that it contains less free quartz. This
lower gquartz content probably gives rise to the increase in
plasticity.

These tailings also have a surprisingly low carbon content
of 17.52 per cent. This is reflected by the specific gravity
of 2.42 which is higher than for more normal tailings samples.

It is possible that the low organic carbon content may also affect
the plastic limit since the statistical analysis of spoil heap
materials (Taylor, 1975) showed an unusual feature in this respect
i.e. plastic limit increased with increasing coal content.

4e3,3.3, Consolidation tests

The results of the three tests are given in Table 4.15 A-C.
The samples were treated with the following amounts of flocculant.

A - Unflocculated control sample

B - 1.13 kg/Mg starch (Flocgel)

C =~ 0.177 kg/Mg Polymer (Polyfloc 93APA)

The flocculant doses that were added were as close as was
possible to those used for the Manvers tailings (i.e. for the high

polymer and starch dosages). The differences are due to the water/



tailings suspension not being of constant concentration.

4.3,3.4, Pressure-voids ratio

The pressure-voids ratio relationships are like those of
the Manvers tailings (Figure 4.29), with similar voids ratios
being attained. As the voids ratio at the liquid limit (assuming
saturation) is higher than that of Manvers, both the starch and
polymer flocculated specimens are seen to consolidate to below
the liquid limit. It is noticeable that although the voids ratios
of these two tailings samples are similar, the moisture contents
of Morrison Busty are lower. This is because of the higher specific
gravity of the latter material.

With the one sample flocculated with starch (Table 4.15B), the
voids ratio was measured (at 300 kN/mZ) after the thirty day storage
period. As can be seen from Figure 4.29, the voids ratio had
dropped by 0.24, from 0.77 to 0.53. This large decrease in voids
ratio indicates that a large amount of secondary consolidation must
be taking place and it is probably this feature which results in
the increased vane shear strength after storage.

4,3,3,5. Consolidation parameters

The consolidation parameters are slightly different to those
of Manvers.

The permeability of the unflocculated sample is lower, at
8.63 x 10-9 m/s,than the corresponding Manvers specimen (1l.34 x
10'_8 m/s). However, the flocculated samples exhibit higher
permeabilities. In the case of the starch sample, this increase
is minimal, with a k value of 3.16 x 10-8 m/s compared with
2.69 x 10-8 m/s for Manvers. The polyfloc sample has a k value
of 3.02 x 10_8 m/s, similar to the starch dosed sample. This is
an order of magnitude greater than the Manvers value of 2.24 x
9

1077 m/s.
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Sample

TABLE

L,15A

CONSOLIDATION PARAMETERS

Morrison Busty tailings, unflocculated

Specific Gravity 2.42

Initial dry density 0.557 Mg/m3

density 1.103 Mg/m3

Final dry
Pressgre Voids Ratio 2mV c, , Cv K
(kN/m") (m~/MN) (m~/YR) |(m/sec)
0 3,34 - - - -
9ol 2.18 28.50 - - -
18.75 1.61 19.20 | -1.90| 126.9 7.58 x 1077
37.5 1.38 461 | -0.75] 611.4  [8.76 x 1077
75 1.30 0.92 | -0.27| 20.8 5.93% x 1077
150 1.22 0.48 | -0.27| 10.5 [1.55 x 1072
300 1.12 0.31 | -0.34| 193.2 1.84 x 107
120 1.13 0.04 | -0.04 - -

12 1.16 0.13 | -0.03 - -

) 1.19 1.23 - - -
Average (75-300)kN/m2)| 0.57 | -0.29| 74.8  |8.63 x 1077

Average shear strength (kN/mz)

0 days 30 days Increased Ratio
m s m s
Peak 3.7 0.8 L. 8 0.0 1.30
Remoulded 2.5 0.3 2.5 0.3 1.00
Sensitivity 1.48 1.92
m = mean
s = standard deviation
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Sample

TABLE 4.15B

CONSOLIDATION PARAMETERS

Morrison Busty tailings, 0.177 kg/Mg Polyfloc 93APA

Specific gravity

Initian dry density

2.42

0.579 Hg/m>

1.422 Mg/m>

Final dry density
Pressure |Voids Ratio m Cc Cv K
(xN/m) (m®/KN) (m°/YR) | (m/sec)

0 3.12 - - - -

9.k 1.27 48,73 - - -
18.75 1.00 12.50 |-0.88 | 175.9 | 6.84 x 1077
37.5 0.93 2.00 | -0.25 5.7 | 3.58 x 1072
75 0.8k 1.20 | -0.29 98.0 | 3.67 x 1078

150 0.75 0.69 |~0.32 | 123.9 | 2.67 x 1078
300 0,64 0.42 | -0.36 | 208.2 | 2.71 x 1078
120 0.65 0.04 | -0.03 - -

12 0.68 0.19 } -0.03 - -

0 0.70 1.02 - - -
Average (75-300)kN/m> 0.77 | =0.32 | 143.4 | 3.02 x 1078
Average shear strength (kN/mZ)

0 days 30 days Increased Ratio
m S m S
Peak 6.2 1.6 | 9.6 1.0 1.5k
Remoulded 245 0.3 | 3.6 0.0 104
Sensitivity 2.48 2.67
m = mean

s = Standard deviation
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Sample

TABLE 4.15C

CONSOLIDATION PARAMETERS

Morrison Busty tailings l.l3kg/Mg Flocgel (starch)

Specific gravity

Initial dry density

2.42

0.669 Mg/m3

Final dry density 1.332 Mg/m3
Pressure |Voids Ratio m Cc Cv K
(kN/n) (m2/HN) (m°/YR)| (m/sec)

0 2.62 - - - -

9.4 1.12 4,20 - - -
.18.75 1.07 2.46 | -0.16 6.1] 4.63 x 1077
37.5 1.00 1.79 | =0.23 |113.6 | 6.33 x 1078
75 0.92 1.00 | -0.25 |105.7 | 3.28 x 1078
150 0.85 0.52 | -0.25 [131l.1| 2.12 x 1o"8

'300 0.77 0.27 | -0.25 [483.3 | 4.09 x 1078
120 0.78 0.02 | -0.02 - -
12 0.81 0.14% | -0.03 - -
0 0.82 0.52 - - -
After one
month at2
| 300 kN/m 0.53 - - - -
.Average (75-300kN/m2) 0.60 i-o.25 ;249.0 | 3.16 x.-10'8

Average Shear Strength

(kN/mZ) ( overleaf )

Continuede.s/

215



TABLE 4,15C (Continued)
0 days 30 days Increase Ratio
m s m 5
Peak 8.7 - 14.8 - 1.70
Remoulded L1 - 5.0 - l.22
Sensitivity 2.1 - 3.0 - -
Lower (Peak 6.6 2.1 8.6 1.7 1.30
(Coarse)gRemoulded 34 0.5 3.8 0.0 1.12
Part éSensitivity 1.9 - 2e3 - -
Upper (Peak 10.7 1.2 20.9 1.7 1.95
(fine) ERemoulded 4,8 0.5 6.2 OJk 1.29
Part ESensitivity 2.2 - 3.h4 - -
m = mean

s = standard deviation
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The values of c, follow the same pattern as the values of k.
Thus, with Morrison Busty tailings, there is no difference between
polyfloc 93APA and starch flocculants for these parameters.

For the unflocculated samples, there is no significant
difference between the corresponding values of m, and Cc' With
the flocculated samples, the Morrison Busty tailings have lower
mv's and higher Cc's. Unlike Manvers, the Morrison Busty sample
dosed with polyfloc has the higher m and lower Cc' The positions
are reversed in the case of Manvers.

4.3.3.6. Vane shear strength

Similar to the Manvers tailings, the flocculated specimens
show higher vane shear strengths than do unflocculated specimens.
Surprisingly, the sample dosed with starch has a higher strength
than the sample dosed with polyfloc. This would seem to indicate
that vane shear strength is not entirely a function of voids ratio.

With the starch flocculated sample, the shear strength was
measured at two different horizons (Table 4.15B). The lower part
was considerably weaker than the upper part, also showing less
increase in strength with time and lower sensitivity. This is
a function of grain size, i.e. the difference in grain size
between the bottom and the top of the sample. The coarser
grained lower part is weaker because, with the normal stress being
zero, the vane does not mobilize the frictional component of the
material. The frictional strength of ‘'granular' tailings is
considered further in Section 4.4,

As with Manvers, the strength and sensitivity of the Morrison
Busty materials increases with time. It has been mentioned previously
(Section 4.3.3.4) that the strength increase is probably caused by
the decrease in voids ratio accompanying secondary consolidation.
It is pertinent to note that the polyfloc dosed specimen has

similar remoulded strengths to the unflocculated one, whereas



in the Manvers sample containing polyfloc the remoulded strength
was considerably higher.

4_.3,4,1, Gedling tailings

Three tests were performed on 70 litres of reject wet fines
suspension (washery underflow) from Gedling Colliery, Nottingham
(see Tigure 1.1). The tailings had a moisture content of
approximately 1,000 per cent, and may have had a small starch
content due to recycling of water in Gedling washery (starch is
used as a flocculant at Gedling).

4,3,4,2., Sample composition

The grading (Figure %.30) is similar to Manvers tailings
(Figure 4.25), with 20 per cent clay size, 40 per cent silt size

and a very non-uniform grading from clay to coarse sand size. It

lies between the particle size distributions for the central sample

from Lagoon 12 at Gedling (Figure 4.17).

Consistency limits are similar to the central sample from
Lagoon 12, although the plastic limit is slightly higher, and
hence the plasticity index is rather smaller (Table 4.13). Both
liquid and plastic limits are, however, considerably higher than
those of the tailings sample from Manvers Colliery.

The sample has a carbon content of 38 per cent (Table 4.8),
which is a typical value for tailings. In chemical composition,
it is very similar to other tailings and lagoon samples, although
FeZO3 and sulphur are on the low side, inferring a low pyrite
content.

A comparison of the 'raw' tailings with the coarse discard
chemistry (Table 2.1) shows the major difference to be one of
carbon content - 33 per cent for the tailings and an average of
10.9 per cent for the coarse discard. In the element oxide ratio
values are lower for the tailings.

the blOa/Al and FeZOB/Al

205 203
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Jith the other element oxides, the ratios for the tailings lie
within the range of ratios for the coarse discard. There would
appear to be less quartz (SiOa) and iron in the tailings than if

the coarse discard. As the S/Al ratio for the two materials

0
273
is similar, suggesting that the pyrite content is similar, the
higher iron content of the coarse discard is probably contained

in siderite (clay ironstone).

4,3.4.3, Consolidation tests

The results of the three consolidation tests carried out are
given in Table 4.16 (A-C). The three tests were slightly
different to the usual sequence and were as follows:-

A - Unflscculated sample, with sediment disturbed

prior to consolidation.
B - 0.257 kg/Mg polyfloc 93APA with sample taken
to an effective stress level of only 100 kN/mz.

C - 1.109 kg/Mg flocgel (starch).

Sample A was prepared to discover what effects agitation of
the dense suspension would have, following sedimentation. 3Such
agitation might be caused in the field by vibrations from plant,
waves on the lagoon (if of large enough fetch) or by currents
set up by the tailings inflow. The usual method of sedimentation
was followed until the stare of reassembling the Rowe cell was
reached. At this stage the sample was disturbed using a 254mm
diameter metal plate wiich was oscillated with an amplitude of
15mm in a manner such that it pivoted about a diameter. The
diameter about which it pivoted was changed from time to time.
After this, the cell was assembled and the test proceeded in
the normal manner.

With Sample B, the pressure was taken to only 100 kN/m2 in
small increments. This sample was then vane tested al various

pressures. It was necessary to check whether overconsolidation
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Sample

TABLE 4.16A

CONSOLIDATION PARAMETERS

Specific gravity

1.90

Initial dry density 0,407 Me;/m3

Final dry density

1.083 Mg/m3

Gedling tailings, unflocculated, disturbed sample

Pressure |Voids Ratio m Cc Cv K
(kN/m) (maﬁMN) (n®/¥R) | (m/sec)

0 3.311 - - - -

9.4 1.439 46,30 - - -

18.75 1,044 17.26 |[-1.31 - -

37.5 0.922 3.20 | =0.41 - -

75 0.823 1.37 |-0.33 | 390.1 |1.66 x 1077
150 0.738 0.62 |-0.28 | 134.3 [2.59 x 1078
300 0.660 0.30 |=0.26 | 300.3 [2.79 x 1078
120 0.671 0.0% |-0.03 - -

12 0.697 0.14 |-0.03 - -

0 0.754 0.28 - - -
Average (75-3OOkN/m2) 0.76 |-0.29 | 274.9 |7.33 x 10‘8
Average shear strength (kN/mZ)

0 days 30 days Increase Ratio
m S m S
Peak 14,8 | 0.4 |32.9 2.4 2.22
Remoulded L9 | 1.0 7.1 2.5 1.45
Sensitivity 3.0 4,6
m = mean

0]
1l

standard deviation
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TABLE 4,16B
CONSOLIDATION PARAMETERS
Sample Gedling tailings 0.257 kg/Mg Polyfloc 93APA
Specific gravity 1.90

Initial dry density 0.3k Mg/m3

Final dry density 0.943 Mg/m3
Pressure | Voids Ratio m Cc Cv K
(kN/m) (m2/MN) (m?/¥R) |(m/sec)
0 3.37 - - - -
10.7 1.39 42.50 - - -
20 1.17 9.86 | -0.81 | 231.6 |7.10 x 10~/
30 1.10 5.11 | -0.38 | 172.2 |1.66 x 1077
4o 1.05 2.36 | =0.40 | 121.0 |8.87 x 1078
50 1.01 1.84 | -0.39 | 169.4 19.71 x 10‘8
i 60 0.98 1.69 | -0.43 | 290.5 |1.53 x 1077
| 70 0.96 0.84 | -0.25 6.2 |1.62 x 1077
80 0.9% 0.95 | -0.32 88.0 |2.60 x 1078
90 0.92 1.09 | -0.42 | 29.2 [9.94 x 1077
100 0.90 0.88 | -0.37 1.6 |b.48 x 10710
50 0.91 0.08 | -0.03 - -
0 1.01 1.06 . -
Average (40-100kN/m2) 1.38 | =0.37 | 100.8 {5.38 x 10'8

Average shear strength (kN/ma)

0 days

Peak 6.0

Remoulded 2.9




—— RS

Sample

TABLE 4.16C

CONSOLIDATION PARAMETERS

Gedling tailings 1.109 kg/Mg starch

Specific gravity

initial dry density

Final dry density

1.90

0.460 Mg/m”

1.070 Mg/m>

Pressure |Voids Ratio |. mv Cc Cv K
(kN/m>) (m®/1N) (n°/YR) | (m/sec)

O 3.13 - - - -

9.4 1.40 L 46 - - -
18.75 1.27 5.56 | =0.42 | 122.7 |2.12 x 10'6
37-5 1.01 6.06 -0.86 161.6 3.01'" X 10-6

Q

75 0.91 1.38 | -0.35 | 196.6 |8.43% x 107"

150 0.81 0.72 -0.34 269.1 6.00 x 10-8

300 0.71 0.3 | -0.31 | 527.7 |[5.66 x 10'8
120 0.72 0.04 -0.03 - -
12 0.75 0016 —0003 - -

0 0.78 0.97 - - -
Average (70-300kN/m2) 0.81 } -0.33 331.1 6.70 x 10-8
Average shear strength (kN/ma)

0 days 30 days Increase Ratio

m 5 m s
Peak 15,2 2.9 26.4 77 2.0
Remoulded 5.3 | 0.8 10.7 3.2 2.0
Sensitivity 2.5 2.5

m = mean s = standard deviation

Voids Ratio during storage

Time(days) Voids Ratio
1 0.63%
5 0.61
17 0.52
30 0.52
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was affecting vane shear strength and consequently a low pressure
range was adopted. Consolidated-undrained triaxial tests were
also carried out on the sample, in order to compare with the vane
test results.

Sample C was a conventional test except that the sample was
stored in a starch solution and the amount of consolidation during
storage was measured,

4,3,3.4, Pressure/Voids ratio

The log pressure/voids ratio curves (Figure 4.31) show some
pertinent features. The starch flocculated sample reaches a
similar voids ratio at 300 kN/m2 as the Manvers tailings. However,
the gradient of the line is flatter for the Gedling material, i.e.
the voids ratio of Gedling tailings is less than Manvers tailings
at lower pressures. The consolidation on sforage is noticeably
irregular, and was complete after 17 days (Table 4.16C). The
polyfloc flocculated specimen follows a similar path to the
starch flocculated specimen; this is unlike either Manvers or
Morrison Busty where lower voids ratios were attained.

Disturbing the suspension obviously destroys the graded
bedding. The disturbed unflocculated sample produces the lowest
voids ratios and visual examination showed it to be similar to
the central sample from Lagoon 12 at Gedling.

The voids ratio equivalent to the liquid limit moisture
content is attained by the starch flocculated specimen at
150 kN/m2 and by the disturbed specimen at 75 kN/mz. If
consolidation had been taken far enough, the polymer flocculated
specimen would presumably have reached the liquid limit at a
similar pressure to the specimen treated with starch.

It should be noted that the degree of secondary consolidation

is sufficient for the moisture content equivalent to be below the
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plastic limit of these tailings.

4,3,4,5, Consolidation parameters

It is possible to compare the parameters for the unflocculated
and starch flocculated specimens at the 75 kN/m2 (i.e. from 37.5
to 75 kN/mz)loading stage with the average parameters of the
polyfloc treated specimen over the range 40 - 70 kN/mZ(Table 4.17).
It is evident that the parameters are similar. At this loading
the disturbed specimen has a higher c, and permeability. This is
only transient at best, because the averages for the 75-300 kN/m2
loadings show little difference between the unflocculated disturbed
sample and the starch treated sample,
Yhen compared to the other sedimented tailings samples
(Table 4.18) the m_and G parameters are seen to be of the
same order. The values of c, and K lie at the higher end of the
range. This is perhaps most marked with the disturbed, unflocculated
specimen where c, is approximately three times as large as the
values for either Manvers or Horrison Busty. It would appear that
disruption of graded bedding increases the rate of consolidation.
When compared with the results for the consolidation tests
carried out on the material frowm the central part of Lagoon 12
at Gedling, a number of significant points arise. Firstly, the
voids ratios attained by the sedimented samples are not as low
as those reached by the lagoon samples at similar pressures,
until the former have been stored for thirty days. Secondly,
the sedimented tailings samples display a steeper gradient on
the lopg pressure-voids ratio plot. Finally, the rate of
consolidation and permeability of the sedimented samples are
considerably higher (by a factor of five). The most likely
reason for these differences is the desiccation to which the
lagoon samples have been subjected. In other words, they are

effectively overconsolidated. The question as to which samples



TABLE 4.17

Gedling tailings 37.5 = 75 kN/m2 loading stage

Sample mv(mZ/MN) Cc Cv(ma/YR) K(m/sec)
Unfloc. 1.37 |[-0.33 390.1 | 1.66 x 1077
Polyfloc 93APA(40-70) _8
(0,26 kg/Mg) 1.68 [-0.37 146.8 8.5 x 10
Flocbel(starch) -8
(1.11kg/Mg) 1.38 {~0.35 196.6 8.43 x 10

TABLE 4,18
Table of average values (70 - 300 kN/ma) of consolidation
parameters for sedimented samples

Sample mv(ma/MN) Ce Cv(mz/YR) K(m/sec)

Manvers Unflocculated 0.57 |[-0.28 95,7 1.34 x 10'-8
0.041kg/Mg Polyfloc 0.69 |[=0.36 155.6 2.82 x 10"8
0.135kg/Mg Polyfloc 0.78 |[-0.35 Lsh,2 8.62 x 107
0.26 kg/Mg Polyfloc 0.98 |-0.41 747 2.2 x 10~
1.25 kg/Mg Starch 1.10 |-0.95 71.7 2.69 x 1o"8
Morrison Busty Unfloce| 0.57 |-0.29 74,8 8.63 x 1072
0.177kg/Mg Polyfloc 0,77 |=0.32 1434 3,02 x 10‘8
1.13 kg/Mg Starch 0.60 |=0.25 240.0 3.16 x 1078
Gedling l.1lkg/Mg 8
starch 0.81 [~0.33 331.1 6.70 x 10
Unfloc. disturbed 0.76 |=0.29 274.9 7.33 x 1078
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are the most representative of actual lagoons will depend to a
large extent upon how often the lagoon dries out during the period
over which it is being filled. This will obviously depend to a
large extent on the rate of filling, the climatic conditions
prevailing, and the permeability of the lagoon and its containing
embankments. Some evidence on the matter of desiccation during
£filling will be discussed in the section on vane shear strengths
of lagoon deposits (Section 4.4).

4,3,4,6, Vane Shear strength

The vane strength on unloading is similar for the two samples
taken to effective pressures of 300 kN/mz. Both increase in
strength on storage, probably due to the decrease in voids ratio
on secondary consolidation. It i1s noticeable that the flocculated
specimen has a higher remoulded strength, and hence a lower
sensitivity. The starch treated specimen has a noticeably higher
strength than either of the olher two starch flocculated tailings
specimens from Manvers and Morrison Busty. The unflocculated one
cannot be compared because of its mode of preparation (disturbance).

Since the starch flocculated specimen which was stored in
starch solution behaved in a similar manner to the other tailings
samples it is apparent that leaching effects due to supernatant
precipitation are unlikely to be of any consequence in colliery
lagoons.

In Table 4.19 the results of a statistical correlation
analysis between voids ratio and vane shear strength is given.

The voids ratio on unloading is the value used, since this is
the value which is relevant to the situation upon vane testing.
Three groupings of the data are considered, numbers 1, 2 and 3
in Table 4.19. 1In the first, all the sedimented samples and

the Gedling Lagoon 12 samples are considered. Here a 95 per cent
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Correlation between vane shear strength and final

TABLE 4,19

voids ratio

Vane Used in
Sample shear strength | Voids Ratio| correlation
number
Gedling lagoon
12/6 centre
vertical drain 23.5 0.557 1
Gedling lagoon
12/6 centre
radial drain 16.0 0.887 1
Gedling lagoon
12/6 outlet 2762 0.847 1
Manvers Unfloc. 3.9 1.16 1,2,3
Polyfloc. 93APA
0.014 kg/Mg 5.6 1.18 1,2,3
0.26 kg/Mg 10.1 0.80 1,2,3
Starch 1.25 kg/Mg 72 0.90 1,2,3
Morrison Busty
Unflocculated 3.7 1.19 1,2
Polyfloc 93APA
0.177 kg/Mg 6.2 0.70 1,2
Starch 1.13 kg/Mg 8.7 0.82 1,2
Gedling Disturbed
Unflocculated 14.8 0754 1,2,3
0.26 kg/Mg Polyfloc.
(up to 100 kN/m"only)} 6.0 1.01 1,2,3
Starch 1.11 kg/Mg 1%.22 0.78 1,2,3
Correlation| HMo. Correlation | Significance
number of Coefficient (%)
Points
1 13 -0,6223 95
2 10 -0.7329 98
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significance level is reaéhed, i.es a 1 in 20 chance of there
being no correlation., Next, only the three sedimented samples
were correlated. This gave a 98 per cent significance level,
or a 1 in 50 chance of no correlation. Finally, the Manvers
and Gedling sedimented samples were correlated. These gave a
99.9 per cent significance level or a 1 in 1,000 chance of no
correlation.

From these tables it is apparent that fhere is a correlation
between voids ratio and vane shear strength. However, there is
considerable scatter when all samples are included, as can be
seen when the points are plotted on Figure 4.32., The correlation
improves when only samples of similar grading are compared (i.e.
Manvers and Gedling)e. This infers that grading is also of
importance, as was suggested in Section 4.2.2.4,

L,3,5, Comparison of the effects of flocculants upon the voids

ratio of sedimented tailings

Flocculant in high doses causes the graded bed formed by
normal sedimentation to be less well developed. It achieves this
by causing the fine clay particles to sediment out at a rate
similar to that of the coarser particles. An effect of this

poorer sorting of the sediment is to produce a lower voids ratio

on consolidation, the voids which would normally be present between
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the larger particles being filled by clay size particles. Obviously,

with low flocculant doses, where the sedimentation rate is less,
this effect will be less pronounced. In fact, in the one sample

tested at varying flocculant dosages, (i.e. Manvers), there is

little effect upon the voids ratio until a flocculant concentration

of over 0.14 kg/Mg of Polyfloc 93APA is used.
The reduction in voids ratio produced by high flocculant

concentrations has two beneficial effects. Firstly, it reduces



the moisture content of materials which are certain to be saturated

on formation, so reducing the amount of water trapped in the lagoon

sediment. Secondly, it enables more material to be contained in

the lagoon, i.e. increasing the lagoonls capacity, which will

decrease the area of land required for tailings disposal.
Considering the two types of flocculant employed in these

experiments Polyfloc 93APA (polyelectrolyte) and Flocgel (starch),

both cause a reduction in voids ratio. However, starch requires

a concentration of at least five times that of polyelectrolyte

to give the same voids ratio. On this basis, therefore, starch

has no advantage over polyelectrolyte, as its cost per unit

weight is only one third to a quarter of that of polyelectrolyte

(see footnote, Section 4.3.2.3).

4.,3.6, Summary, the effects of flocculants on the consolidation

parameters and vane shear strength

The coefficients of consolidation (cv) and the permeability
(K) will be considered first. They show a considerable variation,
(Table 4.18) with c, ranging from 7.7 to sk, 2 ma/yr (average
values) and K ranging from 2.24 x 102 to 8.62 x 10—8 m/s
(average values). In the case of two of the tailings samples,
Gedling and Morrison Busty, there is no significant variation
between samples flocculated with Polyfloc 93APA and those treated
with starch (Tables 4.17 and 4.18). With Manvers, tailings the
situation is somewhat more complicated. At a high concentration
of Polyfloc (0.26kg/Mg), c, and K are low, i.c. 7.7m2/yr and
2.24 x lO-9m/s respectively, while with starch as flocculant,
cv and K are‘somewhat higher, at 71.7 m2/yr and 2.69 x 10-8m/s
respectively. At low Polyfloc concentrations (i.e. below
O.14 kg/Mg), both c, and K are enhanced (up to 454.2m2/yr and

e}
8.62 x 10 °m/s) with Manvers tailings. It will be remembered
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that with Manvers tailings, at these concentrations, no reduction
in voids ratio (relative to an unflocculated sample) was taking
place. Presumably the structure of the clay layer at the top
of the sedimented sample is more permeable when formed of
floccules.

Yith respect to the unflocculated samples, in one case,
(Manvers) the high flocculant dosed samples had lower values
of <, and K whilst in the other (Morrison Busty) these parameters
were higher.

Turning to the parameters m and Cc’ with both Manvers
and Morrison Busty tailings m increases with increase in

concentration of Polyfloc 93APA. VWith starch as flocculant
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only with Manvers is there any noticeable increase in m (Table 4.18).

Both Polyfloc and starch decrease the value of Cc compared to that
of unflocculated material, “or iiorrison Busty there is little
change.

In terms of shear strength, there is a statistically
significant (99.9 per cent) correlation between final voids
ratio and vane shear strength for materials with similar grading
(i.e. Gedling and Manvers tailings). The coarser grained HMorrison
Busty material is generally weaker than Gedling or Manvers samples
of similar voids ratio. This is presumably due to the smaller
proportion of clay size particles in the Morrison Busty material,
the clay size particles providing the cohesive forces which are
being measured.

On storage under an effective stress of 300 kN/m2 for 30 days,
the unconfined vane strength increases for all the samples. The
increase is greatest with the high flocculant dosed samples.

The increase is probably due to the voids ratio decrease caused
by the large degree of secondary consolidation. This secondary

consolidation can result in a decrease of up to 30 per cent in
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the voids ratio. This large decrease may be due to the breakdown
of the flocculated structure and reorientation of particles
under effective stress conditions during an extended time interval.

b b, Vane shear tests in colliery tailings

L,4,1, Introduction

With soft deposits, sample disturbance during driving of
the sampling tube is often excessive. In these cases, laboratory
measurement of the undrained shear strength will not be reliable.
In situ measurement of this parameter is therefore desirable, Of
the possible techniques, the vane test is generally considered to
give the best results. When used in clays, it may give values
some 10 to 15 per cent higher than those measured by consolidated
undrained triaxial test on the same sample (Terzaghi and Peck,
1967)., When silt and sand layers occur, the strength measured
by a vane increases considerably, due to partial drainage along
the silt or sand layers. Thus the shear strength as measured
by a vane becomes unreliable when such deposits are encountered.

A considerable number of vane tests have been carried out
in lagoons. Owing to the soft nature of lagoon deposits, they
are difficult to sample without disturbance (except in the
desiccated crust). The vane, therefore is an attractive method
for measuring undrained strength. However, lagoon deposits
contain considerable quantities of silt and sand, often in well
defined laminations, as has been shown in previous sections of
this chapter. Vane results are not, therefore, immediately
interpretable. 'This section constitutes an attempt to extract
some useful information from the previously published vane test
results.

With normally consolidated deposits, undrained shear strength

increases linearly with depth. This can be shown as follows:



From Figure 4.33, which is modified from Figure 28.12 in Lambe

and Yhitman (1969), it can be seen that:=

o ; sin ¢'

1
S (o4 -0,) = -
2 1 5 1l - sin g
where oy = total major principal stress at failure
0g = total minor principle stress at failure
!
WB = effective minor principle stress at failure
]
o) = effective angle of shearing resistance

)
The cohesion intercept (¢ ) is taken as zero, this being the
situation for normally consolidated deposits.

let q:%(ol

1~ %%)

04' o !
then q = 2. sin %_
(1 - sin @)

With Skempton's pore pressure parameter, A, having a value Af,

the pore pressure at failure, Ues is given by:

=
i

0/ - 07
Af ( 1 3)
- . u = 2.A.fq

)
Now, u, = 0, =07

f 3 3
. '
. i (Oé - 2qu) sin @
[ ] [ ] q — '
(L - sin & )
o, sin @
-.0 q = 3
(1 + (ZAf-l) sin @)
The term sin @

is a constant

(1 + (ZAf -1) sin @)

Also, o/;, the total pressure, is proportional to the depth,
provided that bulk density is constant. Hence q is proportional

to depth. Now q is the '"top point'" of the Mohr's cicle, and, as
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shown in Chapter 2.2.4.1, can be directly related to the shear
strength. Therefore, undrained shear strength should increase
linearly with depth.

In the case of clays, where undrained loading occurs,
Skempton (1957) has shown an empirical relationship between the
shear strength (c), the effective pressure (p) and the plasticity

index (PI), whereby:

= 0O.11 + 0.0037 PI

gt o

This, of course, cannot be expected to apply to silts and sand,
where partial dissipation of pore pressures occurs during the
shearing process. Blight (1968) has developed a method for using
the vane to measure drained shear strength in silty soils, but
this is not applicable to the current investigation, as there

was no control over the method in which the vane was used. It

is doubtful if the method would be of use in colliery tailings,
anyway. This is because the upper, fine part of the laminae will
probably fail in an undrained state, while the lower, coarser part
fails in a drained mode.

Thus, to make some sense of the vane results in colliery
tailings, it was decided to empirically calibrate a vane in the
laboratory against alternative laboratory methods of measuring
undrained shear strength. In addition, possible empirical

overburden
relationships between the shear strength and thq(pressure were
investigated.

holro2. Laboratory calibration of a vane

4.4.2.1. Apparatus

The calibration of a vane involved measuring vane shear
strength in a tailings sample under different effective normal

pressures. The technique involved a modification of the apparatus



used to apply a 300 kN/m2 load to the sedimented tailings samples
during storage (Figure 4.34). A hole was drilled in a 254 mm
diameter, 15mm thick, steel disc, the hole being some 4Omm

from the perimeter.

It was just large enough to allow passage of the vane shank.
The plate, with the vane in it, was then placed on top of the
sample which was loaded via the hanger and lever system of a
0.3 x 0.3m shear-box to the desired stress level. The motor
drive of the vane could now be mounted in place. The sample was
left for one day to consolidate, after which the vane was
advanced some 20mm into the specimen and the vane strength
determined., Both peak and remoulded strengths were recorded.

To find the vane strength at different normal pressures, the
apparatus was dismantled and the sample rotated by 15-20 degrees,
so that when reassembled the vane was in an undisturbed part of
the sample,

WYith the apparatus shown in Figure 4.34, there are two points
which should be explained. The vane mounting frame was erected
with one end on the hanger and the other end upon the shear-box
frame. Thus approximately half its weight would bear upon the
sample. A certain amount of its weight would also be transmitted
by friction along the sides of the vane. Calculation shows,
however, that the weight of the vane frame, which was 4.16kg,
is very small in terms of the stress applied to the sample.

i.e. Weight of frame = &4.16kg

.. Additional weight on hanger = &éié

(N.B. half of weight carried on the shear-box frame)

Area of sample = 0.1272 X T m2

4,16 x 9.807

.« Pressure kN/m2

2 x 1,000 x 0.1‘2‘72 x Tt

«". Pressure 0.40 kN/m2

23k,



This amount was, in fact, added to the stress calculated

from the lever loading system. Although it is only an approximation

of the stress due to the vane frame,the errors in this figure will
be of the same order as those for the lever loading system and can
therefore be ignored.

The hole in the steel top plate must produce a region of
'pressure shadow' in the sample which may extend into the zone
being tested by the vane. This is, however, similar to conditions
in the field, where the tubing protecting the vane rods will
produce a similar effect. A more aggravating effect of the hole
is to produce some sample loss. A certain amount of sample is
forced up through the hole as pressure is applied. The amount
however, is small and can safely be ignored.

4, L 2.2. Results

Two samples were tested using the apparatus ocutlined above.
Both were sedimented out from a flocculant/tailings suspension.
The first sample, of Manvers tailings was consolidated in the
Rowe cell to 300 kN/ma, but not stored. After the vane tests
were carried out at varying normal stresses, 60 x 60mm specimens
were carefully cut from the sample and placed in a 60 x 60mm
shear-box with the minimum of disturbance. A normal stress was
now applied, and the sample allowed to consolidate. The sample
was then sheared at a rate of strain similar to that of the vane.
This rate was chosen to try and ensure parity in pore pressure
dissipation.

The results (Figure %.35) show the shear strength as measured
in the shear-box is considerably higher than the vane shear
strength.

The second sample, of Gedling tailings was only consolidated

to 100 kN/mZ. This was to remove the possible effects of over-
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consolidation at the higher pressures. This sample was subjected
to a consolidated-undrained triaxial test after completion of the
vane tests. The strain rate was again similar to that of the vane.
Bishop and Henkel (1962) show that shear strength can vary with
rate ¢f strain. The results (Figure 4.36) imply that the
consolidated-undrained triaxial results are higher than those
ootaines witlhr the vane.

Considering both sets of results, it can be seen that it is
the remoulded shear strength results which follow Skempton's

(1957) relation:

= 0.11 + 0.0037PI

gt o

With clays, the remoulded strength often follows the relation

2 - 0,01

P
s

= 043 (Lambe and Whitman, 1969). However, with materials
uch as colliery tailings with low plasticity indices, Skempton's
relation for peak strength gives lower values of c. In fact, as

can be seen from Figures 4.35 and 4.36, the peak strength follows

the % = 0.3 relation fairly closely.

a

For overconsolidated clays, the total stress failure
envelope for consolidated undrained tests is of the form shown
in Figure 4,37. It is not possible to discern an overconsolidated
shear strength envelope for either of the two samples. Presumably
the strength increase due to overconsolidation is less than the
scatter in the test results.

As mentioned previously, both shear-box and triaxial testing
techniques give higher shear strength than those obtained with the
vane. It would appear then, that the vane underestimates the shear
strength of graded laminated materials.

It is interesting that although the samples have differing



voids ratios (Tables 4.14D and 4.16B)* they both follow similar

shear strength relationships with depth i.e. = 0.3 (peak);

1|

% = f (PI) (remoulded strength). This is due to the frictional
gomponent of the strength being mobilized as effective normal
pressure is applied.(lhe voids ratio/vane shear strength relation
shigdiscussed in Section 4.3.4.6. is probably only operative at
zero normal pressures where only cohesive forces are operative).

As pointed out by Lambe and Whitman (1969),the use of 'c' to denote
the shear strength of a consolidated undrained test is misleading.

However, it has been used so often in the literature that it has

been used here to prevent confusion.

4 4,3, Field vane results

ll'o“'oB.le Introduction

Field vane results for a number o lagoons have been plotted
in Figures 4.40 - 4.49. These results have been taken from
reports to the National Coal Board by Messrs. Wimpey Laboratories
Ltd., and Sir ¥William Halcrow and Partners. The Laboratory results
for Manvers and Gedling are also shown (Figures 4.38 and 4.39) in
terms of ¢ against equivalent depth.

There are several difficulties when computing ¢ /p lines.
With the variability in the nature of lagoon deposits, the
plasticity index will vary considerably. Thus, the values for
a borehole in one part of a lagoon cannot be expected to apply
to a different part of the same lagoon. Again, if the inlet and
outlet have been in much the same position during the filling of

the lagoon, the mean values of bulk density and plasticity index

* It should be remembered that the Gedling sample was not over-

consolidated initially to the same degree as the Manvers sample. At
higher pressures (over 100 kN/ma), it will therefore consolidate to

a greater extent than the Manvers sample. The Gedling sample will

therefore have an even lower voids ratio than the Manvers Sample.
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may remain constant in a vertical direction, but there will still
be considerable variability in lithology and properties e.g.
the ULOO from Lagoon 8, Cadeby, Figure 4.3. Since lagoon deposits
generally have low bulk densities, the position of the water table
at the time of a vane test will be of great importance. The
water table position is not always recorded. Furthermore, where
piezometers are installed, piezometric water levels can often
be seen to decrease with depth in the lagoon, Where this happens,
either perched water tables or zones of excess pore pressure must
be present.

Bearing all these factors in mind it will be appreciated
that the following interpretations of field data involve some
highly speculative elements. Nevertheless, it will be shown that
a number of features can be resolved which help in the overall
understanding of what are generally reported as ''shear strength
trends".

h,4,3,2. Gedling Lagoon (East Tip)

Figure 4.40 shows the results of two vane tests in two bore-~
holes (E7 and E8) near the inlet of the old East Tip Lagoon.
Results of another borehole, E15, positioned near the outlet,
are shown in Figure 4.41.

Borehole E8 was at the side of the lagoon, where the depth
of tailings is only 4 metres. At position E7, there was some
16 metres of tailings. Piezometers in the boreholes indicate
that there is no continuous ground water table. A piezometer
at 16 metres depth showed a water level of a similar depth. In
comparison, one at 9.2 metres depth showed a water level 3.5
metres below ground level.

It is demonstrated on Figure 4.40 that the E?7 peak shear

strength results down to a depth of 8.5 metres follow the relation
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% = 0.3 where the pressure is computed on a total stress basis.

ghe remoulded strength follows the %::f (PI) line. Below

3.5 metres, the peak strength incresses beyond that predicted

by the line E = 0O.3. The water pressure at 9.2 metres depth
p

appears to have no effect on the measured shear strength.

In borehole E8, the shear sirength approximately follows
a line defined by % = tan Blo,é—Being the shear strength, and
3). degrees being tﬁe drained angle of shearing resistance of

the tailings at the inlet end. It would seem that with the

coarse, free draining, materials at the inlet end of this lagoon,

the vane is mobilizing the drained shear strength of the material.

This effect will be met again at Grimethorpe Lagoon 16 (Section
b,k 3,3, That the vane can measure drained shear strength was
shown by Blight (19682).

It is interesting to note that, in Borehole E7, the peak
shear strenglh below 8.5 metres approximately follows a line
which is parallel to the line % = tan 310, but the values lie
below it. This effect could be caused by there being a constant
excess pore pressure of 4.2 metres of water, below 8.5 metres
(see Figure 4.40), with the vane mobilizing a shear strength

of = = tan 310. This would presumably require the material

(p=u)
below 8.5 metres to be coarser than that above this depth.

Having thus postulated a change in material properties, it must
be admitted that a change in a different property could also
account for the increase in shear strengths, viz: that the bulk
density of the material below8.5 metres is higher than the bulk
density above this depth. A higher bulk density would produce
an increase in the pressure gradient. This, in turn, should
lead to a more rapid rise in shear strength with depth.

At the outlet end (Figure 4.41) the situation is less well
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known than at the inlet end. Neither water level or piezometer

readings are available. Lines have been drawn depicting the

% relation in terms of f(PI), 0.3 and tan 31° (the angle of
Ehearing resistance). Both total and effective stress (with
water table at the surface) conditions are shown. In the absence
of excess pore pressures the earlier findings would suggest that
peak strength values should not lie below the % = f(PI) line.
although normally consolidated clays follow tﬁis relationship,
it has been shown in the previous section that in the case of
tailings it is the remoulded vane shear strength which agrees
closely with it. Peak vane shear strengths of tailings lie above
it. Considering the actual results, no points do in fact lie
below the f(PI) effective stress line. However, it is obvious
that there is a great deal of scatter. This could indicate large
variations in the lithology of the deposit or could be due to
desiccation producing a higher overconsolidated shear strength.
As far as is known, the position of the inlet and outlet of the
lagoon did not vary considerably. Some of the results, however,
pive slrengths above the tan 310 effective shear strength line.
This would necessitate coarse free draining material to be
present, which is unlikely at this end of the lagoon. Thus, the
high strengths are more likely to be due to desiccation. An
alternative explanation is that total stress conditions apply,
the values below the f(PI) total stress line being a function

of restricted zones of excess pore pressure.

4L,4,3.3. Grimethorpe Lagoon 16

Grimethorpe No. 16 lagoon is unusual. It is constructed
on a Tloor of impermeable clay and has a highly permeable bank

at the outlet end (National Coal Board, 1972). The results of
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vane tests in four positions in the lagoon are shown in Figure 4.42.
Only peak strength values are available., [he position of the

water table is known at both the inlet and outlet testing

positions.

Between the inlet and the centre of the lagoon a significant
shear strength pro:;ression can be elucidated. ‘'t'he shear strengths
which lie about a % = tan ¢' line at the inlet (with a noticeable
kink at the water fable) move to a line where % = 0.3 between
inlet and centre, and to between this line andpthe % = f(PI)
line at the centre. The cause is the gradual fining of the deposits.

At the outlet, in the upper 3 metres, the values show a
relationship similar to that of the central material. However,
below 3 metres, the shear strengths are considerably higher.

This is probadbly due to desiccation. It is noticeable that the
deepest results for the central part are also higher than is usual.
bo4h,3.4. Blidworth lagoon, outlet

The results from this lagoon are all from shallow depths
near the outlet (Figure 4.43). Of the ten results, six lie close
to the % = 0.3 line (total stresses), one lies on the f(PI) line,
and thrze about or above the tan ¢J line. It would appear that
total stress conditions apply, i.e. there is no water table.

The higher shear strengths that were measured are probably due

to desiccation effects during periods of drying out.

L,h,3,5, Kinneil Lagoon 22/28, outlet

The shear strengths of Kinneil lagoon 22/25 at its outlet
end (Figure 4.44), lie about or above the f(PI) line, where
pressures are calculated on a total stress basis. The grading
of this portion of the lagoon is very fine grained (for lagoon
materials), with 40 per cent clay size particles, as mentioned

previously (Section 4.2.2). With such a large clay fraction,
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the material might be expected to follow the % = f(PI) ratio,
Y

as this ratio describes clays. ''he large number of strengths

exceeding the ratio are probably a feature of considerable

desiccation.

4, b,3,6, Williamthorpe Lagoon 6

This lagoon is known to comprise two major divisions. The
lower one, below 9 metres depth, consists of tailings discharged
from an adjacent lagoon. The upper layer, which is 9 metres
thick consists of tailings deposited in the conventional manner.
Figure L 45 shows the results of vane tests in three locations
near the centre of the lagoon.

By comparison with Grimethorpe, the shear strength measured

at this location in the lagoon should lie between the < = f(PI)
P
and % = 0.3 lines. They should certainly lie above the former
b

line which describes clays or remoulded tailings shear strength
values. Even when it is assumed that the water table is at

the surface, Figure 4.45 shows that this situation only obtains
below 10 metres in depth. This means that above this depth up
to the base of the desiccated crust the material is under-
consolidated i.e., excess pore pressures have not dissipated,
thus preventing consolidation. Minimum values of excess pore
pressure are shown in Figure 4.45 alongside the vane results.
These are calculated using the difference between the effective
pressure at a given depth and the effective pressure required

to give the strength at that denth usinpg the relationship

= f(PI).

ol o

04-3-70 Cadcby

The vane results for several positions in Lagoons 1,3,4,5 and

8 are plotted in Figure 4.46. Values of plasticity index and



bulk density are only known for two locations in Lagoon 8.
It can be seen that there is considerable scatter. As there
is so little information on plasticity indices and bulk densities
it is not possible to interpret these results, other than to show
that the average shear strength shows a general increase with depth.
More detailed examinations are possible for Lagoon 9 and for
two vane positions (F1 aﬁd F2) in Lagoon 8.In Lagoon 9, the two
block samples A and B (Figure 4.2) were taken in the same locality
as the vane tests. In Lagoon 8, plasticity indices and bulk
densities were recorded at Locations Fl and IF2 during the vane
tests.
The vane resulis for Lagoon 9 are shown in Figure 4.47.
The Pilcon handvane results in the excavated face of this lagoon
Table 4.1) are also included. Taking averaje values derived
from block samples A and 3, and calculating on a total stress
basis, it can be seen that the results lie on or above the

£ - £(PI) line. As there was no visible seepage from the

zxcavated face, it can be assumed that no water table was present
in the area behind the face where the vane tests were conducted.
0f the three hand vane results, the one at 1l.1m depth lies on
the f(PI) line. Ihis was in a fine-grained layer in the face.
Many of the vane results lie above the shear strength attributable
to ¢1. It would appear that considerable desiccation has taken
place.

In Figure #.48, the vane results for positions Fl and F2

in Lagoon & are shown. At position Tl the values of plasticity

index and bulk density are known down to a depth of 3.75 metres.

lines have been drawn using the values for each depth. Below

W jo

«7H metres an averate value has had to be used. For position F2
3 P
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only the average values of the two variables are available. The
two vane strength profiles show different trends. In F1l, down
to 1.5 metres deoth the values follow the line % = 0.3,
computed on an effective stress basis with a waier table at the
surface. Observations in this lagoon during the sinking of the
Ul00 mentioned previously (sSection %4.2.1.2) showed that it was
possible that there was a water table at, or near, the surface.
Below 1.5 metres the strength values drop, so that below 2.5
metres they fall below the f(PI) line. It would appear that
excess pore pressures must be present here, in a similar manner
to Williamthorpe. It is noticeable that the remoulded strengths

follow the f(PI) line to 1.5 metres depth, before dropping below

it. It will be remembered that in the laboratory tests, peak

shear strength followed the % = 0.3 relationship and remoulded
P
results followed the % = f(PI) convention.

o]

The F2 profile is close to the relevant = 0.3 line at

LT [¢)

0.5 metres. It then falls beneath it, before rejoining this

line at 4 metres depth. Because there are only average values

of PI and bulk density for the top 0.95 metres, it is not possible

to be precise as to where the relevant lines fall. However, it
is apparent that between 1 and 3 metres depth the shear strength
values lie well below their expected levels. It could be that
another area of excess pore pressure exists at this horizon.
These two vane positions are on the same side of the lagoon,
and suggest that excess pore pressures can be fairly localised,
the excess pore pressure areas being at different depths in
the two boreholes.

h,4.,3,8. Denby Hall Lagoon C

Vane profiles from three locations in Lagoon C, Denby Hall,
are shown in Figure 4.49. An average value of bulk density is

available and an avera,e plasticity index for some clayey bands.
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It is recorded in the report (3ir William Halcrow and Partners,
1972) that the coarser bands at the northern (inlet) end of the
lagoon are non-plastic. A desiccated crust of at least 0.75 m
thickness occurs at the northern end of the lagoon.

Grading curves from the inlet end are similar to those
for the Gedling and Manvers tailings. At the outlet some 40 per
cent of clay size and 50 per cent silt size particles are present,
the grading being similar to that obtained for the sample taken
at the outlet of Gedling Lagoon 12.

Considering first the outlet end, the plasticity index may
be taken as being close to the average clay band layer. Down
to a depth of 4 metres, the values are scattered with a range
which covers an area from below the effective stress f(PI) line

to the = 0.3 total stress line. Below 4 metres the strengths

gl o

cluster about and below the two effective stress lines.
Presumably the values below the effective stress f(PI) line are
due to under-consolidated materials which have developed high pore
pressures. The change from total stress to effective stress which
appears to occur in one of the vane profiles could be due to the
vane penetrating an aquifer which is connected to a water table
at the surface.

Turning now to the inlet end which has a similar grading
to the samples tested by the writer in the laboratory vane shear
strength/normal pressure study, it might be expected that the
field samples should behave in a similar manner. If a water
table at 1 metre depth is postulated, it can be seen that the
remoulded strengths do, in fact, follow the % = f(PI) relation
which is compatible with the laboratory expeiiment. If a
plasticity index of 13 is employed, i.e. allowing for the non=-

plastic layers ih this part of the lagoon, the fit is improved.
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The peak shear strengths however, are much higher than the values
predicted by the relation % = O.,3. This could again be due to
desiccation. Considering Ehe vane shear strength profiles in

the central part of the lagoon, they are seen to be very similar
to those at the inlet. They can presumably be accounted for in

a similar manner, i.e. a water table at 1 metre depth, with

desiccation of the lagoon during filling.

L,oh.4, Summary of Laboratory and field vane shear strengths

of Lagoon deposits.

It has been shown that, in the laboratory, the vane shear
strength of two tailings samples increased with increasing pressure.

The peak shear strengths could be approximated by the relation

% = 0.3, while the remoulded strengths followed a line defined

b

by % = 0,11 + 0.0037 PI. Compared to other methods of determining
P

shear strength,(i.e. consolidated undrained triaxial and shear-
box tests, run at rates similar to that of the vane), the vane
underestimates the shear strength of the tailings. This is in
contrast to the situation in clays, where the vane gives a higher

value of shear strength.
In the field, the vane strengths followed the relationships

found in the laboratory only in some of the cases. At the inlet

of a few lagoons, where the tailings are coarsest, the vane

may be mobilizing the strength due to the drained angle of shearing
resistance (ﬂ[), whilst at the outlet end, where the tailings

are finest, the vane shear strength tends to lie between the

two relations % = 0,3 and % = f(PI).
P P

With such a variation in possible shear strength values,
it is obviously not possible to interpret the vane shear strengths
precisely. Further difficulties arise if values of plasticity

index, bulk density or the water table position are unknown in
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the vicinity of the vane test. However, provided an approximation
for these values can be made it is possible to conclude that the

shear strength should not lie below a value predicted by the

relation % = f(PI) or above the value predicted by the relation
p'

E = tan @ . If the shear strength does lie outside these values,

b

H

t is probable that, in the former case, the material is subject
to excess pore pressures which may be due to under-consolidation.
In the latter case, desiccation may be suspected, i.e. the

material will be over-consoclidated.,

4,5. Colliery Lagoons - conclusions

It has been shown that lagoon deposits can be very variable

indeed, especially in a lateral direction. Lar,,e-scale disturbances

are possible in the sediments, which may vary from distinctly
laminated beds with good graded beddinz to visually homogenous
deposits., On the scale of the consolidation tests, i.e. up to
254mm by 4Omm there is no marked anisotropy in consolidation
parameters. However, on a larger scale, there is some evidence
for aquifers and aquicludes being developed, with the aquifers
being lensoid in places. This feature would point to large-scale
anistropy. These features of lagoon materials are due to the
deltaic regime under which they are deposited.

Considerable variation in sone consolidation parameters
occurs laterally in a lagoon. Progressing from inlet to outlet,
the coefficient of volume compressibility, m_s shows little change,
whilst the coefficient of consolidation, 1 decreases. The
decrease in the latter is very marked. At the inlet end it
generally ranges frou 400 - 600 ma/yr dropping to 10 - 4Om2/yr
at the outlet end. These variations are evident from the Rowe
cell work, but are not highlighted by the conventional oedometer

used for routine investigations, mainly because the oedometer
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sample (10ma thick at the most) is thinner than the laminations
prevalen. in lagoons.

Flocculants have becen shown to nroduce a reduction in voids
ratio, when their concentration is sufficiently high. The
reduction is attributable to the poorer graded bedding (compared
to unflocculated materials) which is produced by the increased
rate of sedimentation of the silt/clay particles. A similar
reduction in voids ratio can be induced by disturbing recently
sedimented, unflocculated material.

The effect of flocculants upon the consolidation parameters
is somewhat variable. ‘The polymer flocculant Polyfloc 93APA
shows a positive statistical correlation befween its concentration
and m e ntarch does not appear to show any consistant variation
with m e

Neither flocculant type produces a consistent change in Cc'
In terms of coefficient of consolidation (cv), and the closely
related permeability (K), it appears that, at high doses, polymer
gives values which are in one case (Manvers) smaller than those
obtaining with starch while in the remaining case (liorrison Busty)
there is no significant difference. In some cases unflocculated
materials have smaller values, in others,greater. In the case of
the one specimen (Manvers) which was tested with varying polymer
concentrations, c, and K increase to a peak near 0,lhkg of
flocculant to 1Mg of dry tailings, and then rapidly drops awaye.
Jowett and Chopra (1974) noted a permeability peak at 0.02kg/iig
with Gedling tailings. The position of this peak would thus
appear to vary.

Another point arising from the flocculant work is the long
period and large amount of secondary consolidation that freshly

deposited tailings are subject to. It masks any effect there may



be due to ageing of the flocculant.

In general there is no evidence for polyelectrolyte type
flocculants producing either weaker or poorer draining deposits
than starch type flocculants. It is possible that there may be
a difference with some tailings. Apart from the deposits them-
selves, the only other possible cause of poor drainage is the
lagoon/embankment interface. It might be that polyelectrolyte
flocculants produce a less permeable interface than starch

flocculants, although this seems a somewhat unlikely situation.

As far as the results from Cadeby Lagoon 9 are concerned, it would

appear that the embankment is far less permeable than the lagoon
deposits. This being so, it is obviously desirable that more
attention be paid to producing permeable banks, if free draining
lagoons are required (e.g. for over-tipping).

Vane shear strengths can be used to give useful information
despite the sand and silt content of tailings. At zero normal
pressure, tailings of similar grading show a strong negative
correlation between voids ratio and vane shear strength. When
the grading becomes coarser, the vane shear strength drops.

This relationship appears to be only operative at zero
normal pressure, however. VWhen flocculated samples of differing
voids ratio and containing 20 per cent clay size, 40 per cent
silt size and 40 per cent sand size particles are vane tested
at increasing pressures, they show a relation between peak shear
strength and pressure, whereby ¢ = 0.3 p . Their remoulded
strengths follow the relation due to Skempton (1957),

c (0.11 + 0.0037PI)p, where ¢ undrained shear strength,

PI plasticity index and p = effective pressure. Comparison

with triaxial and shear-box tests indicates that the true undrained

shear strength is some 40-50 per cent higher than the values given

by the vane.
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Hughes and Windle (1976) have pointed out the usefulness
of the vane in locating areas of high sensitivity which would
be susceptible to liquefaction. It is shown here that, with
detailed analysis, it is possible to extract additional information
knowing that clays follow sSkempton's (1957) shear strength/depth
relationship, and that an average tailings sample shear strength
will lie above it. It is possible to infer the position of the
water table and even zones of high pore pressure provided that
sufficient information exists concerning relevant bulk densities

and plasticity indices in the vicinity of the vane test position.
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CADEBY KEY PLAN

FIGURE 4.3

X  VERTICAL TRAVERSE
— DIRECTION OF HORIZONTAL VANE TRAVERSES

» U100*s ( -3 DOUBLE 1100's )
® A-D BLOCK SAMPLES
* PF1,F2 WIMPEY VANE POSITIONS

OUTLET*

LAGOON 8

SCALE 1/2500

INLET







255.

FIGURE 4.5

GRADING CUVES OF SANPLES FROV CADEBY LAGOON 9
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FIGURE 46
CADEBY LAGOON 9

RELATIONSHIP BETWEEN SPECIFIC GRAVITY AND ORGANIC
CARBON CONTENT
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FIGURE 432
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FIGURE 4.35

MANVERS TAILINGS, COMPARISON OF SHEAR STRENGTH MEASURMENTS
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FIGURE 4.36

GEDLING TAILINGS, COMPARISON OF SHEAR STRENGTH MESURMENTS

Ama\zxv SSTYIS TYWUON

oot 05¢ 00¢ 052 002 0S5t 00} 0S o .
s 3 1 A A o X v o
% ()
SSTULS
YVIHS
00}
0S4
002
8191°0 = Id x L€00°0 + 1°0 = (Id)J
QICTNONTI~ANVA ———v—r
QIATNONTY-ENVA + (Id)3=d/ 0 —. — AYII-INVA ~——
AVIJ-INVA © ¢°0=d/ 9 — — TVIXVIYI n)
STOENAS SANIT SLIZ TVOIISIIVIS

JTHSNOIIVIEM d/ 9 SIXV ¥0CLVH QIONAHY



281.

0
Tll
FNSSTHS NOLIVAITOSNOOHIAD

_

ENIVEQND _
_

_

QENTVEa _

(6964 ‘NVHIIHM ¥ SRV HOHd GIIJIVAY) SAVI) QLIVAITOSNOOHIAQ 40 SEJOTIANT TEATIVA

LE7 FdN9IAH




FIGURE &4.38
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FIGURE 4.39
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_PIGURE 4 .40
FIELD VANE - GEDLING EAST TIP LAGOON,INLET END

SHEAR STRENGTH (kN/m?)

0 20 40
o A rl A A

60 80 100

'y 'y

B.H. E7

® 'PEAK

4+ REMOULDED
B.H. E8

© FEAK
% REMOULDED

DEPTH
(m)

\ t A N *

tan 31°

15 ~——C/P=0,3
5 — - — ¢ /P = £(P1) o
—~--— 8 = (P = 4,2m of water) x tan 31

PI = 11  BULK DENSITY = 1.45 Ng/m°

FIGURE 4.1
FIELD VANE - GEDLING EAST TIP LAGOON, OUTLET END

SHEAR STRENGTH (iN/m2)

0 10 20 30 40 50
0 . 3 i A

+ PEAX

X  REMOULDED
NO PHREATIC

+——+C /P =
+=+—+C /P = £(PI)
.PHREATIC SURFACE
" AT 0.0m DEPTH

— —s5/P = tan 31°
""—C /P 0.5

---—C /P = £(PI)

DEPTH
(m)

PI = 13
BULK DENSITY
= 1.39Mg/m3




FIGURE 4.42
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FIGURE 4.43
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FIGURE &4 .45
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FIGURE 4.49
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CHAPTER 5
CASE HISTORY STUDIES OF THE STABILITY OF SHALEZ EMBANKMENES

5.1 Introduction

During the progress of the laboratory work, it was evident
that the effects of weathering and curvature of Mohr failure
envelopes should be evaluated by slope stability analysis of
real situations.

5ele2. Methods of analysis

Before proceeding further however, a choice of analytical
techniques had to be made. The usual methods are those of limit
equilibrium analysis. In these, the equilibrium of a potential
sliding mass is determined by considering the ratio of the
potential restraining to the disturbing forces acting on the mass.
In the case of c¢,@ soils, these methods all make an assumption
regarding the degree of mobilization of ¢ and tan @.

The ratio of strength to stress gives the Factor of Safety
(F), whose reliability depends on two factors: a) the measurement
of shear strength and b) the computation of shear stress, Hence,
it is not sensible to use a method of computing shear stress which
is more accurate than the measurement of shear strength. Indeed,
it can give a false sense of accuracy.

The three usual methods of analysis are all based on the
method of slices (Figure 5.la) in which the mass is divided into
slices, and the total forces acting on it are calculated by
summing the forces acting on the slices. They also assume that

shear strength (T) is given by the expression:

1 1
T =c+°‘ tang' l..uo...o..l.o-..(l)
where oH' is the effective normal stress

5.1.2.1e Fellenius (Swedish Circle) analysis

In this method (Fellenius, 1936), the opposing inter-slice

forces are assumed to have a resultant acting parallel to the
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base of the slice. The failure plane is also assumed to be an
arc of a circle.
Hence, for one slice, the disturbing forces, Di are given
" - ¥ i x ® 5 9 606005 S0 500PE SO0 OSOEISOOSDNOSSS i -
by Dy =dW; Sine<, (2) ( Fig.5.1)
and the resisting forces, Si are given by
> = 1 A" ol - . 2 ' 1
§; = C',dL, +(dW, cose¢, - u; dL.) tan @ 3o (3) (Fig.5.1)

Hence the factor of safety, F, is given by

! . o, - '
.. i; Cdls ('d.w1 Cos N dLi)tan @ i )
- n ® " 0 e 900000
2. dW, Sinec |
i=1 i i .
The assumptions made in this method are incorrect, and give

rise to errors, which can be very large (up to 60%) when the
change in ® is large, or when @' is large (Whitman and Bailey,
1967). However, the errors are all on the safe side, the
calculations are simple and do not require iteration to produce
a value of F.

5ele2a2s Simplified Bishop Method

In this method (Bishop, 1955, Janbu et al 1956), the failure

surface is still assumed to be a circular arc, but the resultant

of the interslice forces is assumed to act in a horizontal direction.
The disturbing forces are the same as for the Fellenius
method, i.e.
D =di, Sined, cevvererieainininiennnnaa.. (2)

but the resisting forces now become:

S, =[C'.'dxi + .. (dWi - u 4 d‘xi)tan fd'i]
eeeee (5)
1l + tano< . tan ¢'.—
COSO('( : i‘(l =
Hence
n ' '
F=iz=l'1 (C'-o(xi +(dwi-uidxi) tan¢i)

]
cos o(i[l + tan°-<i tan @ i

] I €))
F

n
ZdW. SinoX.
i=1" "1 i



To solve this expression requires iteration to find the
least value of F, The assumptions made can lead to errors up
to 8 per cent on the safe side (i.e. values of F some 8% less
than the true value), but this is generally acceptable. A more
rigorous method is available (Bishop, 1955) in which the total
interslice forces are taken into account., However, this requires
considerably more calculation and is not generally considered
worthwhile, especially as the assumption of a circular slip
plane is not necessarily valid.

5el.2.3. Janbu analysis

In this method (Janbu, 1954%, 1973) any shape of failure
surface may be considered. In the generalized procedure, the
resultant of the interslice forces can act along any line.

Considering the equilibrium of one slice (Figure 5.1b)

dW . +dT. = dS. sin™X, + dN.coso(. cececaceanne (7)
1 1 1 1 bR 1

dE- =—d.3 COS“. +di\j. Sin“ ®Seo v e scsvesvvsencsrrese (8)
1 1 1 1 1

Tor equilibrium of the whole mass:
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+ Q = 0...(10)

n n n
_ . _ . > _
i§l (dSi sino¢; + cl.Ni coso<i) = 2=:1 dwi leee & Ti 0 ...(9)
n >3
iz—: . (-dSi cos ™, + dNi s:.noci) = -Q i.e. , & l'dh‘i

(where Q is a horizontal force acting at the top of the failure
surface, i.e. from a water filled crack).
From (7) and (8)

d\si = (a!‘wi + dTi) sin°<i - dEi cos o ceessccsassalll)

Hence from equation (10)

n dsy n
. = Q+ .2, (dw, + dT.) tane.
i=1 i=1 i i i
costxi
n n
5.dx;
iz=:1 —2_t - Q. i>§1 (dw, +du) tan o +.(12)

2
cos o,
i
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ds
where Si = and o(xi = width of slice
dLi
LA ) tan "
C'. + - u.) tan .
NOW S- = 1 JL., 1 1 .I....I..l....(l3)
] i F

and, from (7)
du, +dT, -o(si sine¢,

d.Ni = cos“ .o..-.--.o'...(ll")
i

Therefore,

N !
o . ch. o+ (pi + ty ui) tan @ i

. tane, tan ¢'i
F (1 + )
F ..o-..ou-...--(ls)
o(wi d T,
where p; = Jo- o b= T
: i i

Inserting (15) in (12) and solving for F,

2,, (C"i + (Pi +ty - ui) tan Qf"i)dxi
1 =

1 2 i ?
cos a& (1 + tan.og.tan [’ i /F)

F = ~ A ¢ 1)

2 o, d
e+ 2, (Pi + ti) tan®, dx,
From moment equilibrium for the slice,

&Ei (Pi + ti)dxi tantxi - Sini (1 + tanaoci) cecesessll?)

dEi
and Ti = —Ei tan m%_ + ht. i
i i i

ceccccsccncenssesl(l8)

where ht is the height at which the line of thrust intersects
the slice (Janbu, 1973). TFrom this, the value of t can be
calculated.

To be completely rigorous , the Factor of Safety using several
different lines of thrust should be calculated. However, the

value of T varies only slightly when this line is based on

reasonable positioning (Morgenstern and Price, 1965). Hence
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one can draw it to pass through the lower third of the slices
without the accuracy being impaired,

5.1l.2.4. Morgenstern and Price

There is also another, rigorous method, that of Morgenstern
and Price (1965) in which both the Factor of Safety and the
internal force distribution have to be - -found by iteration. It
is generally considered to give the most accurate results.
However, for the reasons given in Section 5.l.2. it was not used
in this work.

5e¢le3s Modification of equations to accommodate curved Mohr

envelopes

To accommodate the curved shear stress function employed
in Chapter 3, certain modifications need to be made to the
equations for resolving the Factor of Safety. As the shear strength
equation only affects the restraining forces, the denominators of
the Factor of Safety equations (i.e. the driving forces) will
remain the same,

Consider the shear stress equation

T=mn( )" R ¢ 13

At any normal pressure, p, the corresponding shear stress, s, on

the Mohr envelope can be defined by an angle, # }, where

tan ¢}p = % csecscncanssseas(20)
From equation (19), (Fig 5.2)
'z
5§ = mp
. tan ¢fp = mp(z_l) cecessssessessea(2l)

Now, provided that the slice is thin enough, the part of
the failure envelope corresponding to the stress regime at the
slice base can be approximated by a straight line drawn from

the origin at an angle of ¢‘p to the horizontal.



Thus, in the stability equation, tan @' may be replaced by
(z-1)
p

m . Making this substitution, the equations become:-
1) Janbu
( t )Z-
> my Py + %y —uy) 1 dx
1=1 cos2°<.(1 ¥ tano¢, m.(p. + t. - u.)(zi-l) )
i i itfi i i (22)
% o0
Qo+ & (pi + ti) tan ot dx
2) Bishop
. § m, (p; - ui)"z. dxi
- il (z.-1)
cos ™, (1 + tane¢, m, (pi - ui) i )
F
‘..(24)
5 d
fo1 Py SIn X Ax
3) Fellenlﬁé (z.-1)
. = @wi cos o, = u, d@l?mi (pi - ui)
5
{%y p; sin c<i dxi

It will be realized that the substitutions made are only
correct for a slice with uniform pressure on its base (i.e. one
which is a parallelogram). In the methods of slices an assumption
is made that the mass of the slice acts at the centre of the slice.
This is also only true when the slice is a parallelogram. It
follows that slices should be as narrow as possible when the
shape is greatly distorted from a parallelogram. The number
and thickness of slices will be considered further in Section 5.2.2.

De2e The slope stability program

5e2ele Aims of the program

To carry out the analyses a computer program (Appendix A)
was written in PL/1 for use on the NUMAC IBM 370 computer.

The aim of the program was to be as general as possible, but it
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was required to cover the following points:=-

1) To analyse a multi-layered slope section, with a phreatic
surface, whilst taking into account any number of failure
surfaces.

2) Mon-circular surfaces to be analysed by the Janbu (1973)
method.

3) Circular-arc surfaces to be analysed by the Janbu (1972)
Bishop (1955) and/or Fellenius (1936) methods.

L) A Bishop self-seeking grid of circular-arc failure surfaces
which can be tangential to any material layer in the slope
or to any straight line.

5) The possibility of the slope being partly submerged.

6) The facility for individual layers in the slope to contain
areas in which excess pore pressgres are developed.

7) Isotropic or anisotropic strength parameters, based on linear
or curved Mohr envelopes should be accommodated.

5.2.2. Methods used in the program

In a stability analysis using a method of slices, the
potential sliding mass is itself divided up into slices. The
forces acting on each slice are then calculated and summed to
give the stability of the slope. To comply with the assumptions,
the slice must not contravene the following points:-

a) Its sides must be vertical
b) Its base must be linear
¢) Its base must be all in the same material
d) Its base must not intersect the phreatic surface.
The program divides up the sliding mass into slices in four

steps which ensure these points are observed.
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The first step is to define slice boundaries using all the
points on the failure surface. This ensures a linear base for
all slices (Figure 5.3a). The intersection points between the
failure surface and the inter-material layer boundaries, and
between the failure surface and the phreatic surface are then
calculated. These points then define further slice boundaries
(Figure 5.3b). The third step is to interpolate more slice
boundaries where the slices are too wide. When considering the
width of slices, there are several points to bear in mind. The
first is that computing time increases with the number of slices
used. However, accuracy improves by increasing the number of
slices. Nonetheless, there is a point at which the increase
in accuracy is negligable (Spencer 1967) and there is no point
in attaining an accuracy which is greater than is justified
by the data. TFinally, the computer cannot store numbers of
magnitude less than 10-68, or to a greater accuracy than fifteen
significant figures. This produces an ultimate limit on the
thinness of slices, but in practice the other considerations
impose a limit of far greater width to the slices.

In Section 5.l1l.3. it was shown that the assumptions made
in methods of slices were most inaccurate when the shape of
the slices was greatly distorted from that of a parallelogram.
Therefore, to attain accuracy with the least number of slices,
it is desirable that slices be at their minimum width at
positions where they are most distorted from the ideal shape.
Now, if the slices are of trapezoidal shape, this situation
will arise when the vertical slice sides are greatly different
in length, This fact has been exploited in the system of
subdividing slices. TFirstly, all points defining the ground

surface, between the extremities of the failure surface, are
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used to define further slice boundaries. This ensures all slices
are trapezoidal (Figure 5.3c). The difference in length of the
vertical sides of each slice is then calculated. Where this is
greater than the permissable amount, the slice is subdivided
sufficiently to ensure that all the sub-slices do conform

(Figure 5.3d). The maximum difference in length of vertical
sides is taken as one tenth of the maximum vertical deviation of
the failure surface from a line joining the first and last points
of the failure surface. This value was decided upon after
experimenting with the program to find the point at which the
relationship between number of slices versus factor of safety
attains a constant value of F (see Figure 5.4).

Figures 5.4 and 5.5 illustratec some interesting points which
arose during the experimentation with slice numbers. It can be
seen that, with curved envelopes, fewer slices are necessary when
using a method which limits the slice side height differences,
rather than limiting the slice width. However, with linear failure
envelopes there is no change in Factor of Safety, greater than
0.01, due to a mere increase in slice numbers (Figure 5.4). With
linear failure envelopes, it is the number of points on the failure
surface which controls the seasitivity of the Factor of Safety (Figure
5.5). 'This shows that the errors produced by the assumption that
the weight of a-slice acts at its centre must be negligable, since
this is the error that would be reduced by sub-dividing slices when
the failure envelope is linear.* However, from Figure 5.5, it

follows that the changes in the angle of the base of the slice
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* When the failure envelope is curved, in addition to this error,

the errors made in the approximation of the shear strength are also
reduced by submdividing slices (See Section 5.1l.3). This is why
the accuracy improves on slice sub-division with curved failure

envelopes.,



are important, and that at least fifteen points on a failure
surface are desirable. As a result of these relations discussed
above, the program was modified to allow slices to be sub-divided
only when their bases were in material with a curved failure
envelope. This provides the shortest computing time for a given
accuracy. The actual number of points on a failure surface is
under the control of the programmer.

Spencer (1967) concluded that sensitivity increased to a
limiting point with an increase in slice numbers. However, he

increased the number of slices by increasing the number of points
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on a (circular) failure surface. Thus his results are in accordance

with those found here. At comparable accuracy in F (i.e. 0.01),
the number of slices required by him (16), is very similar to the
number of points on the failure surface found to be necessary in
the current work.

7hile the points on a nonecircular failure surface are read
in as dafa, those for circular arc surfaces have to be calculated
from the coordinates of the centre of the circle and its radius.
The equation of a circle is of the form:

(x - a)> + (y - b)% = R®

where a = x co-ordinate of centre

b

y co~ordinate of centre

R Radius of circle.

In a slope stability analysis the arc required is always in
the lower semicircle. Thus the points at which the circle cuts
the top layer surface (i.e. the extremities of the sliding mass)
can easily be found by solving simultaneous equations. The
circular arc may then be sub-divided into as many points as
desired knowing the co-ordinates of the end points, the x

co~-ordinates of the failure surface can be found by sub-division
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of the horizontal distance between the end points. The y co-ordinates
are then calculated from the equation given above, the smaller of
the two values which are produced being the one required.

Having acquired the slice boundary data, the next step is
to calculate JW, du, dx, tan® and, for the Janbu analysis,
tan “t (see Figure 5.1). Tane®l and dx are simple to calculate.
Tan® is the gradient of the slice base, which is already known,
since it is the same as that for the portion of the failure surface
that the slice is on, whilst dx is the slice width. Tan . is the
gradient of the line of thrust, which is taken to pass through
points which are one third the height of the slice from its base.
The weight of the slice is found by summing the product of area
and density of each layer occu%ﬁng in the slice. 'The area of
each layer is found by summing the area between the top surface
of a layer and the x axis and then subtracting the area between
the top of the layer below (or the base of the slice) and the
x axis. The hydrostatic pressure due to the phreatic surface
can be found in a similar manner, the density of water being taken
as 1 Mg/mj. Excess pore pressures, if present, are calculated
from the pore water pressure gradient within the layer in which
the base of the slice is located.

From a knowledge of the layer in which the slice base is
located, it is possible to pick the relevant shear strength
parameters, and to define on which basis they are derived (i.e.
curved or linear). In the case of anisotropic material, the
shear strength parameters pertaining to the horizontal stratification
are presumed to act whenever the slice base is inclined at an angle
between plus or minus ten degrees from the horizontal. These
parameters can then be combined with the values for weight, water

pressure and base gradient to compute the restraining and
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disturbing forces due to the slice. In the case of the Janbu
and Bishop methods of analysis, the former can only be

approximate as F is unknown. In fact, the expression

- 1
cos(a) tan & ;an /)] 5

< (1 + is taken as unity (Janbu, 1954)
for the initial approximation. The restraining and disturbing
forces are then summed. For a Fellenius analysis, the factor
of safety, F, can be obtained directly from these, but for the

Bishop and Janbu methods an iterative process is required. The

value of F which is obtained initially is fed into the equations

(2) tanoX tan @'
I

and used to obtain a value for cos X (1 + ) which
enables a new value for F to be calculated. This is continued
until the last two values of F obtained close to within 0.005 of
each other. For a Bishop analysis this value is then reported,
to two decimal places as the factor of safety. For a Janbu
analysis, it is used to calculate an initial approximation for
the side forces (Janbu, 1973%). Using these side force values,
another iteration is performed to procure a new value of F,

This is then used to modify the side force values, and the
iterative process continued. Iteration ceases when the difference
in F before and after side force modification attains a value of
0.005, This value is then reported.

The iterative process sometimes fails to converge (i.e. the
last two values of F are never closer than 0.005). This usually
occurs when the factor of safety is high or when a failure surface
of complex shape is employed. To prevent iteration continuing
ad infinitum in these circumstances, a maximum of 30 iterations
is imposed., If this number is exceeded, calculation for that
failure surface will cease, and a message is printed, giving
the last two values of F.

An example of the program's operation, along with its method

of use will be found in Appendix A.
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5¢3« Gedling Spoil Heaps -overtipping of lagoon deposits - weak

spoil on strong foundations

5¢3.1l.Introduction

In 1968, a major extension and heightening of existing
spoil heaps at Gedling colliery was proposed. This involves
overtipping five lagoons, and the construction of new lagoons
in the tip complex. A site investigation was carried out by
Wimpey Central Laboratories Ltd. The results of this investigation
showed that based on the properties of the materials then in the
heaps, the extended heaps would be stable.

In Chapter 2.2 and 4.2.2. physical parameters for some
materials being disposed of in the period 1973 - 1975 have been
reported. It was noted that the spoil was weaker than the pre-
1968 material. It was therefore decided to re-assess the étability
of the heaps using these current parameters, and also to employ
curved Mohr envelopes.

563426 Description of site

5.3%.2.1e General

Gedling colliery is situated 5km north east of Nottingham
(Figure 1.1) in the bottom of a tributary valley of the River
Trent. The two spoil heaps (Vest and East) are built on the
northern side of this valley. The site plan (Figure 5.6) shows
that the tips are actually founded on the site o©of three small
valleys.

The solid geology at the site consists of Permo-iriassic
rocks of Keuper facies. Two formations are present, the
Wlaterstones (flaggy silt-stones and sand-stones with shale partings)
overlain by Keuper Marl (red mudstones with occasional sandstones).

=

These beds dip in an east-south-easterly direction at 1 to 5

degrees. The boundary between the two formations occurs under



the spoil heaps (Figure 5.6 and Geological Survey 1 inch sheet

No. 126). The investigation by Messrs Wimpey showed the presence
of thin layers of alluvial material in the small valleys mentioned
above.

5.3.2.2. The West tip

The West tip originally consisted of several small heaps
deposited by aerial ropeway, Maclane tippler and railway waggohs.
The spoil in the south western area of the tip ignited, and this
part now comprises a considerable quantity of burnt material.

A valley between these small heaps was dammed and used as a

tailings/slurry lagoon. While in operation, its bund was

gradually raised. Its extent was variable, its superficial location

being altered by the continuously growing tips around it. By
1969 this lagoon was not in use, and nearly all of it was
overtipped. Overtipping is now complete (see Figure 5.7 and
Sections D-D, E-E Figures 5.1l and 5.12). Since 1969, some new
lagoons have been built on the northern side of the tip (Figure
5.7). These too are now not used. The proposed extension will
increase the height of the tipn from 115m to 125m A.0.D., while
the toe height is 65m A.0.D.

Water was noticed to be seeping from the burnt material in
the western part of the tip.

5e3+.2.5., The East tip

The East tip was originally built from material transported
by aerial ropeway and then redeposited by scrapers. It impounded
a large lagoon on its northern side. These lagoons have now been
overtipped and a new pair are being constructed over them (Figure
5.7)« The height of this eastern tip will be raised from 90 to
115m A.0.D., its toe height being 55 -~ 60 m A.0.D. The small

side valley which it completely fills may well have had springs
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emerging in its floor.

5e¢3.3.1. Slope stability analysis

Five sections were chosen for analysis viz:- A=A (Figure 5.8),
B-B (Figure 5.9), C-C (Figure 5.10), D-D (Figure 5.11) and E-E
(Figure 5.12). These sections, whose position is shown on the
site plan (Figure 5.7), cover the most critical positions, namely
the steepest proposed sections on East and West tips (B-B and E-E
respectively), the infilled valley under the eastern tip (A-A)
the position at which the old lagoon in the West tip approaches
closest to the tip face (D-D) and a section in the present tip
where excess pore pressures have developed (C-C). The results
of the analysis are listed in Table 5.1 and discussed below.

5¢3.3.2. Parameters used (Figure 5.13 and Table 5.2)

The parameters used for the new spoil are those derived during

the current work, namely:-

¢! = 22.9 kN/m2 Juhere a linear Mohr envelope is
gr = 23.4° ; used

m = 1.096 ) where a curved Mohr envelope

z = 0.871 ; is used

A bulk density of 2.012 Mg/m3 was assigned, this being the
density of an undisturbed sample from the tip.
The old tip materials were assigned parameters determined

by Messrs Wimpey, viz:=~

¢' = 7.18 kN/m2 ) for linear Mohr

)
¢1 = 27.5° ) envelopes
m = 0.874 ) for curved Mohr
)
z = 0,920 )  envelopes

with a bulk density of 1.922 Mg/mB.
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TABLE 5.1
FACTORS OF SAFETY PERTAINING TO STABILITY

ANALYSES AT GEDLING

SECTION Location of Failure Surface Factor of Safety (F)

A - A a | Crtical surface (passes 1.48
through weathered crust) *

b Minimum T surface passing
through alluvium 1.56

c Minimum F surface in new
discard only (i.e. not
passing through weathered

crust) 1.59
B - B a Critical surface for whole
face as originally proposed 1l.35

b Critical surface for short,
steep sections on original
proposed section 1.17

c As (b) but with a weathered
crust 1.47

d Critical surface for
smoothed profile 144

e Surface through old lagoon 2.83

f | As (f) but with lagoon
liquefied | 1.56

g | Surface (a) with linear

c', @' parameters l.k2

h | Surface (b) with linear

ct, ¢1 parameters 1.56
i Surface (a) with ¢'e para-
meter 1.02
C=-C Critical surface 2,04
D-D a Critical surface through
weathered spoil 1.45

b Surface passing through
postulated residual area
and weathered spoil 2.01

¢ | Critical surface assuming
lagoon liquefied 0.43

Cont'deeoe



TABLE 5.1 (Continued)
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Section

Location of Failure Surface

Factor of Safety (F)

E-E

Critical surface (passes

through weathered crust ) 1.63
Surface passing through

postulated residual area 2.22
Surface passing through old

lagoon, assuming this to be

liquefied. l.41




PARAMETZERS

TABLE 5.2

EMPLOYED FOR GEDLING STABILITY ANALYSES

Material Shear Strength Parameters| Bulk density (Mg/mB)
. 2
New spoil [ ¢! (kN/m") g
22.9 23,4
m z
2.012
1.096 0.871
-t
g e
272
. 2 ]
0ld spoil |{ ¢ ' (kN/m") g
7.18 27.5
m z
1.922
0.874 0.920
| ] 2 ]
Yeathered | ¢ ' (kN/m") 7]
spoil ' 1.9
33.9 16.9
01d
Lagoon 0 31.0 1.7
Alluvium | 8.62 31.0 2,051
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For the weathered crusts, the parameters for weathered material
(Chapter 2.2) are employed:=-

c? 33.9 kN/m2
g

while the bulk density was assumed to be 1.9 Mg/m3

16.9°

0ld lagoon deposits are given the parameters reported by

Messrs Wimpey (1968), these are:-

g = 31.0°

Bulk density = 1.7 Mg/m3
(This density is that of consolidated deposits).
The alluvial materials in the valleys have also been assigned
the parameters determined from iiessrs Yimpeys investigation.

8.52 kN/m2

o)

ct

gr = 31.0
Z
Bulk density = 2.051 Mg/m”

5.3.3.3, Section A-A (Figure 5.8)

5¢3.3.3.1l.Factor of Safety

This section is drawn along the line of one of the infilled
valleys under the East Tip. A study of the shear strengths of
the materials involved (Figure 5.13) shows that the alluvium on
the valley floor is stronger than any materials in the tip itself
As it is reported as a sandy silt it is unlikely to develop
excess pore pressures. 1t should not, therefore, adversely
affect the tips stability. This is indeed found to be the case.
The minimum factor of safety of any circle drawn tangential
to the base of the alluvium is 1.56, whereas the minimum for
the tip is 1.48, on a surface tangential to its base. This
being so, the presence of alluvium has been ignored in all the

other sections. It will be seen that all these minima are
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controlled by the postulated zone of weathering on the old tip.
For failure surfaces in the new discard, the minimum is 1.59.
Hence the presence of a weak, weathered zone in the spoil heap
can produce a drop in the factor of safety of 0.11, if as in
this case, the weathered surface approaches the toe of the tip.

5e¢3+¢3e3.2. Effect of changes in parameters m and z

The sensitivity of the factor of safety to variations in
the curved Mohr failure envelope parameters m and z was tested
using this section. A circle shown as a dashed line on
Figure 5.8, which passes through new discard only, was chosen.
The effect of varying the parameters m and z is shown in
Figures 5.1% and 5.15.

It can be seen that there is a positive correlation
between the Factor of Safety (F) and z and between F and m.

A change of 0.0l in z results in a change of 0.085 in F,

whereas a change of 0.0l in m only gives a corresponding change of 0.015.
Now as the Factor of Safety is found to + 0.005,(i.e. a possible

range of 0.0ﬂ it follows that the z parameter can vary by up to

0.0012 before a change in F will result. Similarly m may vary

by up to 0.0067 before a change in F occurs. It follows from

this that neither need to be quoted to more than three decimal

places,

S5e3e3elte Section B-B (Figure 5.9)

5.3.3.441. Factor of Safety

This section is drawn where the old lagoon in the East tip
is closest to the toe of the slope in the area of the steepest
proposed final profile. In this case the critical failure
surfaces are shallow (13 metres maximum depth). A Factor of

Safety of 1.35 exists for the main slope, but for the short



steep sections on it, the Factor of Safety is l1l.17. Whilst this
is less than the specified value of 1.25 customarily required

by the National Coal Board for non-critical areas, the slip

plane is shallow, and it can be concluded that most of the
material affected will weather and develop cohesion, thus
improving the Factor of Safety. From Figure 5.13 it will be
observed that weathered spoil is in fact stronger than unweathered
spoil in the effective normal stress range up to 100 kN/m2
(accommodated by the potential failure under consideration), due

to its developed cohesion. VWhen a weathered crust of 3 metres
depth is assumed over the surface of the new tip, the Factor

of Safety increases to 1.47 which is acceptable. Thus the
stability of the face would only give cause for concern over

the first six months after construction.

The low Factors of Safety on this face can also be increased
at the construction time by smoothing out the steps in the profile,
or by emplacing stronger material only in this section (e.ge.
run-of-mine dirt). By employing the profile shown by the dotted
line in Figure 5.9, the Factor of Safety increases to 1l.44 and
the volume of spoil marginally increases. It is understood
(Mr. A.R. Bacon, persanal communication) that this last named
option is to be employed.

Under effective stress conditions, with full dissipation of
pore water pressures, the presence of the lagoon is not
detrimental to the stability. This is because, under these
conditions, the lagoon sediments are stronger than the tip
materials (Figure 5.13). The Factor of Safety for a slip
surface passing through the lagoon is in fact 2.83. Even when

the lagoon 1is assumed to liquefy completely and possesszero
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strength, the Factor of Safety is still 1.56. It is too deeply
buried within the coarse discard of the spoil heap to have any
serious effect upon overall stability. The same argument applies
to the weathered crust of the old tip.

5¢3e3.4.2. Comparison of different evaluations of shear

strength parameters

This being the most critical cross-section, the linear Mohr
envelope and the ¢'e fit were also used in the analysis in order
to test their effects (Figure 5.16). Using the linear envelope,
the Factor of 3afety is increased to 1.42 and the shallow slip
surface which had a Factor of Jafety of 1.17 using a curved
envelope now has a Factor of Safety of 1.56, This increase is
due to the effect of cohesion which greatly enhances the apparent
stability of a shallow slip surface (N.B. the effect of weathering,
mentioned above). It is in these circumstances that a linear
envelope may seriously overestimate the value of the Factor
of Jafetye.

The ¢"e approach (McKechnie, Thomson and Rodin, 1972) was
described in Chapter 3.l. It was not developed for stability
criteria, and as will be seen it is not very realistic when
employed for such a purpose. The ﬁ"e value of new Gedling
spoil is 27.20. Using this, the Factor of Safety for Section B-B
is only 1.02. This is a severe underestimate and is a result
of the shear strenglth defined by the ¢'e line, being much
lower than the actual shear strength for all shallow slip
planes (Figure 5.16). As Gedling spoil has a markedly curved
egvelope, the disparity is great in this case.

5¢3%e¢3+5., Section C-C (Figure 5.10)

During construction an area of very high pore pressure

has developed in the south eastern corner of the East Tip.
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Pore pressures of over 30 metres of water (i.e. higher than
the height of the tip at the present time) have been measured
under the crest of the tip (see Figure 5.10). These pore
pressures have gradually dissipated over the past two years,
because construction has been stopped in this area., It was
decided to carry out a stability analysis of the steepest section
affected, to ascertain whether stability had, in fact, been
jeopardized.

As can bes seen in Figure 5.10, the area of very high
pore pressures is deeply buried, being 20 metres below the
crest of the tip. No excess pore pressures are developed in
the large toe area. This geometry is found to be stable, the
lowest Factor of Safety being 2.03. The analysis suggests that
high pore pressures in tips are not a cause for concern provided

that they are only generated at depth beneath the crestal section

of the tip. High pore pressures near the toe would be considerably

more dangerous.

5.3.3.6. Section D-D (Figure 5.11)

This section is drawn across the West Tip, where the old
lagoon is closest to the toe. This lagoon was formed some time
before 1941 by damming a valley between the heaps in this area.
The dam was gradually raised when necessary by tipping over its
upstream face, which produces a "fir tree' profile (Figure 5.17).
The downstream extent of the lagoon materials was not determined
during Messrs Yimpeys investigation, and the extent has been
estimated by projecting a line from the two known points on
the downstream face of the lagoon.

Examination of the cross section (Figure 5.11) shows that

the lagoon boundary furthest from the toe is steep. MNow, the
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lagoon deposits will be very compressible, while the coarse
discard will not. In that part of the tip which lies above
84 metres A.0.D., i.e. above the level of the lagoon, there
will be relative movement between that part which is founded
on lagoon sediments and that which is not. This movement will
take place above the lagoon boundary, and will thus be concentrated
into a small area.
It is possible to calculate the settlement of compressible

deposits using the relation:-

H (eo - el)
dH = s eo) (Terzaghi and Peck, 1967)
where H = thickness of deposit

e°= initial voids ratio

e .= voids ratio at full pressure

Therc are, however, no consolidation data for this lagoon.
Data obtained for new lagoons on the VWest tip during the course
of this researth had to be employed instead. Taking the worst
conditions, the outlet sample materials pressure-voids ratio
relationship was used (Figure 4.18). The thickness of spoil
over the lagoon will reach 30.8m and the depth of slurry/tailings
at this point is 17.5m. With a density of 2 Mg/m3 for the spoil,
a pressure of 600 kN/m2 will be exerted on the lagoon materials.
With an initial voids ratio of 1.19 (Table 4.11) and a value
of 0.65 at 600 kN/m2 (Figure 4.18), the settlement would be
4.3 metres. Gedling spoil drops to a residual shear strength
after a displacement of two metres (Figure 2.14). It is quite
possible that a zone of coarse discard in the vicinity of the
lagoon banks may be subject to shear displacements such that

it falls to a residual strength (see Figure 5.11).



Similar displacements must affect the lagoon deposits.
There is, however, no information on either the residual
strength, or the shear displacement required to attain it, for
Gedling Tailings. The bulk sample of Cadeby tailings (Chapter
4,2,1.) showed no fall-off in strength with displacement, and
present day Gedling tailings do resemble Cadeby chemically
(Table 4.3). They may therefore exhibit a similar behaviour.

Potential failure surfaces drawn through the area of
residual strength show no signs of instability, the Factors of
Safety being greater than 2.0 (surfaces (2) and (3), Figure 5.11).
Thus,whether or not there is a small area of low strength in
the lagoon at the bank furthest from the toe is immaterial.

Before leaving the subject of potential failure areas in
the spoil it is pertinent to consider the possibility of bhearing
capacity failures during the construction of the tip over the
lagoon,.

The problem of the bearing capacity of clays when overlain
by embankments has been analysed by Raymond (1967), and his
solution has been utilized here. A major problem in calculating
the bearing capacity of the lagoon in the West tip is the lack
of undrained shear strength data. Vane test results from the
outlet of the old East tip lagoon have had to be employed
instead. A desiccated crust of 1lm thickness has also been
assumed, this being the thickness of crust in the old East Tip
lagoon (Figure 4.41).

According to Raymond (1967), the minimum Factor of Safety,

I."I"’c

DeD

F, against localized failure* of an embankment. is m
q
* With soils in which undrained shear strength increases with
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depth, such as lagoons, the Factor of Safety against general failure

is larger than that against localized failure.



where: -
Cm = minimum undrained shear strength
q, = equivalent value of intensity of loading

In the present case, C_ is equal to 3 ki‘l/m2 (Figure 4.41). For
a value of F of 2, 4 is therefore 8.25 kN/mZ. This basic value
should be modified slightly to allow for the spread of the load
through the desiccated crust. As this crust is thin, however,
this modification (which would increase the value of qe) has
been ignored.

The value 9, is related to the embankment by the relation:

4e2 + bb, e + b2 3 X n

q:
& 32 L 3b. e + b° k

where
b = width of side slope of embanknent
¢ = distance of shoulder from backscarp of failure
¥ = bulk density of embankment material
h = height of embankment.
The most likely failure is when e = O (Raymond 1967).
Therefore,

qez'z.h,h

Now, the bulk density of compacted Gedling spoil is approximately

2 Mg/m3. Therefore,

(@]
L]

N
\J1

hx2x3

TESE2 -

d

e'e h = 0.,56m

With a Factor of JSafety of unity, this value would be doubled,
to approximately 1lm. However, the possibility still arises
that bearing capacity failures, at least of limited extent,
occurred during the overtipping of the lagoon. ‘/hether they

would seriously weaken the coarse discard, is however, doubtful.
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The failure surfaces due to bearing capacity failures will be
virtually vertical in the coarse discard, and hence nearly
perpendicular to any failure surface involving the main tip.
Turthermore, at the low pressures (0-100 kN/mZ) operative in
the spoil at the time of a bearing capacity failure, shear
strength reduction is reduced (Chapter 3.3.l.). The possible
existance of a zone of bearing capacity type failures above the
lagoon has therefore been ignored in the analyses.

Turning to the stability of the final profile, it has
already been mentioned that failure surfaces through the end
of the lagoon remote from the toe have Factors of Safety greater
than 2, 1In fact, under effective stress conditions, with full
dissipation of pore pressures, the most critical surface passes
through the zone of weathered spoil in the old tip. It has a
Factor of Safety of 1.45, which is acceptable.

Since the lagoon sediments are fine-grained, full

dissipation of pore pressures may not be achieved until some

time after construction has been completed. In order to evaluate

the necessity for calculating probable pore pressures, the
Factor of Safety assuming zero strength for the lagoon deposits
was calculated. This was 0.43, indicating that an attempt had
to be made to evaluate pore pressures in the lagoon.

Pore pressures are usually calculated by using Skempton's
A and B pore pressure parameter relationship, customarily
calculated from consolidated-undrained triaxial tests with pore
pressure measurement. As this t 'pe of test has not been
performed on the Gedling lagoon deposits, another approach
had to be used,

It is possible to calculate pore pressure distributions

515.



from the coefficient of consolidation. The method, which is
outlined in Lambe and Whitman, (1969) considers the pore

pressure in a consolidating layer, viz:

o0
_ 4 1 sin (2 N + 1) m 2
Ye "% n=o (2 N + 1) 2H

} e—(21~1+1)2n2 o/

P ¢-))

c t
v

H

where T =

H = thickness of consolidating layer per drainage surface
z = depth within the consolidating layer at which the
pore pressure is required
t = time since start of consolidation
u_ = pore pressure after time t

initial pore pressure

[+
1}

N is an interger of the series 0414243ccccess
The initial pore pressure is taken as being equal to the
initial load. This will be the case when the material is

fully saturated*.

The expression above is derived from Terzaghi's . consolidation

equation giz:
u

Ju 80-'
C . 2 = £ - _v .-000000(26)
v g ZZ 3t it
where CT; = total stress,
dor
If total stress is assumed constant with time, i.e. ——§¥ =0

c t
and if the substitution T = —%r and Z = % are made, this

equation becomes

§%u,  bu
= e e & o8 8 a8 2
6Z2 6|r ( 7)
* When the material is not fully saturated, the pore pressure

developed will be less than the initial load.
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If uniaxial drainage is assumed, the following conditions

apply:
Initial condition at t = O
u =u foro K €2
e o

Boundary condition at all t
u, = O for 2 = 0 and 2 = 2
The solution of the differential equation has been assessed

(e.g. Taylor, 1948) and is:
o0

X o ( X 7 (2N+1) ( & (2n+1))%
Yo SN =0 T(an+1) PP 2 * e ' 2 *

cecessas(28)

If Z is now replaced by %, the equation, number (25)
is achieved.

Using this equation (25), it is possible to calculate the
pore pressure in a layer of clay, the load on which has been
periodically increased. The pore pressure due to a load
increment can be calculated after the time, t, which has elapsed
since it was emplaced to the time when the last load was emplaced.
The pore pressures due to all such load increments are summed,
and added to that due to the final load increment to give the
calculated pore pressure. Since the calculation depends upon
Cy and this parameter is generally underestimated in consdélidation
tests (Chapter 4.2.1.9), it follows that the pore pressure
calculated Qill be an overestimate of the actual pore pressure.

While the calculations can be performed by hand, it is
quicker to computerize them. This has been accomplished using

the short program in Appendix C. It should be noted that the
(-]

> 1 ( (2N+1) ) 2,2,
term NS0 TBND) sin > nz e " (2N+1)"® = /4

is a converging series. As N increases the individual terms

become smaller until they finally become insignificant. They

5

are ignored once they are less than 1077,



t/lhere a load is applied in stages, and excess pore-
pressures are able to dissipate with time, it will be
appreciated that the degree of pore pressure build up will
depend upon the rate at which the load is applied. A series
of estimates of pore pressure have been calculated, assuming
differing rates of loading.

The value of the Factor of Safety was then calculated
for each pore-pressure distributiog, The loading rate at
which it surpassed the permissable value could then be taken
as the safe construction rate.

In order to calculate the pore pressure distributions,
some assumptions have had to be made about the lagoon and its
properties. Firstly, the . is. assumed to be 30,4 m2/yr. This
is the average value for the outlet sample from Lagoon 12 on
the VWestern tip. This sample being one of the finest grained
lagoon samples, the c, of the old lagoon is unlikely to be lower
than this value. Secondly the lagoon materials are assumed to
have double drainage.

This asgsumes that the old spoil on top of the lagoon and
the rock upon which the lagoon stands are free draining. The
old spoil was not heavily compacted, and the foundation rocks
are the Vaterstones, so that this assumption is probably valid.

The pore pressure distributions are calculated at five
locations which are marked on Figure 5.11.

Two different 1lift heights were employed, 5 and 2.5 metres.
5 metres is the tuickest 1lift allowed by the National Coal Board,
The pore pressure distributions which yield a critical Factor of
Safety near to the minimum acceptable value of 1l.25 are given in

Table 5.3,
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It can be seen that, withISm lifts, even with a four year
period between lifts, the Factor of Safety is still only 1l.24,
i.e. just below the acceptable level. ith 2.5m lifts, the
Factor of Safety reaches an acceptable value of 1.29 with only
4.5 months between lifts. The faster construction rate which
is possible with the thinner lifts is due to the lower initial
pore pressure produced by the latter (10.06 metres of water for
5m lifts, 5.03 metres of water for 2.5m lifts). The critical

failure surface, which is the same for all the critical pore

pressure distributions, is shown by a dashed line on Figure 5.1ll.

It can be scen that is passes lLhrough the part of the lagoon
beneath the downstream bank, Hence, it is in this area that
pore prescures must be controlled. It is obviously desirable
for a line of peizometers to be installed in the lagoon
sediments, although if only 2.5 metre lifts are employed, no
serious trouble should arise provided that lifts are emplaced
at intervals greater than 4.5 months.

5¢3<3¢7. BSection E-E (Figure 5.12)

This section is drawn in the area of steepest profile
where an arm of the old lagoon occurs (Figure 5.7). Using
similar arguments to those in the previous section the maximum
differential settlement was calculated. In this case it was
2.2 metres, again sufficient to reduce the shear strength of
Gedling spoil to its residual shear strength.

As in Section D-D, the potential residual area does not
produce any apparent instability, Factors of Safety for slip
surfaces passing through it being greater than 2.2. The
minimum Factor of Safety, 1.63, is again on a surface passing
through the weathered zone of the old tip.

If the lagoon were assumed to liquefy due to seismicity
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TABLE 5.3
CALCULATED PORE PRESSURES AT 5 LOCATIONS IN WEST TIP LAGOON

FOR DIFFERENT LOADING RATES

Pore Pressure in metres of water Cfi%ical
. . Factor
Lo?atlon D* Loading of
(Fige5.11) Rate Safety
0e333| 0,667 | 1.0 | 1l.333 | 1.667
A 10.07 [10.08 | 10.09|10.08 |10.07 One 5m
B 12.54% |14.36 | 15.02|14.36 |12.54 | 1ift
per 1.17
c 12.62 |14.50 | 15.18|14.50 |12.62
year
D 12.%36 |[14.05 | 14.67|14.05 |12.36
E 11.96 |13.34% | 13.85{13.34% |11.96
F=—_-= #=_———=F
A 10.06 |10.06 | 10.06{10.06 |10.06 One 5m
B 10.3%8 |10.63 | 10.71|10.63 |10.38 1ift
C 10.34 |10.55 | 10.63|10.55 |10.34 per 1.24
D 10.26 |10.,40 | 10.46]10.,40 [10.26 b yrs
E 10.19 {10.28 | 10.32{10.28 |10.19
A 6.71 | 7.94 8.38] 7.94 6.71 One
B 13.96 |19.64 |21.44(19.64 [13.96 2.5m
C 14.68 [20.98 | 23.02|20.98 |14.68 1lift 1.24
D 15.63 |22.78 | 25.19(22.78 [15.63 per 3
E 15.12 [22.04 |24, 41]22.04 |15.12 mths
A 5488 | 6.50 6.72| 6.50 5.88 One
B 12.03 [16.83 | 18.47(16.83 |12.03 2.5m
C 12.37 |17.47 |19.23|17.47 |12.37 1ift
D 12,55 |17.85 |10.72|17.85 [12.55 Ee; 1.29
E 11.91 |16.80 |18.54)16.80 |11.91 | ™tbs
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TABLE 5.3 (Continued)

. Pore Pressure in metres of water . Critical
Location Loading
Factor
(Fig.5.11) D* Rate of
Safety
A 5.49 | 5.82 | 5.95 | 5.82 | 5.49 One
B 10.58 | 14,67 |[16.08 | 14.67 [10.58 2.5m
c 10.79 | 14,90 [16.37 | 1%.90 {10.79 1ift 1.33
per 6
D 10.62 | 14,64 [16.09 |14.64 [10.62
mths
E 10.01 | 13,61 |14.,91 | 13,61 [10.01
. D = Depth in consolidating layer from its top surface

Thickness of the consolidating layer per drainage surface
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or sudden loading (e.g. conventional rotational failure) its
shear strength could be assumed to be negligible. Even under
these circumstances the Factor of 3afety does not drop below
1l.41 (on surface (3) Figure 5.12). This being so, no attempt
was made to assess pore water pressures in the lagoon, as was
appropriate in the case of Section D-D,

5.4. Gale Common pulverized fuel ash lagoon,

A shale embankment on weak foundations.

5.4.1, Introduction

The lagoons at Gale Common, near Knottingley, Yorkshire
(Grid Ref. SE 535217) provide for the disposal of some 1 million
tonnes of pulverized fuel ash (P.F.A.) per annum from the
Eggborough and Ferrybridge coal fired power stations. The
disposal site lies approximately between the two power stations
so that the P.F.A. is pumped by pipeline as a slurry over
distances of about 7.2km (Ferrybridge) and 4.8km (Eggborough)
(Figure 5.18).

The scheme, which was started in 1964, has reached the
stage shown in Figure 5.19. It consists of the two main lagoons
A and B of 21.3 hectares combined areal extent, and the two
emergency lagoons, C and D, of 20 hectares areal extent. There
are two experimental lagoons (E and F) on the north east side of
lagoon D. Ultimately the lagoons and containing embankments
will form a landscaped hill over 47m in height, and further
lagoons are planned to the south of the site.

Pumped P.F.A. slurry is either processed in the vacuum
filtration plant at the site to produce conditioned P.T.A.
for embankment construction purposes, or if the solids
concentration is too low, it is pumped directly into the main

lagoons A or B. The principal embankments are of composite
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construction with colliery shale from Kellingley Colliery
(some 2 km to the V) mainly in the upstream section and
cohditioned P.F.A. forming the downstream section as illustrated
in Figure 5.20. The southern embankment to date is entirely
of colliery shale,
The compacted embankments are being constructed according
to conventional engineering principles, and in order to control
Eeepages througﬁ the structuré & chimney drain is incorporated
behind the upstream shoulder, and this is linked to a system of
finger drains which terminate in a rock toe surrounding the main
lagoons (see Figures 5.19 and 5.20).
After the inception.of the Séheme, it became apparent that
the quantitiés‘of conditioned and untreated P.F.A. were such
that it would be necessary to investigate the possibility of
increasing lagoon capaqity,'w{thout increasing the amounts of
construction materials ipvol&ed.' A complete review of the design
was therefqre'iﬂstigatedﬁ‘in§lﬁding-additional site investigation
and laboratory testin$f to'increage £he understanding of the
geology and eﬁgineefihg péqperties of the complex foundation
sediments which have an'important bearing on the stability of
the embankments and upon settlement behaviour. 1In addition,
sampling and'laboratory-te;ting of the construction materiéls
were put in hana during the:l9?4 field investigation in order
to optimise design parameters (See‘Taylor, Barton, Mitchelland Cobb,
1976). A further potentially complicating factor that has had to be
considered is-underground -coal-mining. The 1l.5m thick Beeston seam
is being worked at about 700m beneath the site from Kellingley
Colliery. Insofar as the main lagoons A and B are concerned, a
panel (Beestons 72's) was anticipated to produce a maximum subsidence

of 240mm'(National Coal Board, 1975, Walton, 1974). The panel
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shown in Figure 5.19 was temporarily discontinued early in 1973,
however, because of faulting difficulties and hence a greatly
reduced maximum subsidence could be anticipated (circa.25mm).
In fact, the average subsidence recorded in the vicinity of
the main lagoons over the 17 months following the temporary
discontinuation of the panel is only 7.6mm. Three markers situated
on the line of the outfall culvert however, (Figure 5.19, Lagoon A)
have shown downward movements of up to 54 mm. Part of this subsidence
can undoubtedly be attributed to settlement of the compacted fill
and foundation sediments. The present subsidence is consequently
of smaller magnitude than originally predicted, but renewed
working of the panel is expected to result in further movements.
The factors affecting the stability of the southern embankment
of Lagoon B which is built of colliery spoil will be the primary
concern of this Section.

Seltela Foundation materials

5.4.2.1. Geological setting

As the foundation materials are weak in comparison to the
construction materials (Figure 5.21), the geological setting
will bc considered in detail.

The sketch map (Figure 5.22),(%ilson, 1948) shows that Gale
Common lies well to the south of the limit of Devensian (Newer
Drift') Tills in the Vale of York. It is also outside the
Devensian maximum ice 1imit recently postulated for the region
by Gaunt (1976). It does, however, lie within the area formerly
occupied by Lake Humber in Devensian times. Much of the 25-Foot
Drift (Warp and Lacustrine clay of the older survey sheets) of
the Vale of York, which is present beneath Gale Common, was
deposited in the later, low-level phase of this lake.

The basic geology of the Gale Common site is illustrated
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in Figure 5.23 and details of the sub-divided sediments both
in terms of lithology and chronology are given in Table 5.4.
Apart from the thin . blanket bog horizon (peat) at the top of
the succession and possibly the gravel and sand bed which
immediately overlies Bunter Sandstones or Permian Upper iMarl,
the remaining horizons comprise 25-Foot drift deposits of
undoubted Devension age.

With respect to the upper sandy bed of the 25 oot Drift
(horizon 5 in Table 5.4) the drillers' logs imply that it is
not entirely remnant levee material of the post -~ Lake Humber
proto-rivers. Sandy and silty intercalations in the underlying
upper section of the Lake Humber clays tend to highlight the
fact that Gale Common was very close to the shore-line during
the low-level phase of the lake. There is also some evidence
to suggest that the lake may have emptied rather rapidly. Both
visual observations from the trial trenches referred to in
Table 5.5 and mineralogical variations suggest that entrain-
ment of coarser grained material during this latter phase might
well have been partly responsible for the upper clay being
coarser grained and disturbed over much of the site.

Significant variations in lithology, bed thickness and
the geotechnical properties of the pro-glacial lacustrine
sediments can be attributed to the close proximity of the Lake
Humber shoreline as shown in Figure 5.22.

The 25-Foot Drift succession of upper sand, clay and lower
sand which are defined on the cross sections in Figure 5.24 is
compatible with other localities such as Ingham, nr Goole
(Gaunt et al 1974), but the underlying gravels at Gale Common
cannot easily be correlated with neighbouring deposits.

Mr. G.D. Gaunt (Pers. comm) identified ventifacts on top of the



gravels when they were exposed in the aquaduct trench which
crosses the site (see Figure 5.19). This fact, together with
the ohbvious westerly derivation of the pebbles leads him to
suspect that the gravels are fluvial deposits, either of
Ipswichian interglacial age, and so equivalent to the Older
River Gravel on the I.G.3. Doncaster (88) sheets, or of
Devension age but formed prior to the initiation of Lake Humber
in Late Devension times (Gaunt, 1974). 1In the absence of
material from the 1963 boreholes it can only be concluded that
the gravels are almost certainly fluviatile in origin and that
they pre-date the Lake Humber sediments.

5.4.2.2., TField Investigation

During 1963, the initial site investigation entailed the
sinking of some 24 shell and auger boreholes, supplemented
by 28 shallower auger holes. The locations of these boreholes
with respect to the current construction area are shown in
Figure 5.19. Within the proposed confines of Lagoons A and B
a further 47 shallow probe holes were sunk after construction
commenced.

During 1974 the detailed re-examination of the site included
an in-depth study of the geology and the properties of the clay
horizon of the 25-~Foot Drift. In the first instance grab samples
were taken by machine from 5 pits (preliminary foundation pits
1P to 5P, Figure 5.19) in order to ascertain its variation in
thickness, its fundamental properties, and its relationship
with the underlying sandy horizon. Furthermore, these pits
provided an insight into ground water conditions, so that an
efficient pumping scheme could be achieved when the 5 sampling
trenches, A to E, were excavated. The trenches, up to 10.5m

long, were excavated progressively as benches in order to retrieve
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O.3m3 undisturbed pillar samples for laboratory testing.
Additionally UlOO's were pressed into the clay by the excavator
bucket to provide a more complete profile of the clay for
re-examination. Pillar samples of P.F.A. (trenches 1PFA - 3PFA,
Figure 5.19) and excavated colliery spoil samples from different
embankment locations and stockpiles provided sufficient material
for optimisation of shear strength data to be used in the design
review. In addition to the usual site control tests of fill
materials a complementary programme of in situ density tests
(sand replacement method) was put in hand. These extra density
tests were related to sampling locations, and in the case of the
colliery spoil provided a laboratory compaction level for the
triaxial and shear-~box tests. The results relating to the
colliery spoil have been discussed earlier in this work

(Chapter 2.3).

S5e4.2.3., Nature of the sediments

Correlation of the succession listed in Table 5.4 was
confirmed by some 10 cross-sections, a typical example being
section A-B (Figure 5.24a). At one location (Boreholes 9 and
50, Figure 5.19) a large slump structure or clay infilled
channel coincides with the downstream perimeter of the western
part of the southern embankment of lagoon B. The log of borehole
50 gives the clay as being soft to firm, whilst the clay,
sandwiched within the gravel of Borehole 9 is recorded as being
firm to stiff, and laminated. It may be that the structure
represents a pre-Lake Humber channel of laminated clay that was
subsequently eroded and infilled with weaker non-laminated clay
during Lake Humber sedimentation. That this structure coincides
with a faulted Permian Upper Marl/Bunter sandstone contact may,

or may not, be significant. The cross-sections indicated that
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both faulted and unfaulted sub-drift contacts of marl and
sandstone have invariably been subject to erosion.

The channel-like feature in Figure 5.24b does not occur
on any of the other cross-sections, implying a restricted size
for the structure. Assuming that the structure is a buried
channel, and that because of its probable east-west orientation
it might cut the southern embankment at another location, a
differential settlement of the order of l.1lm could be involved
using most likely m values from oedometer tests, details of
which are given in Table 5.7. If the most unfavourable values
of m_ are employed, the differential settlement would be 2.2m.
The actual rate of differential settlement would be small,
however, some 77mm per year at worst. This is because of the
slow construction rate of 3.3m in 2 years. It should be
remembered, however, that there is no evidence that this channel-
like feature actually underlies the embankment.

Average values of Standard and Cone Penetration Tests
from the initial boreholes given in Table 5.6 suggest that
the gravels underlying the 25-Foot Drift deposits have a relative
density verging on dense, whilst the overlying more sandy and
silty beds are generally very much looser. Piping in the bore-
holes could well mean that the values recorded are somewhat
pessimistic. In terms of shear strength, the earlier laboratory
tests show that the @' values of the finer-grained granular
sediments are in the range g' = 30° to 37°.

S.P.T. values together with sample descriptions show that
the bedrock is commonly weathered to depths of up to 2.25m.
Borehole 13 (see Figure 5.24b) is unusual in that N values
of only 21 to 36 occur to a depth of 7.5m below rockhead.

The bedrock strata dip south-easterly at a few degrees. They
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TABLE 5.6

GALE COMMONMN PENETRATION YESTS

333,

No Tests Average N Value General order
uncorrected of relative

density/consistency

Upper sand 16 11 medium dense

Silty clay L 11 stiff

Lower sand 18 12 medium dense

Gravel (with sand) 57 29 medium dense

Bunter Sandstone 22 13=50+ General
indications of

Permian Upper Marl 12 21-50+ weathered state

Relative density of sand N = 4-10 loose
(Terzaghi 8 Peck, 1967) =10-30 medium dense
=50-50 dense

50+very dense



TABEL 5.7

RANGE OF CONSOLIDATION PARAMETERS

(average for oy =

0 to 1255.5 kN/mz)

33k.

Clay Type Natural c m,,
Moisture |LL% PLS mﬁ/ 2N k(calculated)
Content % yr m/s
Upper 21.6-36.3 [48-57 |25-27]15-20|0.20-0.26 1.8x10'9-9.5x10-lO
generally
mottled
Upper 25,1 s | 21| s1 0.34 |4.7 x 1077
mottled
(Trench E)
l -10 -ld
Upper 26,7-27.4152-53 26 6-9 }0.15-0.45(2.2x10 -9.8x10
(laminated-
inter-
mediate)
=10 =10
Lower 31,8-36,766-77128-29| 3-4 [0.35-0.62|3.6x10 -9.0x10
laminated
Lower -10
| (Trench E) 25.1 Ll 23 12 0.25 [|7.6 x 10
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are cut by an east-west fault with a southerly throw to the
south of the present site. This fault lies slightly to the
south of the conjectured position shown for it on the published
geological sheets.

S5./t.2.tk. Description and classification of the 25Foot Drift clay

Considerable variation in the grain size composition of the
25 foot Drift clay horizon is evident from the cross-sections.
The simplified logs of the ssmple trenches (Table 5.5) provide
further evidence of this variation. Visually, the most striking
change is the upper part of the clay being mottled and possessing
more silt and sand than the lower part. |

This upper part, which is generally mottled brown/grey
also shows signs of disturbance, caused partly by rootlets.

The mottling is probably a weathering phenomenon, it extending
down into the laminated, lower, section in places (e.g. Trench D,
Table 5.5).

The clay succession can be divided into two general divisions
on colour and macro-structure and these are illustrated in
Figure 5.25. The upper, disturbed, mottled brown/grey clay is
seen in Specimen 1, while the stratified daric brown clay,
laminated by silt dustings is shown by Specimen 3.

Within the upper mottled section, however, some of the clay
retains a vestige of a laminated structure (Specimen 2, Figure 5.25)
and the consolidation parameters given in Table 5.10 are inter-
mediate between those of the more typical laminated clay and
the mottled clay. The influx of silty sediment and subsequent
sediment redistribution followed by weathering was clearly not
a uniform process.

The lower division of the clay is not uniform, either
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In the south-western part of the site it is less well stratified,
as shown by Trenches C and E (Table 5.5).

Tree roots were common in a number of the pits and trenches,
the largest seen being of 50mm diameter. Examination of the
samples showed that rootlets were abundant, penetrating both
upper and lower clay horizons. These tend to give near-vertical
drainage paths in the sediments. In addition, near-vertical
discontinuities (fissures) were by no means uncommon in the
trial trenches, suggesting that desiccation was prevalent at
some period post-Lake Humber times.

Considering the wide variation in the nature of the
argillaceous sediments it is pertinent that they fall within
the medium to high plasticity range on the Casagrande Plasticity
Chart in Figure 5.26, displaying a linear relationship parallel
to the'A' line. This is symptomatic of soils from the same
stratum (Terzaghi and Peak, 1967). In general terms the 25-Foot
Drift clay may be regarded as the same stratum, but perhaps
more importantly, the mineral components are similar in type )
Taylor et al, 1976).

5.4e2.5. Consolidation characteristics of the clay

The log pressure-voids ratio curves illustrated in Figure 5.27
vere obtained from oedometer tests on a selection of samples from
the 25-Foot Drift clay. The curves all display a convex-upwards
shape, which is symptomatic of an overconsolidated deposit.

The calculated pre-consolidation pressures cannot, however, be
easily reconciled with field evidence. For example, that
calculated for the Trench B 'leafy' clay is some 78.5 kN/ma,
implying some 5.5m of overlying sediment has been subsequently

eroded. The upper sand on the site attains a maximum thickness



of 2.9m and the consensus of geological and geomorphological
evidence in this part of Yorkshire is against there having

been any overlying sediments. Thus the overconsolidated
appearance of the curves is probably a result of desiccation,
as suggested by the fissures recorded in the trial trenches.
The vegetation which was established presumably assisted with
the desiccation.

Average values for consolidation parameters are given'
in Table 5.7. In terms of cv values, the upper part of the
upper mottled clay has considerably higher values than the
remainder of the 25-Foot Drift clay. The lowest values come
from the lower laminated clay. However, in the non-laminated
lower clay of Trench E, the values of c, are similar to those
in the lower part of the upper mottled section.

5.4.2.6. Shear strength parameters of the clay horizon

A wide range of shear strength parameters were obtained
in.l964 and one of the aims of the later investigations was to
interpret these results on a spatial and depth basis.

Anisotropy in @' is commonly quite small, even in clays
with a high degree of clay mineral orientation. A variation
of about 30 is common. In contrast, considerable anisotropy
can be encountered in studies of clay-shales (e.g. 12° for
the Oxford Clay, Parry, 1972). The overconsolidated laminated
Gale Common materials shown in Table 5.11 also have quite a
marked anisotropy, particularly when comparing the triaxial
test results with shear-box specimens in which the laminations
were aligned parallel to the plane of shear. The effect may be
influenced to a certain extent by the presence of near-vertical

rootlets in the triaxial samples. These rootlets could be more
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easily excluded from the shear-box specimens. It must be
admitted that because of differences in stress regimes during
testing, comparisons between shear-box and triaxial results
may be invalid. However, Leach (1973), using a small 60m x 60m
shear-box also found a marked anistropy in @' in an over-
consolidated Late Devensian laminated lake clay from Hebburn-
upon-Tynes For a suiteof 9 samples tested at varying angles
to the plane of shear, the shear strength parameters ranged from
c' = 14 to 31.1 kN/mZ, @ = 14,8 - 23.8 degrees, a somewhat
greater anistropy in @' than for the Gale Common laminated clays.

It is noticeable that the non-laminated lower clay from
Trench E (Table 5.8) shows little anistropy.

It is also stronger than the lower clay from other locations,
having a strength similar to the upper, mottled, clay.

Turning to the effective shear strength parameters from
the earlier investigation, these show close similarily to those
from the later investigation. Their variation is probably also
due to the anisotropy of the laminated clay layer, rather than
changes in strength with location or depth. Large-scale
distortions of laminations in lake clays do occur (see Legget,
1962, Figure 4.3) and they may therefore become orientated in
the plane of potential triaxial shear when sampled. Alternatively
the lamination reorientation may be a result of disturbance during
dynamic sampling with driven Ul00's.

5.4.3, Stability analyses

5.4.3.1., Sections analyzed

The stability analyses undertaken by the writer are primarily
concerned with the evaluation of shear strength parameters

determined during the course of the present work. Analyses



EFFECTIVE SHEAR STRENGTH PARAMETERS

TABLE 5.8

c! ¢|
2
Clay Type kN/m degrees Type of Test
(statistical fit)
Upper, Drained triaxial with
generally mottled | 6.1 25.5 back-saturation
Lower laminated 17.7-33.7| 19.6-22 Drained triaxial with
back-saturation
Lower laminated 10.0-16.1| 14.,5-15.2 | Drained shear-box,
laminations horizontal
Lower laminated 2347 19.0 Drained shear-box
. . o
laminations 90~ to
horizontal
Lower, Trench E 3l.2 25.1 Drained triaxial with
back=-saturation
Lower, Trench E 13.9 2h.8 Drained shear-box,

bedding horizontal
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for the scheme itself have been conducted by the Consulting
Engineers (Messrs. Rendal Palmer and Tritton) on behalf of the
Central Electricity Generating Board. This being the case the
present analyses concern only the southern embankment which
is intended to be constructed entirely of colliery shale from
Kellingley Colliery. Analyses relating to embankments constructed
in P.F.A. are outside the scope of this thesis.

Two sections have been analyzed, onc of the original
proposed profile, and one of a new possible profile proposed
by the Consulting Engineers (Figures 5.28 and 5.29). The field
investigation showed that the nature of the clay varies under
the site of the southern embankment. To the east, weak,
anisotropic laminated clay is present. This changes to stronger,
purple silty clay in the west., The cross-sections are therefore
located in the eastern part of the southern embankment.

5.4.3.2. Parameters used in stability analyses

The parameters employed in the stability analyses are shown
in Table 5.9. Those for the embankment are the curved Hohr
envelope parameters found in the current work. They are:-

m 1.324

z = 0.890
The average bulk density, 1.89 Mg/m3 was determined from six
sand replacement tests carried out in the southern embankment
(see Chapter 2.3.5).
The parameters for the lower laminated clay have been used
to represent the entire 25-Foot Drift clay division for simplicity.
The values are those derived from the 1973-74 site investigation,

while Messrs YWimpey's 1963 site investigation provided the

values for the sands.
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For the hydraulically placed P.F.,A. slurry in the lagoon,
an undrained shear strength was adopted. liessrs Wimpey's
1963 site investigation also included vane shear strength
profiles from P.F.A. lagoons at High Marnam. The strength
was uniform with depth, averaging 10 kN/mZ. P.F.A. being
somewhat silty, the strength is likely to be greater than this
(re- Chapter 4.,4). This being so, this value (which was the
only information for P.F.A. slurry in the area) can be safely
adopted.

5.4.3.3. Pore pressure development during construction

Because of the low rate of construction of only 3.3m in
every two years, excess pore pressures are unlikely to be a
problem.

For the foundation clays, an analysis was conducted using
the consolidation data to calculate the excess pore pressure.
The method was similar to that used for the Gedling problem

(Section 5.3¢3.6.), i.e. that outlined in Lambe and Whitman

(1969). From the trench logs (Table 5.5), the greatest thickness

of clay is some 2.2m. Applying to this a s value of 3.5 ma/yr,
i.e. that pertaining to the lower, laminated, clay (Table 5.7)
and which must be a pessimistic estimate for the clay as a
whole, as the cv's of the upper, mottled, section are higher,
the pore pressure calculated by the pore pressure program
(Appendix C) showed that the pore pressure developed by each
1ift would dissipate before the next 1lift was emplaced. The
problem therefore becomes one of predicting the pore pressure
developed after each 1lift. As each lift takes 6 months to
emplace, a figure equal to the extra load generated by the 1lift

is clearly not appropriate. The individual layers in a 1lift
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are of 0.3m thickness, placed on average one per 2.6 weeks.
Employing these figures in the program (Appendix C), a pore
pressure at the end of construction of 2.2m of walter was
obtained. A line of piezometers located under the western
embankment ,(Figure 5.19) give results,(Figure 5.30) compatible
with these calculated results. The somewhat high levels shown
by two piezometers located beneath the lagoon are believed
to be due to poor sealing.

Turning to the embankment, the pore pressures cannot be
easily computed, owing to the complex geometry of the situation.
It will be noticed from Figure 5.29, that there is no part of
the proposed final profile which is further than 15m from a
drainage surface. Using this fact, it is possible to make a
crude estimate of possible pore pressures by calculating the
pore pressure at the centre of a 30m thick layer undergoing
drainage at two opposite boundaries. A consolidation test
was performed upon a compacted specimen of the passing 19 mm
fraction of KXellingley spoil. This yielded an average y
value of 860 mz/yr over the pressure range 10-600 kN/ma.

Using this value in the pore pressure program (Appendix C),

a similar result to that obtained for the foundation clays

is found, namely that pore pressures generated by one lift
dissipate before the next is emplaced. A similar assumption

to that used above for the foundation clays was employed to
calculate the pore pressure after the emplacement of one 1lift,
i.e. eleven 0.3m layers emplaced every 2.6 weeks. This resulted
in a maximum possible value for the pore pressure in the centre
of the embankment of 1.8 metres of water. It should be noted
that this dissipates very rapidly being less than 18mm of watexr

after 6 months.,
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TABLE 5.9

PARAMETERS USED IN GALE COHHON STABILITY ANALYSES

Shear strength Bulk gensity
Material parameters (Mg/m”)

m z
Kellingley Colliery
Shale. 1,32k 0.890 1.89
Laminated clay across c'(kﬂ/ma) @
laminations 33.6 21.9 1.80
Laminated clay parallel
to laminations 16.1 15.1
Sand 0 3740 2.06
Hydraulically placed
P.F.A. 10 0 1.60
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S.lte3.4. Original Section (Figure 5.28)

The stability of the original proposed section has been
considered by the writer to see what the stability situation
is in the light of the test data determined for colliery
discards., The critical failure surfaces will occur in two
positions. The first is the downstream face of the embankment
and concerns the ability of the embankment to stand on the soft
foundations, and the second concerns the ability of the
embankment to resist sliding on the weak laminated clays due to
the force produced by the P.F.A. slurry in the lagoon.

As can be secen from Figure 5.28 the Factors of Safety are
high, implying that the embankment is perfectly stable. It is
noticeable that the laminated clay, with its low shear strength
parallel to its laminations controls the position of the critical
surfaces.

5.4e3.5. New Section (Figure 5.29)

Comparison of the proposed new section with the old,
(Figure 5.20) shows that the downstream face has been flattened
slightly, resulting in a general loss in the mass of the
embankment. These alterations could be expected to(a) increase
the stability of the actual embankment (b) decrease the ability
of the embankment to resist the pressure from the lagoon. As
Figure 5.29 shows, these expectations are justified, the Factor
of Safety of the embankment increasing from 1.84% to 1.92 whilst
that of a surface such as (1) decreases from 1.75 to 1.68.
However, the embankment is still perfectly stable.

During the 1973=74 site investigation, it was noted that
the P.F.A. slurry liquefied extremely easily. This being the

case, and as mining has recently been resumed under the site
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(January 1976), with the possibility that subsidence movements
might provide sufficient ground motion to liquefy the P.T.A.
slurry, further analyses have been carried out assuming liquefied
P.F.A. in the lagoon. In this case, the Factor of Safety is
1.53, showing that the new section is capable of withstanding
the worst conditions likely to occur.

At this point it is pertinent to consider what effect a
change in the embankment material might produce. It will be
remembered from Chapter 2.3 that Kellingley spoil is extremely
coaly -~ 26 per cent organic carbon. What would happen if the
Kellingley washery werc to be improved? The shear strength of
the material would fall (Taylor, 1974b) and the bulk density
would increase, the density of coal being less than that of
shale. The reduction in shear strength would affect the down-
stream stability of the embankment, but because this section
has such a large margin of safety, it is unlikely to affect
it drastically. Using parameters giving a fall in ¢'e of 50,
a2 reduction predicted for a fall-off in organic carbon of
15 per cent (see Fi_ure 5, Taylor, 1974b) - the Factor of Safety
is still 1.8.

When the case of the embankment being pushed bodily on
its foundations by the pressure of lagoon deposits is
considered, it is clear that the increase in mass produced
by the increase in bulk density will increase the Factor of
Safety. Thus thercis no apparent cause for alarm over changes
in the nature of the material from the colliery.

5.5 Conclusions

From the stability analyses carried out in connection with

the Gedling spoil heap, it has been found that the presence of
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a weathered layer on old tips is detrimental to their stability
when they are heightened assuming that a corresponding increase
in toe area is not included in the design. This should be borne
in mind when tips constructed of easily degradable materials such
as seatearths (i.e. similar to Gedling) are to be extended
Vleak, weathered zones could also occur upon parts of the tip
during construction, where, for any reason, construction is
halted for periods of 6 months or more (Section C-C, Figurc 5.7,
for example). Vhen such occurrences arise it would be

advisable to assess the stability allowing for consideration of
the weak layer in the analysis.

The weathered crust when developed can, however, improve
the stability of the superficial zone of the final spoil heap.
This is due to the development of cohesive forces between the
clay particles liberated by physical degradation from the shale
particles.

Lagoons will only cause stability problems when they are
not free draining and are close to the toe of the spoil heap.
Drainage will depend upon the site. "Fir -tree” banked lagoons
have the worst geometry, in that slurry/tailings will occur
near to the toe of the slope. As both the analyses on Gedling
and Gale Common showed, where sufficiently large embankments
with large toe areas are present in front of the lagoon
sediments, the state of the latter will not cause the overall
stability to be critically affected. Thus, where lagoons of
unknown properties exist, the safest method of overtipoing would
be to build a large compacted toe to support the existing
embankment.

The use of ¢', @' parameters for material, the Hohr

failure envelope of which is in reality curved, can give rise



to overestimates of values of the Factor of Safety of a slope.
This is especially marked for shallow slip surfaces, where,
the normal stress being fairly small, the cohesion parameter
provides a large propouztion of the apparent shear strength.

In contrast, an alternative method of fitting straight
line parameters to curved envelopes, i.e. using the ¢'e value,
severely underestimates the Factor of Safety,

This, whilst being a safe method from the design point
of view, will give rise to wasteful wuse of available tipping
areas, slopes being flatter than they need to be. 'While the
use of a curved envelope increases the amount of computer time
needed*, and thus the cost of the analysis, the ¢'e method
will result in greater expenditure on land than is necessary.
The economics of . using a curved envelope fit will thus depend
on the cost of computer time compared to the cost of land at

the tipping site.

* A curved fit uses approximately l.3 times more computer

time than a linear fit in stability calculations.
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FIGURE 5.1
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DIVISION OF SLOPE INTO SLICES FIGURE 5.3

a) Initial section with slice boundaries at changes
in slope of failure surface
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FIGURE 5.4

RELATIONSHIP BETWEEN FACTOR OF SAFETY AND NUMBER OF
SLICES IN SLIDING MASS
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FIGURE 5.6
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FIGURE 5.7
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FIGURE 5.8

T TIP, SECTION A - A

GEDLING EAS
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FIGURE 5.9

GEDLING EAST TIP, SECTION B-B
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FIGURE 5.10

GEDLING EAST TIP, SECTION C-C
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FIGURE 5.11

GEDLING WEST TIP, SECTION D-D

STUIAN
00¢ V4 062 mmm 002 Gl o.m_‘ mwr

i

0L G 05 G2

J. " i

'y
- v

NOODVT QT0 NI QIIVINOTYD

SEINOLSYIIVA ¥® TIVYN JIINTI

T T T

+ AV STANSSTYd TYO0d HOTHM IY¥ SNOIIISOd F-V.

NOOIVT Q10 40 INJFLXE
NORIXVN QINOASSY

-

NOODYT @10 ﬂ w 29 St L =
—"Vauv vnazsey =) N x - \u\‘(
Nl
110dS Q10 > 2=
1 YERYT OREIHIVEM , \MV
TIOdS MIN \ NOOSVT Q10
0l QIIddY TUY
— STUNSSTUI-TUOd SSTOXT
G2 =& (¢) QILYINOTYD NTHM
| ez = (2) TOVLENS TYOIIIYD
et =43 ()

T SEIVJIUNS ¥VINDHID - NON

ML =4d

(&)

G2

0§

6l

00}

G2l

0S4

QL

[ 002

qze

‘a*o°yv
STILIN




358.

FIGURE 5.12

SECTION E-E
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FIGURE 5.13

COMPARISON OF SHEAR STRENGTHS OF MATERIALS AT GEDLING
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FIGURE 5.14

VARIATION OF FACTOR OF SAFTEY (F) WITH Z
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VARIATION OF FACTOR OF SAFTEY (F) WITH M
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FIGURE 5.16

COMPARISON OF SHEAR STRENGTH PARAMETERS QOF NEW GEDLING SPOIL
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GALE COMMON OPERATION
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FIGUHE 5.21

COMPARISON OF SHEAR STRENGTHS OF MATERIALS AT GALE COMMON
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FIGURE 5.22

GEOLOGICAL SKETCH MAP OF LAKE HUMBER

( FIGURE 3a, TAYLOR et al, 1976 )
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FIGURE 5.23

GENERAL GEOLOGY OF GALE COMMON AREA

( FIGURE 3b, TAYLOR et al, 1976 )
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FIGURE 5.24

GALE COMMON DRIFT AND BEDROCK PROFILE '

( FIGURE 4, TAYLOR et al, 1976 )
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FIGURE 5.27

GALE COMMON, EFFECTIVE PRESSURE - VOIDS RATIO

( FIGURE 8, TAYLOR et al, 1976 )
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FIGURE 5.28

GALE COMMON, SOUTH EMBANKMENT TO LAGOON B, ORIGINAL SECTION
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FIGURE 5.29

GALE COMMON, SOQUTH EMBANKMENT TO LAGOON B, PROPOSED NEW SECTION
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FIGURE 5.30

GALE COMMON PEIZOMETRIC LEVELS, AUGUST, 1975

(_FIGURE 8, TAYLOR et al, 1976 )
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CHAPTER 6

GENERAL SUMMARY AND CONCLUSIONS

The conclusions reached during the course of this work
will now be reviewed with special emphasis on their effects

on slope stability.

372.

The presence of a positive cohesion parameter has considerable

influence upon the Factor of Safety of a slope. The fact that
colliery spoils show a statistically significant* overall value
of cohesion,needs, therefore, to be carefully considered. The
cohesion value has two possible explanations; either colliery
spoils actually possess cohesion, or they have curved failure
envelopes., It is not possible, statistically, to reject either
of these hypotheses, there being no test which is applicable

for the present case in which the amount of curvature is small.
It is, however, possible to show that specially prepared samples
of colliery spoil show statistically significant cohesion values.
As these samples were of coarse sand size, and loosely placed
(e.g. Table 3,%3) it is very unlikely that they did actually
possess céhesion. Hence colliery spoil materials can show
curved failure envelopes .and it is reasonable to suppose that
cohesion values of most other colliery spoils are, in fact,

a reflection of curved failure envelopes.

When considered spoil by spoil, it became apparent that
curvature is associated mainly with spoils of rank 400 to 901.
Spoils with higher ranks are without significant cohesion,
and the failure envelope can be taken as linear, at least in
the pressure range O to 1,000 kN/m2 which would be expected in

a spoil heap.

* 99.0 per cent probability that ¢'>0 (see Table 3.1).
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The curved failure envelope of spoils is approximated

reasonably well by an expression of the form:

T= n(")®
where m and z are constants. Average values for English
and VWelsh spoils are given in Table 6.1, and illustrated
in Figures 6.1 and 6.2.

The slope stability equations can be easily modified
to accept this curved failure envelope (Chapter 5.1.3). Analysis
of the East Tip at Gedling Colliery shows that, for shallow
failure surfaces a linear ct, ¢J envelope overestimates the Factor
of Safety by 0.39, (some 33 per cent) when compared to values
obtained for a curved envelope. For deeper surfaces, the linear
envelope gives values approaching closer to those derived from
curved envelopes, the error being only 5 .per cent for a toe
failure surface.

As curved envelopes require more computing time than do
straight ones, an analysis using curved envelopes will be more
expensive. It is thus not sensible to use them when not
necessary, i.e. where the potential failure surface is deep
seated. An exampleof this is the analysis of the South Embank-
ment at Gale Common, where the critical surface is controlled
by the underlying weak laminated clay. Use of a curved envelope
for the embankment material as in the analysis performed in the
current work would not be justified economically. In contrast,
the analysis of Gedling East tip using a curved envelope revealed
shallow slip surfaces with Factors of 3Safety below the requisite
value of 1l.25 which were undetectable when linear c[,ﬂ' parameters
were used.

Whilst cohesion may not be a real parameter for coarse
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discard in general, there is reason to believe that the undisturbed
surficial skin of a seatearth-rich tip such as Gedling can develop
cohesion. The spoil is subject to intense physical disintegration,

although remaining mineralogically unaltered, which results in its

angle of shearing resistance being considerably reduced. Vhen
considered in terms of a linear envelope, the vaiue of @' of the
weathered crust of Gedling tip is some 6.5 degregs less than
that of the body of the tip. Yhile, due to its cohesion, this
weathered material when at the surface, may be stronger than
the unweathered material, when buried to any depth by later
spoil, it will form a zone of weakness in the tip. Such a
buried weathered zone in Gedling East tip lowers the TFactor

of Safety by 0.11, a reduction of some 7 per cent (Table 5.1).
Against this argument, the point must be made that the Factor
of Safety against shallow failures can be increased by the
presence of a weathered crust., For Section B-B in Gedling
East tip (Table 5.1), a weathered crust increases the value
of F by 0.3, a 26 per cent rise.

Spoils witheut high seatearth contents do not break down
so readily upon exposure. When compacted; the; are resistant
for a period of at least 6 years, only minimal mineralogical
weathering (limonite staining) occuq&ng in this time. When
unsaturated and uncompacted, however, it shows considerable
alteration, both physically and mineralogically, over an 8 year
period. This behaviour was noted with Kellingley spoil, of
rank 502 and 702. Similar behaviour was noted by Kennard et al
{1967) for Namurian shale fill at Balderhead and Burnhope over

a 30 year period. This fill came from strata in the northern

Pennines which are associated with high rank coals (100 to 200;
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Jones and Cooper, 1970). Hence, this behaviour would appear
to be fairly general for 'shale' spoils. It is apparent,
therefore, that for modern, compacted low seatearth content
tips there will bemno stability problem caused by weathered
layers.

This difference in behaviour between high and low seatearth
content tips can be attributed to the nature of seatearths. They
tend to contain numerous slickensided discontinuities which make
them prone to physical disintegration. In comparative tests
upon South Wales Coalfield shale types, seatearths weathered
much more rapidly than did other shale types (Lawrence, 1972).
Their behaviour on tips is thus not unexpected.

tthether or not fine discard in a lagoon will cause a
stability problem will depend upon the geometry of the lagoon
bank. Banks of large cross section and downstream construction,
such as Gedling East tip and Gale Common are stable even if the
lagoon behind them liquefies . Vith upstream construction
methods and the resulting small embankment cross section,
stability upon overtipping becomes dependent on the behaviour
of the lagoon sediments (e.5. Gedling YWest tip lagoon,

Chapter 5.3.3.6.). 35lowly consolidating sediments will impose

a maximum safe rate of construction due to the slow dissipation

of the excess nore water pressures that are induced by loading.
The rate of consolidation varies markedly across a lagoon.

Near the inlet it is high, with values of c, of 200 to l,OOOmZ/yr.

These drop to between 2 to 10 ma/yr as the outlet is approached.

This variation is due to the change in grain size from coarse

to fine across the lagoon. In terms of stability, it is desirable

that the free draining coarser material which is associated with

the inlet should be allowed to settle adjacent to the weakest

376.



part of the containing embankment. This assumes, of course,
that the embankment is itself free draining. That this may

not be the case is illustrated by Cadeby Lagoon 9 where the
embankment in the outlet half of the lagoon had a permeability
of only 10-12 m/s, soine six orders of magnitude less than the
permeability of the lagoon sediments adjacent to the embankment.
Proper filter protection of the embankment in the outlet area
is probably required, as the low embankment permeability is

most likely caused by fine material from the lagoon being
carried into the embankment.

Yhile considering this matter, it is worth pointing out
that a permeable floor to a lagoon will also be an effective
drain. In spiteof their laminated structure, lagoon sediments
show little, if any, anisotropy. This is probably due to small
and large scale disturbances of the laminae which appears to be
common. Anisotropy only shows itiself, in fact, in the visually
homogenous outlet material, where, at Gedling Lagoon 12 the
horizontal permeability is some 25 per cent greater than the
vertical permeability. This is not a very large difference,
and is dwarfed by the 4,700 per cent increase in permeability
occurring on passing from outlet to inlet. In terms of
proportional lengths of drainage paths, even for a small lagoon
the width (and hence the horizontal drainage path) is some five
times as large as the depth (the vertical drainage path). For
a typical lagoon, the ratio is nearer 12:1, and for some shallow
lagoons can reach 20:1. These values are far greater than the
ratio of horizontal to vertical permeability of the deposits,
so the permeability of the lagoons floor is obviously an

important factor in the drainage of the sediments.
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Vhile considering the permeability and coefficient of
consolidation of lagoon sediments, it is worth noting that the
type of flocculant employed does not have any economically
consistent effect upon these parameters.

If current areas of high pore pressure can be located
in a lagoon this can prove useful both in overtipping stability
calculations and in excavation of the lagoon. Vane tests, where
combined with measurements of plasticity index and bulk density,
can be used to give some information on this subject. Provided
that the lagoon deposits are normally consolidated, the shear
strength measured by the vane should lie between two predictable

values. The highest it should beis given by the relation:

= tan @'

wllm

where s = shear strength

P effective pressure.

If this value is exceeded, then overconsolidation, which
will normally have been caused by desiccation, may be suspected.
The lowest value should be that predicted by Skempton's (1957)

relation for clays, namely:

c
— = 0.11 + 0.0037 PI
p
where ¢ = shear strength
p = effective pressure
PI = plasticity index

A lower value than this is indicative of underconsolidation,
and consequently points to an area of high pore water pressures.
Vhile there is considerable variation in the rate of

consolidation across a lagoon, the total amount of consolidztion,
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as shown by the coefficient of volume compressibility (mv),

stays relatively uniform. This indicates that the raised beach
at the inlet end of a lagoon (Figure 4%.1) is a primary
depositional feature, and not a result of differential settlement.

Yhen overtipping is resorted to, differential settlement
will occur between the part of the new tip founded on the lagoon
sediments and the part of the tip founded on coarse spoil.
Differential settlements of over 4 metres can be associated with
overtipping by 30 metres of spoil. This amount of displacement
is sufficient to reduce the shear strength of some spoils
(e.g. Gedling or Birch Coppice) to a residual value. Analysis
shows, however, that such a situation is unlikely to cause critical
stability problemis, when the potcntial weak zone is deeply
buried in the mass of the tip.

While the displacement due to differential settlement may
reduce the shear strength of spoil to a residual value, it is
unlikely that the displacements associated with bearing capacity
type failures during the initial overtipping stages will cause
a similar reduction, even though the displaccments involved may
be similar. This is duc to the accelerated rate of particle
breakdown ( and hence shorter displacement to residual) associated
with the higher wnressures found in the body of a tip. Apart from
this, factors affecting residual shear strength are not well
known. There are two areas which might repay further research:
the controls on the ultimate residual shear strength and the
shape of the residual shear strength envelope. A ring shear
apparatus would be necessary for the latter investigation.

With the reversing shear-box, the loss of sample makes it

impossible to determine residual shear strength at constant



380,

normal stresses below 300 - 400 kN/mZ. The ring shear-box
does not suffer from sample loss to the same degree (Bishop
et_al, 1971) and should thus be able to reach the true
residual shear strength, even if large displacements are

required.
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APPENDIX A

SLOPE STABILITY PROGRAM

A.,1 Program use

The slope to be analysed should be drawn up on graph paper
and orientated such that the toe points towards the left (Figure A.l).
A system of rectangular Cartesian coordinates are then drawn, with
the x-axis horizontal, and the y-axis vertical. Coordinates should
increase from left to right, and from bottom to top (Figure A.l).
The program requires all data to be in S.I. units (i.e.
dimensions in metres, densities in Mg/ms, shear strength parameters
in kI‘-I/m2 and degrees).
The data is in free format (i.e. only the order is important)
and the following is required (e.g. Table A.l):-
1) A title, which can be up to sixty characters, and must be
enclosed in single parentheses.
2) The number of layers in the slope.
The data describing the layers follows. All coordinates
are referred to the grid system drawn up).
3) The number of coordinate pairs describing the layer.
L) Layer description, again up to sixty characters enclosed
in single parentheses. The first four characters are used
to indicate special conditions in the layer, and the fifth
should always remain blank., If the first four are left
blank then the layer will be assumed to have a non-curved
isotropic envelope. It will also be assumed that excess
pore water pressures do not obtain. Where one or nore of
these assumptions is invalid, it is indicated in the following
way:-
a) PP as the first two characters indicates excess pore

water pressures.
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5)

6)

7)

8)

9)

b) A as the third character indicates an anisotropic
Mohr failure envelope.

c) C as the fourth character indicates a curved HMohr
failure envelope.

a) The coordinate pairs(x,y) of the top surface of the
layer are given in increasing values of x (if a value
of x is smaller than its predecessor an error message
is printed and execution stopped). The first and last
values of x should be the same for all the layers,
except where a layer "pinches out". In this case the
point of divergence or convergence with the layer below
is swnecified.

b) If PP is specified, then the pore pressure at the
x-coordinates of the layer should be given in metres
of water in excess of hydrostatic.

The strengtn parameters are then described. For materials

with curved Mohr envelopes, enter the parameters m and z,

from the expression 1’=ln (o")z. ¥Yor materials with linear

lMohr envelopes, enter c' and @', from the expression

T=c' + o' tan g'.

For anisotropic materials, two pairs of paramelers are

entered, those for the horizontal direction being designated

first.

The bulk density is specified,

(Steps 3-7 should be repeated until all the layers are

described).

The number of coordinate pairs describing the phreatic

surface is then given.

The coordinate pairs of the phreatic surface are specified

394

in a similar manncr to those of the layer surfaces. A similar



395.

response will be obtained in case of error.
10) ‘ihen a slope is partly submerged in water, this is
indicated by 'YL' followed by the height of the water
surface, If this is omitted a height of zero is assumed.
(The avove procedure completes the description of the
slope, and the potential failure surfaces may now be entered).
11) Tor a Janbu analysis of a non-circular surface the following
are required:-
a) The number of coordinate pairs describing the failure
surface
b) The letter J in single parentheses
c) The coordinate pairs(x,y) of the failure surface in
increasing values of x are then entered. If a tension
craclk is present behind the crest, then the penultimate
point should be vertically beneath the ultimate point,
and in the position which defines the bottom of the
crack, For the best results, there should be at least
fifteen points describing the failure surface.
12) For a single circular arc failure surface the following are
required: -
a) The number of points into which the arc should be
divided (preferably morethan fifteen).
b) One of the following (in single parentheses) to
prescribe the type of analysis performed:
i) B - Bishop analysis
ii) F - Fellenius analysis
iii) JBF - Janbu, Bishop and Fellenius analysis
iv) BF - Bishop and Fellenius analysis
c) Coordinates (x,y) of the centrc of the circle

d) Radius of the circle.



13) For a Bishop analysis of a grid of circle centres, the data
required are as follows:

a) As (12(a))

b) The letters BGR in sinzle parentheses

c) I'he coordinates of the botitom left hand corner of
the grid, which is 15 x 15 points

d) The proposed increment between adjacent points of the
grid square

e) The number of the layer in the slope to which the
circles will be tangential (Note: if a number larger
than the maximum number of layers is specified, then an
error message is printed and the bottom layer is
automatically substituted).

f) If (e) was zero, then the gradient and y-intercept of
any line which is to be the common tangent of all the
circles must be inserted.

(Steps 11-13% may be repeated in any order, and any
number of times). The program will terminate itself
upon encountering the end of file indicator positioned
at the end of the data file,

A.2 Program output (e.g. Table A2)

The data describing the slope are printed out in tabular
form. For non=-circular and single circular-arc failure surfaces,
the program prints the surface particulars followed by the type of
analysis. Two values of the Factor of Safety (IF') are then printed,
the first approximation and the final value. The number of
itterations required to obtain this value is also printed.

For the grid, the program prints out the search sguare,
with details of the line or layer to which its circles are

tangential. The x and y coordinates of the circle centres are

396.



397

”~

‘

N

[

€)

TABLE A2
b U O 0O 0

4

[

EXAMPLE DUTPUT FROM DATA IN TABLE Ai'“

¢

Ny*p

00°s1

Do "L

00°L1

oL*3

oytel

§5°C SNUilvam3lLil € Al [PFWLF]
26°C NIILFRIXD2ddT AST4ALZINTS 40 =273
TILATTNY LTl
«2tel 2.2
02°9y 00°t1l 01y 0G* 11 cst9 o - I
SINIOd 327auNs ATV

Ce°9 13737 NALVA ONIQNVLS
[UrRd] GIst qL°09 0y°6 oL*9 00°0
SLNiOd wal1t%m aNNOYD

[en¥] 00°s51 et e 00°¢l 00y [-1- 2 -]
SiNnlod
0"s1=lngd poneel =) C*9l=ire 0001l =)
IVIL1dEA IV LINOT | WOH
(Adudal3 INT HLIA)ATAY QILYNLWYS
vo°¢ 0G°0 Q00
$3INNS9IYs Juod
0s°9 021 2,9 CC°6 cS°9 Q00
SIN[Od
cevet =9 2°02=144 oo*¢ =)
(d5dl AU FUNSSS B okl HLIMIAZY) HODYY ZwvT
Ll RSN Highs A o0°02 05°9 00°6
SIN!Qd
uer 2 =9 00200068°0 -7 00000021 ° 124

{3dOTIANI YHCW G3INYND HLIiM) AuYE 1104S

iLJis FlyaTnld

Q)

Q



o
=)

SPADILS Y

Y Anry=

(YCT CF SAFTE

(&}
P
2

Y

ICOTRPCF oL

T1AL

»

TABLE A2

(Cont'd.)

%] J O 0 (v
v C G Q0 @ — L c—~ "~ - La I <&
o~ w ™~ < r uw o~ [N S « u o~ -~ & £
" . .« .. LY ) . . ) . .
'S MI M M A n O e
- — — -t et —
mo o a9~ BRI T w e o oS o~
o~ —~P a A C~ A o wr~  C
.. .. L ) .. .« . . - a .
LY % " ou ~ T "oan ~ oo, M o nuw Ll
- - - - — - ~
~ . r e zn AR (=35 ] o~ ~ e n .t ~ v &
<o LR R N 3 ~a ~a <7 Luw v v o r
L ] o« . LI ) .9 L ) LI ) LI . . . e -
[ ~ o ~ -t o o~ €= [N ] ~N ~3 -
— —_ - — - ~ P
[l LA oY ) c < [T —— ~ — 8 —
[ v oy e ~ < mC L e 3 e.a PR
LI LI .. .. .. . v . . . L
[T ~ T 2% ~N N o - 6 D L o
— — — - e - -~
~ L o & Rl o~ ~ o T o T <o kd
e o« N> o~ o e P~ -7 T
. .. .o L) . .. .o .
~ LN o~ o~ ™ — NV ®
— — —
=N ¥ T ~ ol ¢ —_— ~ s CR LA —
L <M L | .0 w o « D LW n a v
" e " . .. .« . e . .. e I .
.- L. [V [PEX) —, - . - —- —_
.« - - — — - — -
<~ ocoeg o~ o~ R "o iMoo,
e 0~ ow ~ e LN aN .
.. L . . .. « " e .
[ S I S - -~ —_—C A
—_ - .o — -
- ™ o~ oo~ iy -
. ~ ~ 1 ~ [ KN £
2. . « . . «
e — ity — -
— -t
o LU I e T i T S P Yed N — >
. = [T u ue ur A [EL I un us -
.. . . L DN ) . .o
-~ —~ e P LHEECR -
- -t - - — — -
L N L TN o RN e P cem N p
LT YRS AN uun tw - uy Tu EA™ g "
. e . . [ [ o .« [ .. a . .
EN A ~— 0 — Ll 4 — o] - —0 ~— (el
— - - . — — - —
o] [ X+ vy Ll ) ~ o —_O LN T e L0 m
[PORT SVR Y SR SN s us g PR PRI S T oY SO
«a DY . . ] . . . . e .. .
O e B ST I —a L I
-~ — — — - -t e
— -1 O ~ ) N il (L] -0 LY ]
[ B R R N M B e LN .
LI | LI ] LI ] LI LI * 8 LI -
e R L S BRY B
— g - ~ - —- .
£ 00D MY L0 O Mo Ao T
v nin W wn Qv P~ TN TN
(B - . « o .« « . .« LK)
-~ - - W XN - Y - N — PYRSY
— - - - - — - -
WO oy 0 Dy LR ] O (PN ) e [}
Lw W gw o CLour s ..
LI ) . e * e LI LI e 9 . .
e~ B PYNEY - N 9 SR 0
(=] - .t — (&) e [ ©
Nty LA S ] i I (& Ka] Ny ) [l o YN ) >
NE W AN QWn 0dn On o T R
LI LI LI | « 8 LI ) LI 4« g . a 4
i~ ey o oy v e ~ h 2
e oo o e — PRI (V]
< o (8] N @ - - - ¥ . o
o . . . . . . . . . .
3 -1 " ~y -a ) i r . '
[ L] ~ (] . [ . - - o
L
1
>
( 0 ) 9

7.72

@<
~

L]
~

(o]

Cletw
.

et

4o 01

19

Ve wis

-
uy

.-

&

L)

[+

.

ac 77,78

L)

21

“w

o

~

~ o~
a
v .
~ T
« -
~ o
- .
—

X=-COLRD

o
»

398.




-TABLE-A2.(Cont'd,) -

24 2

cs°2

-1

cd°¢
7c®¢G
Cs"t
le *€

[ a1

0s°e¢

L2l

cC*¢
12°%
0s®t
83 °¢

0T o
<
.
-~

o
.
-

iy,
N

Mo
Mmo

LK)
Lol

-~ O
L)
-t

0°¢

»°2
ol°e

05°o
ec* 1

o
o

SNIOva*ZA2AY

vs*e
fu*l

Wy}
[ag

)
L3°%

A2.d735

EERREIS £3 1

S1TNTw¥sl %N3iQind3x3
e ¢
5°2 nrg°?
s451 *L°CE C°»
ceg nnce
L*? =L gtF
575 £3°¢
52°% 06"l 2%
nacs 0oy
L1°C %1°8  S*e
fea mge
3°Z 18°¢ 031
s 297§
R 1
3°5 0873
$6°1 12°% iU,
0ty rete
D1 692 it

5°4  ©%°9

21 vE*Z LId
00°L G012
c*i ri°2  v°Il
cs*L Ce'L
I5°1 sn°1 03
nng Ffo°c
g7 i i8°t  §°¢X
05*8 0s°3
09°t L'l 5wl
2%6 Al%n
Y A
i*s €5ts
'l 25°T 95t
52204

A SNIT (4 ATIaNZUNYL SET1D =12
44 dOLI T ieY




koo,

printed on the bottom and left hand sides, respectively. The

values of F found are printed in the relevant positions in the
square, with the radii of the circles below them (see Table A.2).

Contours of Factor of Safety may then be drawn (Figure A.l).
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