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Abstract

Research and industrial concern has been expressed about the behaviour of mu-
drocks when used in engineering structures. In particular the loss of strength
in shale fills caused by chemical weathering processes and by progressive failure

arising from overstressing and brittleness is an important consideration in design.

A literature review into use of the term ‘brittleness’ to describe this loss of shear
strength has revealed infrequent references, but those that were found refer to a
wide scope of failures including liqufaction events and long term slope stability
problems. The use of large size shear box equipment has been reviewed as an

appropriate method of testing the brittleness of shale fills in the laboratory.

A range of materials, from fresh shale to shales retrieved from dams of different
ages in the north east of England, has been collected for shear strength testing

and for chemical and mineralogical examination to determine the condition of the

fill.

Research has concentrated on such rocks as it was possible to obtain. Although
the samples have not exhibited wide lithological and geotechnical variations the
work has highlighted several significant features including the need for resolving
appropriate methods of testing. The results of the work were generally in accor-
dance with earlier research on Carboniferous rocks by suggesting similar material
trends in, on the one hand, Namurian shale dams and associated spoil heaps and,

on the other hand, colliery spoil heaps of Westphalian shale as had been previously

observed.
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Chapter 1. INTRODUCTION

1.1 Failures in Shale Fill Structures
1.1.1 Carsington Dam.

The collapse of Carsington Dam in June 1984 generated a great deal of interest in
the mechanisms of shear failure in earth fill dams and embankments. In the final
report to the Department of the Environment in June 1986 it was concluded that
the eventual collapse was through progressive failure caused by unusual geometry
of the cross-section and by the brittleness of foundation and fill materials (Coxon,
1986). The location of Carsington Dam is shown on Figure 1.1, with the positions

of other sites mentioned in the forthcoming chapters.

Figure 1.2 shows the general geology in the area of Carsington Dam. The bedrock
comprises Upper Carboniferous mudrocks which were found to be glacially brec-
ciated, crumpled and weathered to a depth of several metres. This upper layer of
weathered mudstone plus the head (that is solifluction deposits) which together
became known as the ‘Yellow Clay’ contained many shear surfaces, some up to
several metres in length. Prior to construction, alluvial deposits along with top
and sub-soil were removed so that the dam was founded either directly on the
weathered mudstone as in the valley floor in the area of chainage 850m * | or else-
where on the Yellow Clay, for example, at chainage 725m. Local materials were

used in the construction of the dam which began in July 1982. The rolled central

The distances along the dam from the north end are measured in metres and

referred to as chainage.



core with its boot-shaped upstream extension was constructed from weathered
clay as shown in the cross sections in Figure 1.3, and the shoulders from blocky
and brecciated mudstones compacted at their optimum moisture content with the
finer grained material being used for the inner Zone I, and coarser material for

the outer parts of the shoulders that is: Zone II.

On 4 June 1984, when the dam was one metre short of its intended final height, a
crack became visible along part of the crest near chainage 725m. Horizontal survey
peg measurements indicated a horizontal rate of displacement of 25 to 30 mm per
day as a slip started on the upstream bank. Until that time piezometers and
vertical settlement gauges had shown nothing untoward, although some concern
had been expressed about a possible lack of strength in the Yellow Clay. The
first movement followed a weekend of heavy rain during which no fill had been
placed. On subsequent days observation of survey pegs indicated higher rates and
a wider extent of horizontal movement as the slip spread to the valley area. The
movement was finally arrested by 7th June following construction of an emergency

berm at the base of the upstream slope.

Early observations in the area where first movement had occurred showed the
position of the slip surface running through the core and boot, then through the
Yellow Clay and thrust over the small rock fill toe. In the flood plain area at
chainage 850m, where the Yellow Clay was absent, the slip passed through the
Zone II fill. The dam itself was left with a near vertical backscarp approximately
10m deep at the crest and large blocks of the upstream face back rotated as thrust
- graben features formed in the tension zone above the failure plane (Coxon, 1986).

Figure 1.3 shows the cross section at two points (chainage 725 and 850m), before

and after the failure.

Following a two year enquiry, an out of court settlement of £3.25M was made
although had the case gone to court it was expected that the owners, Severn Trent
Water Authority, would have claimed in the region of £50M from the designers
(New Civil Engineer, 12 May 1988). In the meantime, the completion of the dam
has been delayed by eight years (New Civil Engineer, 21 May 1992), and the total

2



cost has nearly tripled as the dam has had to be redesigned with flatter slopes

and double the volume of material (New Civil Engineer, 5 January 1989).

No loss of life resulted directly from the Carsington failure, which although pro-
gressive in origin was essentially rotational in style. As Bishop (1973) pointed
out, rotational slips may damage property and services but, unlike flowslides,
rarely cause loss of life. Problems did arise on the failed dam due to the presence
of sulphuric acid generated during pyrite oxidation. This reacted with limestone
drainage blankets to produce carbon dioxide which caused the death of men work-
ing in trial pits. The acid has also polluted run-off from the dam to such an extent
that ponds are required to neutralize run-off before it can be allowed back into

the local drainage system.
1.1.2 Aberfan

Eighteen years earlier, events at Aberfan in South Wales were to have a profound
effect on both waste tip design and on Engineering Geology as a whole. Colliery
spoil tips adjacent to the village had been formed by loose tipping of discard
from cranes or Maclane tippers, and had been subject to minor slides on previous
occasions, November 1944 and October/November 1963. On the morning of 21
October 1966, workers arrived to find a significant settlement in the crest of the
tip, which was followed a couple of hours later by observed movement at the toe.
Coarse discard from the the tip flowed down a 12.5° slope at an estimated 16 —
32kmh~1 (Taylor, 1985) engulfing the village school and several houses and killing
144 people. The flowslide travelled a distance of about 600m before coming to rest
and excavations later revealed a depth of 10m at the toe. A layer of impervious
boulder clay and head deposits effectively sealed the underlying fissured sandstone
and thus gave fise to substantial artesian pressures. A small rotational slip at the
base of the tip, thought to be an adjustment in response to heavy rain, caused
the boulder clay to rupture and allowed water to flow from the sandstone. This
water flowed into the loose tip material and was able to carry the debris in the

manner described earlier. A ruptured water main exacerbated the situation, and
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the abundance of water gave the flow the appearance of a mudflow in places.
Alleviation of the high porewater pressures caused a reduction of an estimated
18 x 10° gallons of water in the sandstone. Investigations revealed a well defined
shear plane with an angle of friction approaching its residual value. Adjacent
material, both above and below the shear plane was relatively undegraded (Bishop,

1973).

1.2 Summary and Ideas for Research

Initially, the events at Aberfan and Carsington appear to have little similarity
other than that they are both forms of downslope mass movement. Aberfan
caused loss of life although Carsington did not, and its very nature meant that
it was unlikely to. These two cases illustrate the principal differences between
flowslides and rotational slips — speed and extent of material movement. However,
the mechanism behind the two types of slide may have some similarities. These

are discussed later, in Chapter 5, with respect to brittleness.

Shear failure in water-retaining structures appears to be a relatively rare oc-
curence, especially whilst the dam is in service, but when it does happen, can
cause great inconvenience and financial cost. There are many well-documented
examples of shear failure in tips of various degrees of magnitude. Since such struc-
tures are widespread, and commonly near or upstream of populated areas, safety
is of paramount importance, with this becoming more important as the sizes of
structures and therefore their potential to do damage, increases throughout time.
Mistakes in the past have influenced present design criteria — hydraulically placed

puddle clay cores and cut-offs which are particularly prone to internal erosion are

no longer used.

Questions do arise however, about the type of material employed. ‘Problem’
shales have been discussed in the literature, particularly with respect to foundation
engineering and land stability. It is essential to identify such materials at an early

stage of design of earth fill dams.



1.3 Outline of Project

1.3.1 Reasons for Project Work

It is clear from the literature that a knowledge of the behaviour of shale fills is
essential if they are to be used in construction. In particular, the relationship
between the degree of weathering, the condition of the fill, shear strength of the
material and the original geology may be critical, especially when viewed in con-

nection with progressive failure.

Previous research at Durham had highlighted several curious aspects of mudrock

behaviour which are outlined below:

1. Large shear box testing, albeit limited, suggested that the brit-
tleness (drop in strength) of certain marine shales was both greater
and more rapidly developed than that in non-marine mudrocks. Under
identical test conditions, Fytis (1986) for example, found that Namurian
shales from the Carsington site exhibited a higher Brittleness Index *
than a fresh Kimmeridge Clay, Fresh Coal Measures Shale and weath-
ered Kimmeridge Clay, respectively. This implies that weathering may
have a significant effect on the probability of failure, and that geological

age 1s not important.

2. The terms Brittleness and Brittleness Index appear to have been
used somewhat loosely and it was felt that a review of their use in the
literature would be an aid to producing a clear, workable definition.

It would then be interesting to determine whether it would be useful

* Brittleness Index is the difference between peak and residual shear strengths

expressed as a percentage of the peak strength (Bishop, 1967)
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to measure this parameter in fill materials. An example of a situation
where quantitative estimates of brittleness are essential is in finite ele-
ment analysis where the failure of each individual soil element must be

modelled.

3. Further Large Shear Box Tests on a remoulded sample of fill
from Carsington Dam, originally dug from near the dam’s surface and
remoulded at natural moisture content yielded peak shear strength pa-
rameters of ¢, = 0, ¢, = 22° and residual parameters of ¢, = 0,
¢p = 16.5 — 17°. However, Skempton and Coats (1985) quote peak
values of ¢, = 28° in freshly compacted shale and ¢, = 25° for shale in
the dam. This drop of 3° was thought to be an indication that addi-
tional processes were acting on the outer zones of the embankment which
had the overall effect of reducing shear strength. The Durham sample
reached a residual strength after a smaller than expected displacement.
This was attributed to weathering and degradation of the sample dur-
ing placement and exposure. Considerable amounts of sulphate were
observed on the shear plane after only 48 hours exposure in the labora-
tory at 20°C, which demonstrates the rapid nature of these weathering
processes (Taylor, in Coxon 1986). These results are summarized in

Figure 1.4.

It was suggested (Taylor, 1986 personal communication) that there are two possi-
ble routes of reducing a material’s shear strength to a critical state (not necessarily
critical state in a soil mechanics sense). Firstly by physical and chemical weath-
ering, and secondly by overstressing, for example, within an embankment zone.
These processes may act singly or in unison. There are indications that marine and

non-marine mudrocks may show different patterns of behaviour in both respects.

1.3.2 Materials and Testing

Originally, it was intended to explore these physical and chemical processes in
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marine and non-marine mudrocks using a combination of fresh borrow pit material
and fill from embankments of different ages. The search for appropriate sites was
somewhat problematic. This is outlined in Chapter 3 where the sites are described

in more detail.

The work began with two ‘standard’ materials in order to study the process of
shear strength reduction during testing. Samples were collected from an embank-
ment under construction, a scale model of a dam built as part of a project in
Engineering Geology some years previously, from five earth fill dams with ages
between 25 and 118 years and two uncompacted spoil heaps. These were sub-
jected to the following tests:

Physical characteristics (particle size analysis, Atterberg limits, specific gravity,
durability)

Mineralogical and chemical composition.

Shear strength characteristics, primarily using shear boxes, but with subsidiary

triaxial and ring shear testing.

It was hoped to build up a picture which would demonstrate the condition of
the fill in older earth fill dams and to show whether degradation had caused any

significant loss in strength.

1.3.3 Structure of Thesis

Chapter 3 presents a general summary of the relevant aspects of shale petrology,
and includes a discussion on the controversy surrounding the definitions of the
terms shale and mudrock. Geological and physical testing are described in Chapter
4, with the implications of weathering. The definition, use and significance of the
Brittleness Index is examined in Chapter 5 and the shear strength results presented
in Chapter 6 along with a discussion of the problems of shear box testing. The

results are integrated and discussed as a whole in Chapter 7.
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Chapter 2. MAN MADE EARTH AND ROCK FILL STRUCTURES

2.1 General

Man made fill structures are widespread and can be divided into two categories —
those which function purely as storage tips for waste materials, and those which
are designed as engineering structures to fulfil a specific purpose. The latter may

or may not be water retaining in character. The two are briefly described below.

2.1.1 Spoil Heaps, Waste Tips and Mine Tailings

Bishop (1973) gives figures for the waste produced per annum in the U.K. These

are shown in Table 2.1 below.

Source Amount
(million tonnes)

Coal Mining Waste (10% is tailings) 60
China Clay 21.5

Slate Quarrying 1.4
P.F.A. (60% is utilised) 10
Industrial Waste (eg blast furnace slag) 11
Domestic Waste 14

120

Table 2.1 U.K. Waste production per annum
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The design of tips has been radically altered following the Aberfan disaster. Leg-
islation was introduced in the Mines and Quarries (Tips) Act 1969 which required
adequate design and inspection of such structures. British Coal, for example,
has abandoned its custom of loose tipping and the current practice is to com-
pact coarse discard into stable horizontal layers by the use of heavy earth moving
equipment (N.C.B. Technical Handbook, 1970). This has the added advantage
of reducing the risk of spontaneous combustion which can be a problem in loose

spoil with a high air voids ratio.

At the time of writing, however, reports in the national press deseribed several
tips which had recently moved or were potentially unstable. Wheal Remfrey
near St.Dennis (Sunday Times, 25 February 1990), Penrose ﬁear St.Austell and
Fraddon Down (New Civil Engineer, 1990), all belonging to English China Clay
in Cornwall slipped following periods of intense storms, while Cilfynydd in South
Wales (The Times 21 February 1990 and the Sunday Times 25 February 1990)
was being pumped in an attempt to relieve high porewater pressures. Despite this
work, local residents were worried that there could be a repetition of the Aberfan

disaster.

Bishop (1973) summarized several cases of tip instability and concluded that the
modes of failure were determined by the behaviour of in situ foundation strata
and the properties of the tipped material. In many cases small rotational slides
were responsible for triggering disasterous flowslides, the common factor in each

case being the loosely tipped material.

2.1.2 Embankments and Earth fill dams

Engineered earth fill structures perform a variety of functions, for example, road
and railway embankments, tailings dams and water- retaining dams: Other struc-
tures include dykes and levées. Construction material may derive from a variety
of sources although these are usually local and the digging of borrow pits in an

area of excavation so that cut-and-fill methods are used is common. Waste mate-
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rial such as minestone or slag may be brought in where excess fill is required, but

transport costs generally preclude derivation from distant sources.
Farth and Rock fill Dams

The earliest dams built by man were from earth or rock, and many of those still
standing are centuries old. Sowers and Sally (1962) describe examples from the
Middle East, India and Sri Lanka which are over two thousand years old. Natural
deposits can also retain water — both landslides and glacial morraines are known
to form natural dams. These may not always be stable, as illustrated in the
following example given by Sowers and Sally (op cit). A rockfall south of Nanga
Parbat temporarily dammed the River Indus forming a 275m deep lake in 1840.
This burst only 6 months later causing widespread death and destruction in the

valley below.

The advantages and disadvantages of building earth fill dams are straightforward.
The raw materials can be found locally and are easily handled by both ancient and
modern construction methods. The resulting structures are suitable for weaker
foundations, ideal for low flat valleys and the costs are generally lower than for
corresponding concrete dams. At Winscar in South Yorkshire (shown on Figure
1.1) for example, the cost of building a rock-fill dam was found to be 70% of
the cost of a gravity dam and 88% of the cost of a buttress dam to perform the
same function (Collins and Humphries, 1974). Factors which are disadvantageous
to this method of constuction may also be sources of potential danger. Local
material is not always suitable as a fill and quality control during construction is
more difficult than with a man made material. The spillway cannot be constructed
from fill and therefore a separate concrete or masonry structure must be built.

Once completed, earth fill dams tend to require greater maintenance than do

concrete types.

Fill may be placed either hydraulically, where earth in suspension is pumped to
site and allowed to settle out, or mechanically, in layers, with compaction. The

former method, although popular in the early part of this century is not now
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used following several major failures, notably that at Fort Peck dam in the USA.
The placement moisture content which is a critical factor in producing.optimum
density of a fill cannot be controlled in hydraulic fills. Rock can be-blasted in situ
then placed and compacted as required. In distinguishing rock fills from earth
fills, Sowers and Sally (1962) define rock fills as those containing boulders ‘larger

than a man can lift’.

Tailings dams are generally constructed from earth fill, but unlike other water
retaining dams are not included in the World Register of Dams produced by the
International Commission on Large Dams (ICOLD ). In 1982, ICOLD published
a separate Register of Mine and Industrial Tailings Dams but this is by no means
complete — the British entry numbers only seven, although British Coal own at
least 400 lagoons bounded by shale fill dams in which fine slurry and tailings
can settle (Penman, 1985). Other owners include English China Clay who build
sand and granite fill dams to allow mica residue tailings to settle. The Central
Electricity Generating Board (CEGB) owns several pulverised fly ash (pfa) lagoons
which are designed and built according to the 1930 Reservoirs Act (see Section 2.2)
so are included in the ICOLD Register of Dams. These are again constructed from
local materials often with conditioned pfa and furnace bottom ash incorporated

into the fill.

2.2 British Earth Fill Dams

The majority of dams in the British Isles are earth fill and most commonly service
the public and industrial water supply. Figure 2.1 shows the distribution of dams,
by type, in Britain. Unsurprisingly, the concrete dams tend to be encountered
in highland areas where hard basement rock and steeper narrow valleys occur.
Despite the greater number of earth fill dams, Walters (1962) estimates 200 — 300
in the Pennines area alone, a higher proportion of Britain’s water is contained
by concrete dams. The British entry in the World Register lists 404 earth fill
and 131 concrete dams built in the period 1797 — 1986, but the total collective

capacities of these reservoirs are around 2,000 million and 4,000 million cubic
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metres, respectively. Average dimensions for the two types are shown in Table 2.2

which highlights some of the typical differences.

Earth fill dams (N=404)

X Oy Dimensions
Height 26.02 30.68 m
Crest Length 555.59 794.50 m
Volume of Dam 548.51 1246.18 x103m3
Reservoir Capacity 5154.11 15143.37 x103m3
Reservoir Area 626.47 1787.32 x103m?
Concrete dams (N=131)
X Oz Dimensions
Height 32.61 14.90 m
Crest Length 282.12 215.36 m
Volume of Dam 166.35 501.75 x10°m3
Reservoir Capacity 32327.23 72249.31 x103m3
Reservoir Area 2498.49 4532.66 x10%m?

Table 2.2: Mean (X) and Standard Deviations (o) values of dimensions of British

Earth Fill and Concrete Dams. Data from World Register of Dams (ICOLD ,
1986).

On the whole, concrete dams tend to be high and have narrow crest lengths due
to valley shape. They require smaller volumes of material in construction and
impound larger reservoirs in terms of both volume and surface area. It must
be emphasized that the deviation on all the mean dimensions is very high, so
although the statistics are useful in showing overall trends it is important not
to attach too much significance to them. Figure 2.2 demonstrates the change of
some of these statistics with time, and also shows the number of dams built in

consecutive decades beginning with 1797. The early British dams were earth fill
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with puddle clay cores and were built to impound supplies for canals and water
mills. After the 1830s, when methods of water treatment and distribution began
to be developed and improved, more emphasis was placed on public water supply.
The increase in numbers in the late nineteenth century reflects the industrialisation
of the north of England, particularly Yorkshire and Lancashire. The numbers of
concrete and earth dams being constructed dropped during both world wars as
 would be expected, and show an overall decrease during the last few decades.
The construction of hydro-electric schemes in the Scottish Highlands between
1930 and 1960 resulted in increased numbers of concrete dams constructed during
that period. The data show an overall increase in reservoir capacity and dam size
with time. This is due to a rise in demand and improvement in technology both
in terms of dam engineering and water treatment. Of the 67 dams built in the
U.K. between 1964 and 1984, 65 are more than 15m high and 16 more than 50m
high although this is still modest by world standards (Griffiths, 1983).

Legislation governing British dams and changes in design practice have been influ-
enced by several failures — some very serious. These are summarized by Kennard
(1983) and Charles and Boden (1985). Following the worst British dam failures
on record, those at Bilberry in 1852 and Dale Dyke in 1864, which claimed 81 and
238 lives, respectively, a set of Parliamentary recommendations was produced in
1865 which required the inspection both of existing reservoirs and of the plans for
new ones. No legal action was taken until 1930 after further failures at Coedty
and Eigau in North Wales where 16 people died and at Skelmorlie in Scotland
where 3 were killed. The three incidents, which occurred in 1925, caused public

outcry and put pressure on the Government to act.

The 1930 Reservoirs (Safety Provisions) Act requires that all reservoirs over 5
million gallons (or 22700m®) in capacity are inspected on a regular ten yearly
basis by qualified Engineers who are appointed to a Panel. Likewise, design and
construction must be under the supervision of a Panel Engineer who, although
the dam owner is responsible for maintenance, carries the ultimate responsibility
for safety. Before this legislation, owners were able to appoint any engineer they

considered to be suitable, and inspections, if undertaken at all, tended to be
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spasmodic. Although this Act was an improvement, and indeed no lives have
been lost in the intervening period, between 1963 and 1966 ICOLD recommended
that the Institute of Civil Engineers (ICE) submit new proposals to the British
government to modify the 1930 regulations. No immediate action was taken. The
Mines and Quarries (Tips) Act of 1969 covered tailings dams adjacent to mines
and quarries, but not those at distant sites so was not as far reaching as the ICE
would have liked. In 1969 however, a potentially serious case of internal erosion
was accidentally discovered at Lluest Wen Dam in South Wales, when a horseman
riding over the crest fell into a swallow hole caused by internal erosion. Six years
later the 1975 Reservoirs Act was passed. This includes some of the ICE’s 1966
recommendations and specifies that, for the first time, county councils become
the enforcement authorities. Regulated lakes are also included, and the Act also

provides for the abandonment and demolition of old reservoirs.

At present the ICOLD World Register contains around half the estimated 2,000
reservoirs in Britain (Kennard, 1984), the average age of these being around 150

years.

2.3 Earth Fill Dam Failures

The causes of failure in earth fill dams are varied and may oceur during con-
stuction or while the dam is in service. In some cases the dam remains usable
(serviceability limit state), whereas in others, failure may render it completely
inoperable (ultimate limit state). Statistics for these conditions, based on work

by Charles and Boden (1985), are summarized in Tables 1.3, 1.4 and 1.5.
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Cause of Failure U.K. U.S.A.
No % ‘ %
External Erosion 17 24 30
Internal Erosion 39 55 38
Shearing 10 14 15
Other 5 7 17
71 100 100

Table 2.3: Causes of in-service failure in earth fill dams, U.K. and U.S.A. (data
for USA from Middlebrooks (1953))

Time of Failure No %
Construction 17 19
In-Service 71 81
88 100

Table 2.4: Timing of failure in U.K. earth fill dams.

Extent of Failure No %

Ultimate Limit State 18 25

Serviceability Limit State | 53 | 75

71 | 100

Table 2.5: Extent of in-service failure in U.K. earth-fill dams.

Table 2.3 shows the comparitive frequency of shear failure as a cause of in-service
failure in earth fill dams. Earth fill dams tend to become more stable with time
as consolidation processes (especially in wet puddle clay cores) take effect, so the
likelihood of failure with age is substantially reduced (Londe, 1982). Charles and
Boden (1985) concluded that the end of construction, or the first rapid filling, 1s
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the most critical time for shear instability.

The most frequent cause of failure is internal erosion, that is, seepage or leakage
of water through the dam and/or its foundations. This causes finer material to be
washed through the structure and leads to settlement of overlying unsupported
material. This mechanism was responsible for the Bilberry and Dale Dyke inci-
dents. In the first case the first sign of trouble was the observation of muddy water
running through the culvert. This eventually burst and subsequent excessive set-
tlement left the dam with no freeboard, hence it was overtopped during the next
high rainfall. A similar process occurred at Dale Dyke where hydraulic fracturing
of the core was caused by arching due to differential settlement between the weak
puddle clay and relatively incompressible crushed Millstone Grit shoulders. In
both dams the highly permeable shoulders were unable to retain the fines being

washed through and thereby prevent, or slow, the process.

In some cases overspilling alone, with no previous settlement or other lowering
of the crest, may be responsible for the failure. At Coedty Dam, South Wales,
a flood caused by the breaching of a smaller dam upstream overtopped the dam.
Water flowing over the downstreamn slope eroded the shoulder material and hence
the unsupported central concrete core collapsed. There is a danger of overtopping
if floods occur during construction and inadequate provision has been made for

diversionary flow away from the impounded area.

Sliding or shear failure may be initiated in either the fill material or foundations
and may be influenced by the presence and shape of the core. The relatively rapid
construction rate used at Chingford Dam, where modern earth moving equipment
was used for the first time, was thought to be responsible for the build up of
high porewater pressures in a thin layer of yellow clay in the foundation, which
led to its failure in 1937. Traditionally, shear stability has been analysed by limit
equilibrium methods but, for reasons explained in later chapters, this analysis does
not apply to situations where progressive failure is operating. Finite Element
Analysis has been employed by workers at Imperial College, London (Dounias,

1987) and the University of Swansea (eg: Naylor in Coxon, 1986) to interpret the
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failure of Carsington Dam.

There have been relatively few complete failures in the UK in which dams have
been completely breached, but serious incidents where emergency drawdown and
extensive remedial works are required may be just as costly. Constructional events,
even though not threatening reservoir safety or putting the public at risk, lead to

high costs and great inconvenience.

2.4 Types of Fill - Marine versus Non-marine

It was noted in Section 2.2.2 that one of the advantages of building earth fill
dams is the opportunity to use a cheap and convenient source of material. A wide
variety of rock types has been utilized in the past as shown in Table 2.7, which
summarizes materials used in shoulders of dams constructed in the period 1964 -

1984.
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Material used for shoulders number of dams|number of incidents
Earth fill Glacial Till 14 1
Fluvio-glacial Sands and Gravels 3
Tertiary Sediments 3
Weald Clay 2
Oxford Clay 1
Lias Clay 2 2
Carboniferous Shales and Grits 7 1
Carboniferous Marine Shales 2 2
Rock fill Sandstone and Grit 5 1
L.Palaeozoic Mudrocks 4
Limestone 1
Unspecified 3
Granite and Sand Waste (E.C.C.) 1
Concrete 19 1
67 9

Table 2.7: Materials used in shoulders of recently constructed dams. Data from

Dams in the U.K. 1964 -1984 (BNCOLD, 1984).

During this period there have been few problems during construction of new dams,
the failure at Carsington being the most disastrous. Minor slips at Draycote and
its subsidiary dam Toft, near Coventry, occurred in 1967 due to the presence
of fissures in the Liassic foundation clays. The design was modified with the
addition of berms. Altmore in County Tyrone developed significant leakage on
first filling and grouting of the Boulder Clay fill became necessary. Bakethin,
in Northumberland, also showed signs of leakage and cavities developed at the
junction between the upstream clay blanket and the permeable rockfill shoulder.
At Balderhead, south of Teesdale in County Durham, increased seepage and the

appearance of swallow holes were noted during the first filling, and grouting was
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undertaken to fill cavities and prevent further internal erosion. Unforeseen ground
conditions have been reported at several dam sites and these have necessitated
modifications to the original design. Empingham, in the former county of Rutland,
is built in an area where the Liassic stata have suffered considerable cambering
and valley bulging. Wet Sleddale, a gravity dam near Penrith, is founded on
a complex fault zone, which necessitated further excavation and redesign of the
cut-off so substantially increasing the volume of concrete used. Remedial work to
stabilize both old coal workings and a landslip was necessary before construction
of Grimwith Dam near Harrogate. A shear surface in the foundations at Ardleigh,
just north of Eastbourne, resulted in the need for a redesign of the dam with flatter

slopes.

A major factor in earth fill dam building is the suitability of the available fill mate-
rial. Obviously the design of the dam will allow for certain material inadequacies
by the use of flatter slopes, addition of berms and so on, but it is not possible
to use certain materials. Collins and Humphreys (1974) describe the construc-
tion of Winscar dam, near Huddersfield. The local geology comprises Millstone
Grit with beds of shale, mudstone and siltstone of varying thickness. The in situ
undisturbed strength of the shale, although variable, was found to be adequate
for supporting the dam, but on exposure to air and water it underwent rapid de-
tertoration. For this reason, Millstone Grit alone, and no shale, was used for the
.embankment shoulders and during excavation fine granular fill was placed over

the shale foundations to prevent further breakdown.

In non-marine mudrocks and shales, physical disintegration is the primary control
on breakdown — this indirectly controls the rate of chemical weathering which is
dependent on the surface area available. Marine shales, especially those which
are brittle and fissile, are more susceptible to chemical weathering because they
customarily contain pyrite which readily oxidises. Added to this, the relatively
high quantities of calcite will give rise to greater rates of weathering (see Chapter
4). In non-marine Coal Measures shales amounts of weathering were found to be
at a low level (Spears et al 1970) whereas geologically older marine mudrocks of

Cambrian and Ordovician age tend to be more susceptible to chemical breakdown
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(Taylor, 1986).

This raises the question of whether it is wise to use marine shales in earth fill
structures when their geochemical stability is in doubt. Taylor (1985) suggests
that such materials are appropriate for use in construction provided that adequate

quality control is employed, and that the mechanical and geochemical behaviour

is fully understood.
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Chapter 3. THE PROPERTIES OF FRESH SHALE

The following chapter reviews the definition of and classification of the term ‘shale’
which has caused and continues to cause a certain amount of confusion. Typical
compositions of British shales are reported, including in particular those aspects
which may be problematic. The effects of weathering processes are discussed later
in Chapter 4. The history of formation of shales, particularly their sedimentary
and diagenetic history, determines their properties. In the case of geotechnical
properties, consolidation history is important. Finally, the geology of the shales

used in the experimental work discussed in subsequent chapters is examined.

3.1 Classification and Terminology

According to Stow (1981) around 50 to 75% of the geological column comprises
fine grained or argillaceous sediments, that is, those with a dominant grain size
of less than 63um. Until the advent of modern analytical techniques such as
X-Ray Diffraction (XRD), X-Ray Fluorescence (XRF) and Scanning Electron Mi-
croscopy (SEM), little was known about such rocks. Their fine grain size allowed
only limited study both in hand specimen and with the optical microscope and
their cause was not helped by their usually poor exposure at the surface. The
latter is largely a result of their susceptibility to weathering. Limestones and
sandstones on the other hand are typically much better exposed and a greater
amount of information concerning texture and composition can be observed with
the naked eye. Various different criteria — texture, mineralogy, chemistry, colour,
degree of metamorphism, and depositional environment have been used to classify
sedimentary rocks, including fine grained varieties, at one time or another, and

with varying degrees of success.
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Pettijohn (1975) quotes an old definition of the term clay: ‘a natural plastic earth,
composed of hydrous aluminium silicates’. The key factor appears to be ‘fine
grained’, although, as Shaw (1981) and Stow and Piper (1984) point out, this can
include substances of different hardness, origin and composition. Problems arise
because the term ‘clay’ is used to refer to both grain size, and to mineralogical
composition. To assist clarification, Weaver (1989) suggests using the term ‘physil’
(an abbreviation of phyllosilicate) for mineralogy, and to keep the term ‘clay’ solely
for grain size. This however would only avoid some of the confusion as there is
no agreement between geologists and engineers on the size of clay — petrologists
using 4um as the upper limit (Wentworth, 1922) and engineers 2um (Atterberg,
1905). The latter convention will be adhered to throughout this thesis. It is
important that any classification is employable in the field, and as such, most
workers employ the grain size definitions shown in Table 3.1, which are based on
Stow (1981). A recent paper by Hawkins and Pinches (1992) notes that in many
cases rocks are merely described as mudrocks when the terms claystone or siltstone
would be better employed. Furthermore, they suggest that claystones should be
defined as those ‘mudrocks’ with more than 40% clay size and siltstones as those
with less than 25% clay size as this reflects differences in geological properties and

engineering behaviour.

size deﬁnition field criteria classification
> % silt silt visible with hand lens silé (-stone)
% — % silt feels gritty when chewed mud (-stone)
> % clay feels smooth when chewed clay (-stone)
where

clay size < 2um
and silt size 2 to 63um

Table 3.1 Field classification of fine grained sediments and their lithified counter-

parts (based on Stow (1981)).

Blatt et al (1980) quote Picard in saying that modern marine muds comprise on
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average 15% sand, 45% silt and 40% clay thus placing them firmly in the ‘mud’
category. There are drawbacks to using such a scheme however. The wisdom of
chewing sediments in order to distinguish clay from silt on many engineering sites
is dubious to say the least, especially when one considers the range of possible
contaminants encountered in industrial areas. A major problem is the efficiency of
disaggregation possible, especially of lithified deposits, before particle size analysis
can be carried out. It is equally possible to break up original individual grains or
to fail to separate aggregates of grains. In many cases the results will reflect this

part of the test rather than the true grain size of the sediment.

Spears (1980) considered the problem of what the grain size of a fine grained rock
actually means and found that it reflects the mineralogy, as shown in Figure 3.1.
As the silt /clay size ratio increases then so does the quartz/clay minerals ratio. As
quartz content affects physical and engineering properties, Spears recommended

that quartz content, determined directly, be used as a means of classification.

Other problems which have been associated with a grain size based classification
are the time consuming nature of the experimental work. The minerals present will
have undergone diagenesis which may well have altered the grain size distribution,
hence any analysis will not reflect the original distribution and is therefore of
limited use in determining the initial environment. For engineering purposes,

however, which deal with what exists at present, these analyses are adequate.

Having distinguished between silt, mud and clay in terms of grain size, several
problems still remain. As indicated in Table 3.1 the suffix -stone may be added to
indicate the lithified counterpart, and similarly, many workers will add the suffix
-shale when the rock is fissile. The term shale is often used rather loosely, in
isolation, and to some has become meaningless and as such, many civil engineering
consultants refuse to acknowledge its use. Potter et al (1980) quote Tourtelot
(1960) who defined shale as follows: ‘a generally accepted class name for all fine-
grained argillaceous sediment, including mud, clay and mudstone’. Apart from its
broad basis, this definition has the earlier noted problem of being ambiguous in

that chalks and other fine grained carbonates are included with siliciclastics. Stow
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and Piper (1984) reviewed the use of a two-fold division te: mudrocks which are
comprised of detrital siliclastics, and biogenic mudrocks which are composed of
biogenic material - either calcareous or siliceous in origin. The word shale usually
implies fissility, the nature of which is further discussed in Section 3.1.1. Whatever
recommendations are made, the word will still continue to be used in connection

with several stratigraphic units, for example the Lias Shales, Wenlock Shales and

many others.

At the root of another minor controversy is the use of the term ‘mudrock’. Both
Grainger (1984) and Weaver (1989) give reviews of this. As Stow (1981b) indicates,
the words mud and rock describe opposing physical states and hence he claims
that the two cannot be used together. However there do not, appear to be any
other useful descriptors in this context, so the name is frequently used. Tucker
(1991), for example, uses the term in a much wider context as a group name for
all fine grained clastic sediments. It is therefore necessary to define the point at
which a mud becomes a rock. The criteria for distinguishing muds from mudrocks
(or shales) are based on geological changes which accompany the rock during
diagenesis and are discussed in Section 3.3. The words argillite and slate { are
used by geologists to describe shales/mudrocks which have suffered very low or

low grade metamorphism and are thus harder than their unaltered counterparts.

To engineers, such features are of little importance unless they have a direct
bearing on the strength characteristics of the resulting soil or rock. Geological
classifications do not distinguish between over-consolidated clays and indurated
mudrocks, yet it is well known that the sensitivity of geotechnical properties is
directly related to the degree and nature of induration. As early as 1936, Mead
realised the difference between compacted and cemented shales. Morgenstern
and Eigenbrod (1974) devised a scheme of classification based on the unconfined
compressive strength (UCS) of a soil or rock, and the effect of immersion in water

on this property. Basically, they proposed that a soil (‘clay’) has an initial UCS

pelite and lutite have also been used to describe shales in the past but are no

longer in vogue; pelite in particular has metamorphic connotations
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of less than 3.6M Pa (c, of less than 250psi, or 1,800k N/m?) and that it would
loose more than 60% of this strength on soaking. Further subdivisions are based
on the time of softening during which more than 50% of the initial UCS is lost.
On the other hand, a rock (‘mudstone’) has an initial UCS greater than 3.6 M Pa
and will never loose more than 40% of this strength on soaking. The Engineering
Group of the Geological Society, in a Working Party (1977), proposed somewhat
different criteria, in which a weak or very soft rock has a UCS of 1.25 — 5.0M Pa,
a weak rock or hard soil 0.6 — 1.25M Pa and a soil less than 0.6M Pa. BS 5930
(1981) employs similar criteria with very weak rocks having UCS of less than
1.25M Pa and weak rocks between 1.25 — 5.00M Pa. This classification is in many
ways more useful in that it is directly applicable, enabling instant identification
in the field without the necessity of time consuming tests. The two schemes are
compared in Figure 3.2 and the field criteria employed by the latter method are
listed. Some formations normally considered to be rocks turn out to be defined as
soils when this classification is applied (see Taylor and Cripps 1987). The simplest
and quickest method of testing rocks in the field or laboratory is the Point Load
Test, although it is claimed that it is unsuitable for rocks with strengths less
than moderately weak (Norbury, 1986, Hawkins and Pinches, 1992) as part of the
measured load reflects the indentation of the plattens into the sample. There is

at present, no generally accepted correlation of the Point Load Index with UCS.

3.1.1 The Property of Fissility

If the property of fissility is to be used to distinguish between shales and mudrocks
its nature and origin must be considered. Fissility is the tendency of a rock to
split along relatively smooth planes which may be parallel to bedding, or to a
tectonically imposed fabric such as cleavage. Various classifications have been
suggested based on thickness, morphology and ease of breakage although none
has found its way into common useage. There are various reasons why a rock will
split easily in one direction or plane. These include clay mineral orientation, either
natural or by compaction, and the presence of layers of organic matter. It is likely

that various causes will apply in different shales. In a study of a Carboniferous
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shale, Spears (1976) compared samples from a surface exposure with those from a
borehole. While the surface samples were fissile, the deep ones were not, although
they contained laminations of a comparable thickness to the fissility and were
assumed to be a varves. The dark laminations contained a higher proportion of
organic material and clay minerals than the lighter layers and although the clay
mineralogy was no different, these layers showed a greater swelling potential. In
this case the fissility appears to be a surface (weathered) expression of laminations
observed in fresh samples. In the same study, exposed mudstones were observed
to break irregularly into blocky fragments and did not appear laminated when

sampled at depth.

Such features are useful environmental indicators — formation occurs in conditions
of alternating moving and slack water and relatively low energy conditions are re-
quired for preservation. Mud laminae have reasonably high preservation potential
due to their cohesiveness but they will be destroyed by bioturbation. Hence a mu-
drock deposited with an active infauna is unlikely to become fissile in the manner

described.

To summarize then, for the purposes of this work, a shale is a member of the class
of mudrocks which are dominantly siliclastic in composition and defined according
to the percentage of silt and clay size particles present. This is also in keeping
with British Standard 5930 (1981). Shales are those mudrocks which display the
property of fissility.
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3.2 The Composition of Mudrocks

3.2.1 General

As mentioned previously in Section 3.1, until fairly recently fine grained sediments
were studied only in terms of bulk properties. Apart from the small grain size,
there was little economic interest in, or knowledge about, prevailing depositional
environments and likely palaeocurrents. Although interesting to the geologist, it
is bulk properties which most influence the geotechnical properties, hence it is
pertinent to discuss bulk chemistry and mineralogy at this point.  Each section
begins by looking at average compositions of shales collected by various authors.
Defining an ‘average’ mudrock presents many problems, not least of which are
the substantial regional and local variations resulting from conditions prevailing
during deposition. These are subsequently modified during diagenesis, and later

during weathering.

3.2.2 Chemistry
The average chemistry of three sets of shales and mudrocks sampled by three

authors is shown in Table 3.2. Despite potential problems in looking at average

values, the results are remarkably consistent.
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Weight(%)
Oxide A B C
S109 58.1 58.5 56.2
AlsOs 154 17.3 15.1
Fey03 6.4 7.4 5.7
MgO 24 2.6 2.1
CaO 3.1 1.3 44
Na20 1.3 1.2 1.1
K0 3.2 3.7 2.6
Ti0q 0.6 0.8 0.8
POy 0.2 0.1 0.1
MnO trace 0.1 0.1
COq 2.6 1.2 3.3
S 0.6 0.3 0.2
C 0.8 1.2 0.8
HyO 5.0 3.9 7.6
Misc. - 1.2 -
Tbtal 99.7 100.8 100.1

Table 3.2 Average chemistry of 3 Sets of mudrocks and shales. (A: Clarke (1924) -
78 shales, B: Pettijohn (1975) - 69 shales, C: Ranov et al (1966) - 4030 mudrocks)

It is possible to estimate the mineralogical composition of a rock using normative
formulae and known oxide concentrations. Nicholls (1962) describes the proce-
dure adopted for mudrocks, and an alternative method by Taylor is described
and utilised by Middleton (1985). It is possible to demonstrate the correlations
between the various oxides and the minerals in which they appear within the rock
(see for example Taylor, 1986). Silica is a major constituent of both clay and
silicate minerals and may also be present as biogenically formed free or detrital

silica. Alumina occurs in clay and silicate minerals as do the alkali metals, mag-
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nesium and iron. The latter is found in various iron oxides, sulphides and so on,
while magnesium is a constituent of dolomite. Calcium oxide is present in calcite
and dolomite. Carbon and sulphur generally derive from organic matter while
carbon dioxide is released from the breakdown of carbonates. The iron and car-
bon contents are thought to be responsible for the colour of mudrocks (see Section

3.2.3a).

3.2.3 Mineralogy

One expects to find substantial amounts of clay minerals in mudrocks even though
classification is size rather than composition based. Composition has important
commercial implications - for example, potential hydrocarbon sources, pure clay
mineral sources (bentonite, china clay). Within engineering studies, knowledge of
mineralogy is essential in predicting long term behaviour. Such determinations,
however, are not necessarily helpful in determining the origin of the sediments,

although some mineral suites are characteristic of given environments.

Mineral A B| C D E F G | mean | st.dev
Clay Minerals 25 | 59 | 61 | 66.9 | 58 | 72.8| 60.6 | 57.6 14.2
Quartz and Chert | 22.3 | 20 | 31 | 36.8 | 28 | 19.2] 324 | 27.1 6.3
Feldspar 30 8 | 45| 45 6 | 1.2 | 3.4 8.3 9.1
Carbonates 5.7 7 |36 36 | 5 | 45 | 3.2 4.5 1.3
Organic Matter - - 1 1.0 - 111 | 08
Iron Oxides 5.6 3 105 05 | 2 - -
Pyrite - - - - - 1.8 | 0.2
Miscellaneous 114 | 3 - 2.0 - - -

Table 3.3 Average mineralogy of seven sets of mudrocks (A: Clarke (1924), B:
Yaalon (1962), C: Shaw and Weaver (1965), D: Weaver (1967), E: Pettijohn (1975),
F: Smith (1978) - UK samples, G: Smith (1978) - USA samples.
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As with the chemical compositions shown in Table 3.2, the mineralogies shown
in Table 3.3 are surprisingly consistent bearing in mind the variation expected.
Variability is more likely to show when clay minerals are analysed separately since
these are present in high quantities overall and are susceptible to environment
related changes during burial and diagenesis. The greatest deviation from the
mean is shown by Group A (Clarke, 1924); this is largely due to inadequate
analytical techniques and lack of resolution - it would appear that a proportion of
the clay minerals were interpreted as feldspars. A fine grained sediment is unlikely
to have so much feldspar due to textural and mineralogical maturity. Shaw and
Weaver (1965) noted that the quartz/clay ratio is generally variable in mudrocks
but tends to be related to that of associated sandstones. The changes in clay
mineralogy of UK sediments with time are discussed in Section 3.4 . The origins

of the various minerals present in mudrocks are given below.

3.2.83.a Non Clay Minerals

Quartz: The majority of quartz is detrital but a certain amount of both biogenic
and authigenic silica may be present. This is described as chert by Blatt et al
(1980). During early diagenesis in marine sedimenté, silica may be released during
clay mineral transformations such as the illitisation of smectite-illite mixed layer
clays (Millot, 1970).

Feldspar: Similarly, there is likely to be a mixture of detrital and authigenic forms.
Plagioclase, being slightly more resistant tends to dominate over potassium-rich
feldspars as it does in other sediment types.

Carbonates: Carbonates may be present as discrete clasts or as chemically pre-
cipitated cements. Calcite and dolomite are the more common varieties; siderite
forms authigenically in brackish, partly reducing environments and diagenetically
to form ironstone nodules and layers.

Iron Orides and Hydrozides: These are usually present as grain coatings and have
a strong influence on the overall colour of the lithified sediment. Haematite 1s the
most common form in older sedimentary rocks, although hydrous_forms such as
goethite may dominate in weathered rocks and younger strata.

Sulphides: Pyrite is the most abundant of the sulphides, and is probably also one

of the most troublesome minerals. It forms within the sediment, under reducing
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conditions, during early burial diagenesis and is commonly finely disseminated
throughout the rock. This fineness of grain-size leads to a rapid rate of reaction
under later oxidising conditions in which acid solutions and substantial amounts
of heat are generated. Less distinctively crystalline varieties such as hydrotroilite
occur in modern muds, although these quickly recrystallise to pyrite.

Sulphates: Gypsum and anhydrite are quantitatively important but tend to be
restricted stratigraphically, being, for example, related to evaporite sequences.
Gypsum, in particular, is commonly found on the bedding planes of weathered
fissile shale, the sulphate deriving from pyrite oxidation.

Organic Material: More than 2% — 10% carbonaceous matter in a shale, if of the
right type, can make the shale a good source of hydrocarbons; some black shales
may contain as much as 20%. Carbon, with iron, is largely responsible for the
colour of mudrocks (see Figure 3.3). Overall, the colour reflects the redox con-
ditions, the production of organic matter and the relative rates of decomposition
and sedimentation since it is these factors which control the concentration of iron

and organic matter in the sediment.
3.2.3.b Clay Minerals

The clay minerals are a group of hydrous aluminium silicates, the majority of
which have a sheet structure. Some notable exceptions with other morphologies

include palygorskite which has a chain structure.

Detrital clays are formed through the progressive leaching of metal cations dur-
ing the weathering of pre-existing silicates either directly at the source, during
transport and deposition, or in a soil profile. The type of clay mineral formed
is in part related to the environment, with kaolinites forming under humid, acid,
well drained conditions and illites and chlorites under temperate, alkaline condi-
tions. Impeded drainage tends to encourage formation of smectites as shown in
the left hand side of Figure 3.4. Present day marine muds reflect the prevailing
climate and drainage conditions on adjacent land masses. Several authors have
noted lateral variation in clay percentage with increasing smectite and decreasing

kaolinite and/or illite away from terrigenous source. This has been explained as

37



the result of differential settling rates resulting from flocculation to form different

sized particles (Whitehouse, 1951) or by transformation via halmyrolysis.

It is known that hydrothermal fluids alter silicates and aluminosilicates to produce
clay minerals and other secondary phases. Again, if the conditions are moderately
acidic then kaolinite is formed while smectites, illites and chlorites are formed in
weakly acidic or alkaline environments. Clays can also form authigenically, for
example glauconite, while chlorite often forms during diagenesis at the expense
of smectites. Submarine alteration of volcanic debris to form tonsteins and ben-
tonites also occurs. In some situations, such as hypersaline lakes, authigenic forms

may dominate the assemblage.

Figure 3.4 summarises the changes which accompany clay minerals during burial
diagenesis. As temperature increases (this is controlled by burial depth — depth
on its own is not an influencing factor) the trend is towards increasing stability
and degree of crystallinity. Illites and chlorites become more stable; smectites are
converted to illites or chlorites via mixed layer phases. Kaolinite is transformed
into other kandites — dickite or nacrite which break down completely at tempera-
tures in excess of 200° — 250°. The other factor determining diagenetic changes is
porewater chemistry. If conditions change from acid to alkaline then kaolinite may
transform into illite, smectite or chlorite depending on the ionic species present,

or vice versa with leaching under acid conditions.

From these observations, several authors, for example Shaw (1981), have explained
the variation in clay mineralogy with age. The data from the literature is in-
evitably biased by sample numbers and positions, varying methods of analysis
and so on, but the trends shown in Figure 3.5 appear well founded. In Tertiary
sediments smectite is more abundant than mixed layer clays while the reverse
is true for Mesozoic rocks. Smectites are effectively absent in rocks older than
Carboniferous, while mixed layer clays do not appear to have been found in rocks

older than the Silurian. Illite, kaolinite and chlorite are ubiquitous and clearly are

the stable species.
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3.3 The Engineering Properties of Fresh Mudrocks and Shales

Investigations into the properties of British over-consolidated clays and mudrocks
by Cripps and Taylor, (1981, 1986 and 1987) revealed a wide variation and range in
properties. These are furthermore substantially modified by the process of weath-
ering, which will be discussed in the next chapter. Apart from obvious differences
in lithology, a number of factors are well known to influence the geotechnical be-
haviour of mudrocks. These factors include overconsolidation ratio, the extent and
degree of fissuring, the variability of suction pressures and anisotropy. Problems
assoclated with testing on small samples also leads to difficulties in applying the
measured values to in-situ rocks. Sampling methods may result in stress release
and thus misleading results. Geographical variation in composition/lithology and
other previously mentioned factors causes wide variation in properties for any one

formation.

In general, Mesozoic mudrocks tend to be stronger, less compressible and more
durable than their Tertiary counterparts (Cripps and Taylor, 1986). This is due
to greater depth and duration of burial which leads to enhanced induration, and

the lithological differences described in Section 3.2.3.

3.4 Distribution, Formation and Environment of British Mudrocks

and Shales

The majority of the sedimentary column, as already stated, comprises fine-grained
rocks, with that of Britain being no exception, as shown in Figure 3.6. The
following section outlines the distribution and dominant facies of these strata,

throughout time in the UK.

Lower Palaeozoic fine-grained rocks are restricted to Scotland, Wales and the Lake
District and are largely metamorphosed although by varying amounts. These
rocks contain mostly illite and chlorite although minor mixed layer clays have
been found in the Silurian rocks of Wenlock/Ludlow age in Wales (Shaw 1981).

Most are either associated with turbidity currents, or are black graptolitic deep-sea
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shales/slates, grading into siltier muds and greywackes at basin margins.

Several distinct depositional environments existed during the Devonian; sand-
stones dominate, although significant amounts of fine-grained deposits were laid
down. In Devon and Cornwall there are several kilometres thickness of deep ma-
rine mud, now metamorphosed to slates and low grade phyllites, with interbedded
Old Red Sandstone tongues to the north. These marine muds now contain mostly
illite with minor chlorite, kaolinite and expandable mixed layer clays. Lacustrine
deposits in the Orcadian basin contain laminated black silty mudstones within
cyclothemic units (House, 1981). Micas again predominate amongst-the clay min-
erals present. Shaw (1981), quotes the oldest smectites in the British geological
record in North East England. Further south, there are no significant muds in the

intermontane deposits.

The Carboniferous depositional pattern was determined by block /basin structures
which resulted in a mixture of marine and non-marine environments. The Dinan-
tian was dominated by limestones with interbedded muddy clastics which were
illite rich derived from warm, upland regions, or kaolinite rich, originating from
tropical lowland swamps. Associated shales are often calcareous and may inherit
limestone type properties (Ramsbottom et al, 1981). Cyclothemic sedimentation
continued into the Namurian during which the proportion of limestones decreased,
with around 40% of the deposits being true mudrocks. During the Westphalian,
non-marine, fluviodeltaic conditions ensued, resulting in a predominance (greater
than 50%) of mudrocks together with significant fireclays/seatearths and coals.
Local kaolinite-rich tonstein deposits resulted from the alteration of pyroclastic
debris in acid brackish swamp conditions. Taylor (1986) found a regional variation
in the clay mineralogy of Carboniferous mudrocks with kaolinite being more abun-
dant in Scotland and North-East England, and a higher proportion of expandable

mixed layer clays occurring in Yorkshire.

Unlike the Palaeozoic, the structure of Britain was relatively simple during Meso-
zoic and Tertiary times although, despite this, stratigraphical units are locally

heterogeneous. Clay assemblages are easier to interpret as diagenetic changes
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have not been as profound (Sellwood and Sladen, 1981).

The Permo-Trias saw a diversity of depositional environments beginning with a hot
dry climate under which high salinity playa basins (inland seas) existed. In these
conditions the Mercia Mudstone (formerly known as Keuper Marl) was deposited.
These are aeolian silts dominantly illitic (70 — 80%) but with some chlorite, ex-
pandable mixed la){er clays and authigenic clays such as sepiolite, palygorskite,
corrensite and attapulgite. Lagoonal conditions marked the initial stages of a ma-
rine incursion and the Rhaetic Group consists of marine and semi-marine shales

and limestones.

The Rhaetic Westbury beds contain more mixed layer clay and, later, more vermi-
culite and smectite reflecting increased weathering at the source area. Kaolinite
appears at the expense of chlorite in the Upper Rhaetic, reflecting an overall

increase in humidity (Sellwood and Sladen, 1981).

In the Lower Jurassic Liassic formation, illite is again the dominant clay mineral
in shallow marine shelf deposits of shales and mudstones. Periods of oxygen
depletion resulted in the deposition of bituminous shales, which, with more than
4% carbon form potential petroleum source rocks. The Mid-Jurassic saw a return
to humid, sub-tropical weathering shown by higher kaolinite concentrations in
clastics derived from the north, while in central and southern England carbonate
shelf seas and lagoons persisted. High local concentrations of smectite, with illite-
smectite mixed layer phases in adjacent beds, occur in the Fuller’s Earth deposits.

These are thought to be weathered volcanic debris.

Deep marine conditions were widespread during the Upper Jurassic and resulted
in major clay/mudrock deposits: the Oxford Clay, Ampthill Clay and Kimmeridge
Clay. Low oxygen concentrations led to reducing conditions in the depositional
basins which were responsible for the bituminous nature of the Oxford Clay and
locally high organic content of Kimmeridge Clay. The two are separated by the
Corallian limestone deposited during a regression in southern England and York-

shire.
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Minor uplift, associated with tectonic movements in Europe at the Jurassic — Cre-
taceous boundary, saw the return of alluvial conditions to the Wessex — Weald
Basin, and shallow marine depositional environments in the Yorkshire — Lin-
colnshire — Norfolk area. Approximately 80% of Lower Cretaceous deposits com-
prise fine grained clastics with apparently unaltered quartz—clay mineral assem-
blages together with early diagenetic minerals such as pyrite, chamosite, glau-
conite, and siderite. Although the source rocks were illite-bearing Mesozoic and
Palaeozoic sediments, warm temperate conditions and acid leaching of soils at
the source resulted in kaolinite, mixed-layer clay and vermiculite as the main clay
mineral species, with local smectites derived from the volcanic debris of periodic
eruptions. During the Cretaceous transgression, the proportion of clastic detritus
was reduced to generally less than 5% within the chalk itself. Occasional beds
and partings are present in the chalk marl and Jeans (1968) recognised two clastic
assemblages in the Lower Chalk. These are a detrital illite, kaolinite, chlorite,
vermiculite assemblage and an assemblage comprising mixed layer illite/smectite
together with authigenic smectite, illite and mixed layer smectite/illite. The lat-
ter assemblage increases in percentage with distance from the shore. Negligible

amounts of illite and smectite have been found in the Upper Chalk.

The Tertiary marks the return of shallow marine, brackish and alluvial, condi-
tions the deposits of which are now exposed in the London and Hampshire Basins.
Quartz and clay minerals are again thought to have suffered little, if any, alter-
ation since deposition. Associated flora indicate tropical conditions as do lateritic
deposits. Kaolinite dominated sediments and clays are found in the west, while
to the east, illite and smectite-rich mixed-layer clays predominate. Chlorite 1s
found in minor amounts throughout. Discrete smectite horizons accompanied by
zeolites occuring in the London basin have been linked to volcanic activity during

the early Tertiary.

The widespread occurrence of mudrocks and shales leads to their inevitable varied
use in construction. Detailed knowledge of their behaviour is therefore essential
for the establishment of appropriate design criteria. The prediction of long and

short term effects including weathering and overstressing are most important.
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Overstressing includes disturbance during construction.

3.5 Geology of the shales used in this study

The shales studied in this work were all taken from northern and north-east Eng-
land; Figure 3.7 shows the locations. As explained in Chapter One, two sets of
materials were collected. Firstly two shales to act as ‘standards’ and secondly

shales from real and dateable structures.

3.5.1 Geology of the Westphalian shale at Tanners Hall,
County Durham.

Tanners Hall Opencast site (National Grid Reference NE 170 380 on Ordnance
Survey 1:50,000 Sheet Number 92), owned and operated by British Coal until
its closure in 1989, was situated between the villages of Oakenshaw and Stanley
Crook to the west of Durham City. Coal was extracted from the Hutton and
Low Main seams. In March 1987 a bulk sample from the intervening shale was
collected. Figure 3.8 gives the stratigraphy of the relevant part of the Westphalian
of the Durham Coalfield which has been interpreted as a floodplain with deltaic
sequences. The majority of the beds comprise grey mudstones and silty mudstone.
Immediately after excavation the rock appeared massive and it was possible to
transport large equidimensional blocks. However, after only a short period of
exposure the blocks developed a marked fissility and rapidly disintegrated into
flaky fragments, with many of the flat surfaces revealing plant fragments. The

typical mineralogy and physical properties of the material are shown in Table 3.4.
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Mineralogy Physical Properties
Quartz 7T-15% Specific Gravity 2.50
Illite 45 — 65% Liquid Limit 29%
Kaolinite 13 — 18% Plastic limit 19%
Chlorite 2-T% Plasticity Index 10%
Montmorillonite 0
Mixed Layer Clay 14%
Calcite 3—-4%
Pyrite 2-3%
Gypsum 2%
Other

Table 3.4 Mineralogy and physical properties of fresh Coal Measures shale from

Tanners Hall.

3.5.2 Geology of the Kimmeridge Clay at Foxholes Quarry, North York-

shire

A bulk sample of Lower Kimmeridge Clay was collected from Foxholes Quarry
(National Grid Reference SE 724 831 on Ordnance Survey 1:50,000 Sheet Number
100) which is situated near the village of Marton, south west of Pickering, North
Yorkshire. The quarry has been disused for many years and is largely overgrown.
New exposures occur following slipping of the side walls, which are in many places
sub-vertical. The stratigraphy of the Mid Jurassic in North Yorkshire is shown in
Figure 3.9, with a section through the sequence at Foxholes Quarry. The Middle
Jurassic consists of fluvio-deltaic facies followed by a marine transgression. Fol-
lowing the transgression thick sequences of marine shales were laid down. These
are locally rich in organic matter and may also contain calcareous laminations due
to seasonal blooms of coccolithoporoids (Anderton et al, 1978). Rhythmic alter-

nations of laminated bituminous shales, bioturbated shales, shales with calcareous
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laminations and thin laminated limestones have been observed. The section at
Foxholes Quarry (Figure 3.10) confirms these small scale variations. Overall the
exposure is composed of blue grey clays and shales (the Kimmeridge Clay is often
referred to as a ‘clay-shale’) which are iron stained and frequently fossiliferous.
The sequence was also described by Middleton (1985) who noted high concentra-

tions of calcite but generally less than 1% pyrite.

Mineralogy Physical Properties
Quartz 15 Specific Gravity 2.51
Hlite 20 Liquid Limit 49
Kaolinite 10 Plastic limit 23
Chlorite Plasticity Index- 26
Montmorillonite
Mixed Layer Clay 20
Calcite 35
Pyrite
Gypsum
Other

Table 3.5 Mineralogy and physical properties of Lower Kimmeridge clay at Fox-

holes Quarry, near Pickering, North Yorkshire.

3.5.3 Geology of the Westphalian Shale at Gale Common PFA lagoon,
South Yorkshire

Gale Common (National Grid Reference SE 535 217 on Ordnance Survey 1:50,000
Sheet Number 106) is situated near Knottingley, South Yorkshire. The pfa lagoon
acts as a disposal point for the approximately 1 million tonnes of pfa produced
each week by coal fired power stations at Eggborough and Ferrybridge, 4.8 and

7.2 km away, respectively. Construction began in 1964, and at the time of writing,
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work on the third stage of the scheme is under way. At the end of the second
stage, the main lagoons covered an area of 21.3 hectares and emergency lagoons
20 hectares. A volume of approximately 16 million cubic metres of shale was used
in constucting the embankments. Four sets of samples were collected in May 1987,
these being:

1. Fresh shale from a lorry arriving at the site

2. Stockpiled material placed during the previous autumn (1986)

3. Five year old shale (1982) from the 19.5m elevation, on the south side of
the main lagoon B approximately 100m east of cross section Q. This shale
had been exposed in the side of a roadway excavated one week previously in
preparation for the addition of further material. Iron staining was observed
at approximately 1m depth, and was unusual according to the site engineer.
Such staining is seen in coal tips and attributed to weathering during earlier
exposure (Billing 1987).

4. Fifteen year old material (1972) from the embankment between emergency

lagoons C and D.

Shale used in the construction of the embankments at Gale Common derives
from Kellingley Colliery which generates around 800 000 tonnes per annum. The
colliery is owned by British Coal and was mining from the Beeston seam in 1972,
and from the Beeston and Silkstone seams in 1982, 86 and 87. Fresh samples
of the roof measures from these two seams were obtained from the colliery and
analysed, the results are shown in Table 3.6. Ramsbottom et al (1978) show the
position of the two seams in the Westphalian ‘A’, Figure 3.8. In South Yorkshire
the sequence is about 168m thick, compared with 98m in the Durham Coalfield.

46



Mineralogy Physical Properties
Quartz 23% Specific Gravity 2.54
Illite 54% Liquid Limit 34
Kaolinite 19% Plastic limit 20
Chlorite 0.5% Plasticity Index 14
Montmorillonite -
Mixed Layer Clay -
Calcite trace
Pyrite -
Gypsum -
Other 3.5%

Table 3.6 Mineralogy and physical properties of fresh Coal Measures shale from

Kellingley Colliery.

Several points of significance emerge from the XRD traces and these will be ex-
panded in Chapter 4. The kaolinite and illite peaks are sharp and symmetrical
indicating crystalline materials. There is little expandable mixed-layer clay and
no montmorillonite present. This is shown by glycolated analyses and also by the
fact that the sum of the components is approximately 100%. The two samples
have closely similar compositions and therefore variations on the embankment
are likely to be due to later weathering effects rather than mixing of the two ex-

tremes of underground measures. This was demonstrated by McWilliam (1975).

No pyrite or gypsum and only a small amount of calcite was recorded.
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Elemental Oxide (wt %)
Oxide Silkstone Roof Beeston Roof
5109 57.62 54.28
Al O3 21.78 22.28
Fes03 465 4.91
MgO 1.73 1.66
CaO 0.29 1.31
Na-sO 0.75 0.64
K»0O 3.64 3.80
T104 1.07 1.19 -
P05 0.04 0.02
MnO 0.13 0.13
COy
S
C 8.29 9.78
H,0O
Maisc.
Total

Table 3.7 Major Element compositions of Coal Measures Shale from Kellingley

Colliery.

Major element data again indicate that there is close similarity between the two
shales. It is interesting to note that while the amounts of illite and quartz can
be closely estimated by calculation from silica and potassium oxide levels, the
kaolinite value obtained by recalculation is significantly smaller than the XRD

value. The small amounts of calcium oxide present correlates with the minor

amounts of calcite measured.
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3.5.4. Sampling of Dams

A series of near surface samples was taken from shale fill dams in the Teesside and
Weardale areas of County Durham in order to gain quantitative and qualitative
estimates of the condition of the shale fill. The relevant entries for these dams in
the ICOLD World Register of Dams are listed in Table 3.8. Data for Carsington
Dam and for Gale Common have been added for comparison. Originally it was
hoped to sample Cod Beck Dam in North Yorkshire. This dam, described by Cook
(1973), has suffered from problems related to foundation leakage and slope insta-
bility in the valley downstream during its lifetime and several phases of remedial
work have been necessary. A bulge in the downstream slope has existed for some
time and exploratory work was undertaken in the Autumn of 1987 to check for
water-tightness of the dam itself. This involved continuous coring and open hole
rotary drilling, but neither method revealed Liassic shale as expected. The dam is
founded partly on Liassic shale and partly on sands and gravels which derive from
a fluvio-glacial channel running down the east side of the valley. Enquiries to the
consulting engineers confirmed that although shale was used near the core during
the early construction, the source had run out by the time the dam reached half
height and consequently the most clayey material available from the neighbouring
glacial deposit was employed (Bass (of Consulting Engineers Rofe, Kennard and
Lapworth), 1987 personal commaunication). Consequently the samples from Cod
Beck, being sandy and not shaly as hoped, were not considered appropriate for

use in this study.

The three dams to the north of the Weardale Valley, Waskerley, Tunstall and
‘Smiddy Shaw were constructed by the Victorian water engineer Thomas Hawk-
sley whose life and achievements are described by Binnie (1981). Waskerley and
Tunstall were both large schemes for the time in which they were built. Problems
occurred during the construction of Waskerley dam when movement occurred in
the outlet shaft due to differential pressure on the 3 in 1 upstream slope. Cracks
and cavities were backfilled and sealed, and impounding proceeded with no further

trouble. The shaft, however, remains in its non-vertical position. Tunstall also
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showed signs of leakage through the puddle clay core when only half full and as a
result became one of the first earth fill dams in the world to be grouted. Smiddy
Shaw is slightly unusual in being impounded on all four sides by embankments.
It is fed by rainwaters and has no natural catchment area of its own. In hard
winters it has been known for the surface to completely freeze over and hence
pipes have been incorporated into the embankments to allow entry of air during
withdrawal thereby preventing a vacuum forming. Samples were also taken from
Hisehope dam but these proved to be sandy with sandstone clasts and therefore

not appropriate to this study.

To the south of Teesdale, two of the five dams in Lunedale and Baldersdale were
examined. The shaly nature of the fill at Grassholme was confirmed in exploratory
work by Rofe, Kennard and Lapworth in 1969. This work was required due to
observed seepages on the downstream slope manifest as damp patches with soft
rushes (sp. Juncus). There were also questions relating to the stability of the
boulder clay supporting the spillway. A relatively permeable layer was proved
at a depth corresponding to the observed wet spots. It is now thought that the
seepages are due to percolating rainwater at the permeable layer and not to water

leaking through the dam.

Balderhead dam was also large for its time. Due to concern over using shale on
a project of such magnitude an experimental programme to outline the material
properties was initiated (Kennard et al, 1967). The seepage problems experienced
during the first filling have been mentioned in Chapter Two, but the dam has

performed satisfactorily since then.

In addition to these dams, two spoil heaps were sampled. These were formed
from waste created by the excavation of a tunnel in 1907. Many reservoirs are
interconnected and this particular tunnel runs from Grassholme reservoir allowing
water to be pumped into Hury reservoir. In a similar way water may be transferred
from Selset into Grassholme, or from Balderhead to Blackton to Hury via other
tunnels, when the levels in the lower reservoirs are depleted. Selset dam itself

comprised boulder clay and therefore was not suitable for sampling. This was
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unfortunate because at the time of work the level had been drawndown for repair
to the riprap. The spoil heaps provided fill material, which was again dateable,
but had not suffered compaction or been used to impound water. The geology of
the areas surrounding the dams is shown in Figures 3.11 to 3.14, and described in

futher detail below.

Name Year Situation Height | Length | Volume [ Reservoir | Reservoir | Owner
of completed River Nearest town | County Capacity Area
dam (M) (M) {(10°m?)| (10°m®) | (10°m?)

Waskerley 1872 Waskerley Beck Consett Durham | 27 732 685 2045 ? N.W

Smiddy Shaw 1875 - Consett Durham | 14 960 - 1386 ? N.wW

Tunstall 1879 Waskerley Beck Crook Durham | 25 366 551 2364 ? N.wW

Grassholme 1915 Lune Darlington | Durham 30 274 417 6060 567 N.W

Burnhope 1936 Burnhope Crook Durham 40 540 1223 6168 ? N.W

Cod Beck 1953 Cod Beck Northallerton | N.Yorks| 24 155 ? 514 ? Y. W

Balderhead 1965 Balder Darlington |Durham| 48 914 2307 19,684 1169 N.W
Gale Common C off river Doncaster Yorks 51 2170 | 12,300 | 11,000 273 C.EG.B
Carsington 1992 Scow Brook Derby Derbys.| 35 1250 2231 I5sM 295ha |S.T.W.A.

Table 3.8 Statistics for dams mentioned in study (taken from ICOLD World
Register of Dams, 1986). (C — under construction, N.-W — Northumbrian Water,
Y.W - Yorkshire Water, S.T.W.A - Severn Trent Water Authority)
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3.5.5.a. Geology of the Area surrounding Grassholme and Balderhead Reservorrs.

This area lies in the Stainmore Trough which forms a physiographic and struc-
tural depression between the Alston and Askrigg blocks of the North Pennines.
The sub area between Lune Forest and Stainmore is known as the Cotherstone
Syncline, and is described by Reading (1957). Although covered with thick drift
deposits, bedrock is exposed in valley and stream sections, and here ranges from
Late Dinatian through Namurian in age. The Middle Limestone Group comprises
typical Yoredale facies cyclothems which pass from marine limestones and marine
shales through unfossiliferous ferruginous shales, sandy shales and shaley sand-
stones, sandstones, ganisters and coal going up the sequence. The cycles become
less regular in the Upper Limestone Group with irregular marine bands, some
have more than one sandstone and in some cases a marine sandstone or shale may
replace the limestone. It is important to note the lateral variations in thickness of
individual beds. This is demonstrated by Reading (1957) who shows the variation

in thickness of the Four Fathom and Iron Post Cyclothems across the area.

Grassholme reservoir is founded on beds from the Middle and Upper Limestone
Groups between the Three Yard cyclothem and the Crow Limestone cyclothem.
5 Yard and Scar Limestones were encountered in the trench excavations (Burgess
and Holliday, 1972). Mudstones and shales from these cyclothems are dominantly
marine although a few are thought to be non-marine. Balderhead reservoir covers
an area including a distinct marine band below the Upper Felltop Limestone.

Both dams lie on near horizontal strata as shown on the map.

3.5.5 b Geology of the area around Burnhope reservorr.

Burnhope Reservoir lies on rocks of Middle Limestone age, te: below the Great
Limestone. Although the strata are again horizontal the area lies to the north of
the Lunedale fault system and therefore, being on the Alston block, the sequence

is significantly thinner and contains fewer limestones.
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3.5.5 ¢ Geology of the area around Waskerley, Smiddy Shaw and Tunstall Reser-

VOITS

These reservoirs are founded on late Namurian strata which, as shown on the
map 1n Figure 3.13, is gently inclined to the east. The rocks are part of the
Millstone Grit group and here the cyclothems comprise a marine band, shale,
sandstone or grit followed by coal. Limestones are much less frequent or persistent,
and where they do occur are much thinner - see for example the Upper Felltop
Limestone on Figure 3.13 compared to that in Figure 3.11. Marine bands too
are rare, but are of great importance in mapping and correlation. During the
Namurian sandstones and/or gritstones became both more frequent and thicker
with time. The Namurian/Westphalian boundary is marked by the Gastrioceras
subcrenatum Marine Band (Ramsbottom et al 1978) which was formerly known as
the Quarterburn Marine Band. The stratigraphy of the area is described in detail
by Dunham (1948). Figure 3.15 shows Waskerley and Tunstall sited on shale
between sandstone bodies while Smiddy Shaw is on sandstone just below the
subcrenatum marine band. In view of this it is quite surprising that the samples
contain a fairly high proportion of shale. Hisehope Reservoir is founded on and
surrounded by sandstone and as expected, shallow pits on the surface yielded no
shale fragments. Typical properties of fresh Namurian shales are summarized in

Table 3.10 below.



Mineralogy (%)

Physical Properties

Quartz
Illite
Kaolinite
Chlorite
Montmorillonite
Mixed Layer Clay
Calcite
Pyrite
Gypsum
Other

30 — 60
15 - 40
5-20
2-3
0-20
0-5
0-2

Specific Gravity
Liquid Limit
Plastic limit

Plasticity Index

2.48
61
24
37

Table 3.9 Mineralogy and Physical Properties of Fresh Namurian Shale. Data
from Fytis (1986) - Carsington Dam, and Middleton (1985) - Plankey Mill (Grid
reference 795 622), near River Allen in Allendale. The shale was an unweathered

sample from the Upper Limestone Group and due its proximity to a coal seam

was assumed to be non-marine.
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Figure 3.2 Strength (UCS) classification of mudrocks and muds according to Mor-
genstern and Eigenbrod (1974) and the Engineering Group (1977).
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Figure 3.6 Distribution of mudrocks in Great Britain.
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Figure 3.7 Location of sites from which shales collected.
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Figure 3.8 Stratigraphy of Westphalian rocks in the Durham coalfield (after
Ramsbottom et al, 1978).
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Figure 3.9 Lower Jurassic stratigraphy.
Boulder Clay

blue/grey stiff mudstone. moderately fissile
contains ammonite and bivalve fragments
weak lamination paralle to bedding where fresh

buffigrey sandy siltstone, weak rock

fissile. white speckles on weathered surface
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1w

brown/black soft shale. iron stained bivalves.

extremely fissile. weathers to give brown soft shale
stiffer at base with some subvertical jointing

midflight grey weak mudstone, fissile where weathered
otherwise massive ireqular fractures. few ammonite and bivah

remains. iron stained. irregular patches are black and fee! grez
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Figure 3.10 Quarry wall section in Kimmeridge Clay at Foxholes Quarry.

63



Generalized Vertical Section

Scale 1:50000

\\
A

ey
—— ! -

7
T

......

= = G
D
DS
o N
e —
. —
T
T T
 a— -

T
s e v Wt w—
T T I '
» onmm ¢ T T
T W T
T  e—
T I

A
|u
1}

Figure 3.11 Geology of the area surrounding Grassholme and Balderhead Reservoirs
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Figure 3.12 Geology of the area surrounding Burnhope reservoir.
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4. WEATHERING OF SHALES

4.1 Introduction

Weathering is often regarded as the reverse process of diagenesis and results in
an overall deterioration in quality and loss of integrity of a soil or rock. During
diagenesis, increase in compaction leads to increase in permeability and porosity.
Chandler (1969) notes that one of the most important effects of weathering is the

increase in void ratio.

Both diagenesis and weathering result from bringing a material into equilibrium
with the prevailing pressure and temperature regime, and the degree of weathering
is therefore directly related to the extent by which a material is out of equilibrium
with its surroundings. By definition, weathering is caused by the action of atmo-
spheric agents, occuring at or near the surface and involving little or no transport.
Most rocks form under pressure — temperature conditions which are very different
from those existing at the surface today and hence tend to be more susceptible to
weathering than soils which have been formed by prolonged weathering and are

therefore generally stable.

Diagenesis is initiated by burial and loading. Weathering on the other hand results
from unloading, either by natural (uplift and erosion) or man-made (excavation)
processes. Unloading leads to the release of strain energy and thus propagation of
high horizontal stresses close to the surface. These are believed to be an important
factor in exacerbating weathering (Bjerrum, 1967). K, values * obtained by both

measurement and calculation (Taylor and Cripps, 1987) are highest close to the

* K, is the ratio between horizontal and vertical stresses
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ground surface. In laboratory experiments, Brooker (1967), demonstrated that
stored energy was increased by post geological loading and resulted in increased
values of K,. Such energy is stored by the bonding and deformation of individ-
ual particles. Furthermore, diagenetic bonding, that is authigenic cementation,
adhesion at particle contacts and grain to grain ‘cold welds’ (Bjerrum’s so-called
‘strong diagenetic bonds’) contribute to storage of energy in the system. During
unloading, the soil expands and there is an increase in the void ratio and water
content. Strain energy stored by bonding and compression is recovered relatively
quickly but strong diagenetic bonds take longer to break down; thus there is a
secondary time dependent effect. Expansion is obviously restricted in the horizon-
tal direction; consequently stresses are set up which may lead to fracturing and

breakage subparallel to the ground surface.

4.2 Weathering Processes and factors influencing weathering

Weathering occurs by a combination of two interacting processes - namely physical
disintegration and chemical decomposition. Physical disintegration tends to be
the more rapid of the two, and is responsible for the overall rate of weathering

as it controls the amount of surface area available for chemical reaction, see for

example Taylor and Spears (1970).

4.2.1 Physical Disintegration

The physical component of weathering involves in situ fragmentation of rock or
soil by application of cyclical stresses; for example wetting — drying, heating -
cooling and freeze — thaw. The effect of application of man-made stresses is
discussed later. Stress relief due to unloading has already been mentioned; this
leads to swelling and increase in water content. Taylor and Cripps (1987) give a
useful summary of swelling processes which include intra particle swelling due to
rehydration of clay minerals, and inter particle or osmotic swelling between clay
minerals. The latter arises when separation between clay minerals is greater than

that at which attraction by Van der Waals forces occurs (usually about ISA). A
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net repulsion between particles causes water to be drawn into the system, which

leads to further increase in volume.

The amount of physical disintegration experienced by a mudrock under given
conditions is controlled by a number of factors which include:

1. Presence of sedimentary structures and discontinuities.

2. Slaking of the rock - this depends on suction characteristics.

3. Amount of expansion of expandable clay minerals.

4.2.2 Chemical Deterioration

Under any given climatic regime, minerals will tend to dissolve or precipitate in
order to achieve equilibrium. During diagenesis mineralogical changes lead to an
increase in mechanical stability of clays due to loss of expandable layers (see for
example Dunoyer de Segonzac, 1970). During weathering, prolonged leaching of
clays generates simplified forms or, at the other extreme, certain conditions may

lead to the precipitation of minerals.

The processes by which chemical decomposition of rocks and soils take place are

summarised in many texts (see for example Krauskopf, 1967). These are listed

below.

1. Solution and Precipitation

Minerals most likely to be dissolved are halite, gypsum, anhydrite, calcite and
dolomite. Of these, calcite is most likely to be a constituent of mudrocks. Sev-
eral cases where solution of calcite has led to a significant decrease in strength
are recorded in the literature, for example the Carboniferous Shales used in the
construction of Balderhead Dam (Kennard et al, 1967), and Oxford Clay (Russell
and Parker, 1979). Precipitation of minerals leads to the formation of duricrusts
and duricretes under certain conditions. This may cause problems in man-made

structures by precipitation of iron hydroxides (‘ochre’) in filters and drains.
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2. Hydration

Hydration of clay minerals such as montmorillonite may render them unsuitable
for use in structures. Uptake of water between lattice layers in the mineral does
not lead to any major differences in the compound itself but may cause significant

amounts of swelling and hence contribute to further disintegration.

3. Dispersion and Cation Exchange

Minerals prone to dispersion disintegrate on exposure to water. They tend to
be rare in the U.K., although the Gault Clay is one notable exception. They
can generally be recognised by their high exchangeable sodium percentage (ESP)

values. Structures in which such materials are utilised may be vulnerable to

internal erosion or piping.

4. Oxidation and Reduction

The oxidation of sulphides such as pyrite, marcasite and pyrrhotite in mudrocks
is presently receiving a great deal of attention due to its often dramatic effects
on structures and buildings. Penner et al (1973) provide the following probable

mechanism for the reaction.

(I) 2FeSy + 703 + 2H30 — 2FeSO4 + 2H504

(II) 4FeSO4 + Og + 2H3504 — 2Fe3(S04)3 + 2H20

(IIT) TFey(SO4)3 + FeSz + 8H20 — 15FeSO4 + 8H3 S04

(I) ferric oxide is produced during this stage. (II) ferrous oxide is generated , the
reaction is catalysed by bacteria.

Sulphuric acid produced in the last part of the reaction is known to react with
carbonates and clay minerals present to form secondary minerals such as gypsum
(from calcite) and jarrosite (from illite). These reactions generally involve an in-
crease in volume, and a great deal of heat is generated in the initial oxidation
reaction. Acid generation may also have a significant effect on geotechnical prop-

erties — Steward and Cripps (1983) note that residual strength of Carboniferous
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Shales at Mam Tor in Derbyshire reduced due to mineralogical and porewater

composition changes resulting from pyrite breakdown.

5. Hydrolysis
Hydrolysis is the process whereby primary rock forming minerals are weathered
to secondary clays, hydrous oxides and so on. Although this process is important

geologically, it is generally thought to be too long term to influence man-made

structures.

The processes most commonly reported to affect mudrocks used in structures in
the U.K. are dissolution of calcite and oxidation of pyrite. Mudrocks formed under
marine conditions are much more likely to contain these minerals than their non-
marine counterparts. This, coupled with the increased incidence of fine laminae
built up under slow rates of sedimentation in deep marine environments, causes
marine mudrocks to be much more susceptible to both chemical and physical

weathering than non-marine mudrocks (Taylor, 1988).

It must be emphasised that the distribution of calcite and pyrite in mudrocks
is dependent on depositional and diagenetic factors (Russell and Parker, 1979).
Therefore their absence in profiles otherwise containing calcite and pyrite does not
necessarily imply weathering away of the mineral. Furthermore, Spears and Taylor
(1972) concluded that pyrite content was not a prime cause of rock breakdown,
after observations of weathering depths and presence of pyrite in Carboniferous

rocks.

4.3 Weathering Classifications"

Several visual classifications are available for use in the field as it is thought
expedient to describe the condition of weathered rocks in a uniform style for
comparitive purposes. General schemes are provided by the Engineering Group of
the Geological Society (Anon, 1977) and in BS 5930(1981). Both schemes define

the various grades according to the amount of altered material present rather
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than by the extent of alteration. Variants of the general classifications which
refer to individual formations can be found in the literature, for example - Mercia
Mudstone (Chandler, 1969), Upper Lias Clay (Chandler, 1972), Chalk (Ward et
al, 1968).

The distribution of weathered material observed in a rock mass depends on,
amongst other things, differences in the original character of the rock, particularly
its porosity and the presence of discontinuities. Consequently, the full range of
weathering grades may not be seen in any one rock mass Moreover, mantling
effects of drift deposits may preclude development of grades in a mass. Despite
this, several authors have attempted to establish depths of in situ weathering
based on the Zone II/ Zone III (that is, slightly weathered /moderately weathered
boundary. For example, 5 — 15m in London Clay (Skempton, 1977), 6 — 10m in
Oxford Clay (Russell and Parker, 1979), 2.4 — 4.0m in Carboniferous mudstone
and 2.0m in Carboniferous shale (Spears and Taylor, 1972). The latter observed
weathering down to depths of 20 to 25m where there existed a high frequency of

rock mass discontinuities.

It is important to remember that such schemes are intended for in situ weathering
of a rock mass and therefore cannot be directly applied to earth or rock fills. In
such cases man-imposed physical weathering is inflicted on the material as de-
scribed in Section 4.5, as well as bringing rocks of potentially different weathering

states into the same new conditions.

4.4 The effects of weathering on geotechnical properties

The gradational changes in geoteclinical properties which accompany weathering
are widely known and well documented. The most obvious is, as already described,
increase in void ratio due to volume increase and swelling and consequent increase
in moisture content. The effect is more pronounced in mudrocks and shales than
clays since their initial moisture content is generally lower. This is accompanied

by an overall decrease in undrained shear strength which is probably related to
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increase in amount of fissuring besides the void ratio increase.

Effective shear strength parameters are more difficult to interpret due to the pres-
ence of fissures and discontinuities and curvature of the shear strength envelope.
The following is based on Taylor and Cripps (1987) and summarised in Figures
4.1 and 4.2. Generally, a large drop in cohesion is observed, with a smaller, but
nevertheless significant decrease in the angle of shearing resistance. The drop to
a lower bound value of peak effective shearing resistance in the fully weathered
state is comparable to the behaviour of a normally consolidated or fully softened
(remoulded) clay. Weathering alone cannot produce the ultimate (residual) shear

strength which is only attained after large strains.

Relationships between weathering and other variables such as clay mineralogy
(and therefore Atterberg Limits) appear less clear cut overall, although correla-

tions have been recorded in individual sites or for specific strata.

4.5 Weathering in earth fill dams

In earth fill dams and similar structures any weathering which takes place may
have serious implications in one of two ways. Firstly, weathering may cause a
change in material and physical properties - in dam design it is generally assumed
that the properties stay constant during the lifetime of the structure (Anon, 1986).
Secondly, by-products of chemical reactions may be polluting and hazardous to
health and/or the environment. The effects of acid generation at Carsington Dam

have been mentioned in Chapter 1.

The extent and rate of weathering on earth or rock fill structures is controlled by
material susceptibility, by the degree of leaching taking place within the dam and
by the chemistry of water within the fill. In the U.K., waters are not normally
aggressive although tailings dams in industrial, urban or mining areas have to
be designated to allow for highly acidic and/or chemically contaminated water.

Normally, due to the effects of running over hill peat, groundwater in upland
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areas tends to be slightly acidic whereas that in limestone areas may be highly
alkaline and contain high concentrations of calcium. Water in lowland areas is
generally neutral or slightly alkaline. Water entering the system as precipitation
will have a different chemical composition from that already present. This may

be an important factor in influencing chemical and physico-chemical reactions.

Weathering in earth fill dams tends to be restricted to the unsaturated part of the
shoulders. The core is, by design, impermeable and effectively chemically inert
when fully saturated. A large part of the shoulders, that is, from the water level
on the upstream slope to the downstream toe, is also fully saturated but reactions
may occur above the ground water level. The scenario may be complicated if
cycles of drawdown and refilling occur. During dry summers the presence of a
lower than usual ground water table leads to a larger volume unsaturated for

weathering.

Leaching through the body of the dam is largely controlled by the permeability of
the core, and may be further hindered by the placing of impermeable membranes
on the upstream face. The placing of drainage blankets speeds up any pore water
pressure dissipation, but may also allow the leaching of chemical by-products
away from the reaction site. Furthermore, the presence of drainage blankets may

introduce chemically reactive material into the system.

Despite the potential for degradation, a survey conducted by Babtie Shaw and
Morton (Anon, 1986) for the Department of the Environment, recorded little
evidence of dam failure caused by chemical deterioration of the fill. They did note
however that changes to rockfill dams were more rapid and obvious, and that such
dams may degrade to earthfill dams with time (see Chapter 2 for definition). It
would appear that dams constructed from highly weathered material are more
susceptible to chemical decomposition and tend to degrade more rapidly during

their lifetime than those built from fresh and slightly weathered rock.

A great deal of work has been carried out on the condition of colliery spoil heaps

following implications made in the Aberfan Enquiry that degradation may influ-
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ence shear strength characteristics of the spoil (Taylor, 1973). Spears et al (1970)
recorded the rapid breakdown of underground samples on exposure to the atmo-
sphei‘e and concluded that colliery discard would reach its level of degradation
fairly quickly. Little weathering was noted below a shallow surface zone less than
about one metre thick on the 50 year old Yorkshire Main Tip (Spears and Taylor,
1972) and at the 100 year old Brancepeth Tip in County Durham, little change
was noted other than that attributed to combustion in the spoil heap (Taylor,

1973).

4.6 Weathering Studies

Samples taken from the sites described in Chapter 3 were tested as follows in
order to view their condition and to determine whether any significant weathering

processes appeared to be operating.

4.6.1 Moisture Content

On arrival in the laboratory, samples from weathering profiles were tested for
moisture content according to the method outlined in BS 1377:1975 *. Plots of

moisture content against depth are presented in Figure 4.3.

The moisture content — depth relationships for the five year and fifteen year weath-
ered profiles at Gale Common are both sinusoidal in shape with the higher (wet-
ter) values occurring between approximately 0.3 and 1.3m below the ground level.
Samples from the surface are drier, presumably due to slight desiccation, as are
those below 1.3m in the five year wethered profile. In both cases the values range
between 10and22%. The similarity in both shape and numerical range of the two

suggests that little change occurs to the in situ material during this time range.

* Work was carried out prior to publication of the 1990 edition
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The data from Balderhead Dam and Grassholme Dam show moisture contents to
be in the ranges 8 — 12% and 16 — 23% respectively. In both locations slightly
higher values are observed at the ‘top’ of the profiles followed by a decrease in
moisture content with depth. Both dams were topsoiled and grassed shortly after
construction and this layer, approximately 0.3m in thickness, appears to prevent
drying out of the upper surface of the shale fill. On initial excavation, material
from Grassholme dam appeared more highly degraded than that from other dam
sites. It could be described as brown clayey sand to gravel sized shale fragments,
whereas other sites yielded grey sand to cobble sized fragments with occasional

boulders. This visual difference is reflected in the higher moisture contents ob-

served.

The two spoil heaps formed during the excavation of the Grassholme Hury tun-
nel have been partially colonised by grass and low plants. Moisture contents of
samples from this area are higher than those from ungrassed parts of the heap
with values of 13 — 28% as opposed to 7 — 21%. In neither case is the surface
desiccation observed in Gale Common samples apparent, and the shape of the
profiles are irregular. One isolated point, denoted ‘shale’ on the plot in Figure
4.3, is from a sample of arisings at the mouth of the rabbit burrow. Its low value
suggest that lower moisture contents exist at depth within the spoil heap although
it is obviously not possible to ascertain the original depth of the sample, or the

length of time to which it has been exposed to the atmosphere.

4.6.2 Particle Size Analysis

Particle size analysis was carried out on bulk samples from weathering profiles by
wet sieve analysis and sedimentation (pipette) analysis according to BS 1377:1975.
Care was necessary to overcome the following problem encountered whilst under-
taking particle size analysis: Wet sieving is the preferred method in order to

separate clay bound clasts, if this is not effected then the distribution curve will
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overestimate the amount of coarser particles present. However, it is well known
that mudrocks and especially shales, tend to slake when wet, and it was found that
the addition of water during the sieving process caused clasts to disintegrate. It is
important that larger clasts are represented in the distribution curve because they
may have an important influence in the shearing process, as shown in Chapter 6.
Slake durability tests were carried out on clasts from the four bulk samples taken
at Gale Common, according to the method specified by I.S.R.M. (1974). This
method is not ideal (Taylor and Spears, 1981), but it provides a useful illustration
of the rate and ease of breakdown of these shales. The results are summarised in
Table 4.1 below. Further problems were encountered in trying to find appropriate
clasts to use in the tests — they had to be clean in order to prevent extraneous
particles being washed off them during the test, but cleaning them could easily

cause them to disintegrate.

Slake Durability Index (%)
Material I In
fresh 43 76
stockpiled 51 78
5 year weathered 58 71
15 year weathered 80 85

Table 4.1: Slake durability indices for four bulk samples of shale from Gale Com-

mon.

Partical size distribution curves for the sites are presented in Figure 4.4, and

relevant parameters summarised in Table 4.2 below.
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location sample clay fraction Do Cy C.
(%) (mm)

Gale Common fresh 1 0.8 25 2.25
stockpile 2 0.015 1133 8.82
5 year . 4 0.009 522 8.51

15 year 5 0.005 200 8
Grassholme GH1 1 0.025 112 1.75
Dam GH3 1 0.021 119 1.19
GH5 <1 0.15 22.7 0.96

Balderhead BH2 <1 2.50 13.6 1.2
Dam BH4 <1 015 | 1067 | 3.8
BH6 <1 0.19 136.8 8.3
BHS <1 0.02 789.5 17.0
BH10 <1 003 | 1286 | 96.6
Grassholme - 1-1 6 0.004 150.0 0.14
Hury tunnel 1-5 7 0.004 95.2 17.8
spoil heap 1-7 3 0.008 56.2 0.25
1-9 2 0.023 282.6 0.15

1-11 3 0.020 500 4.1
2-1 1 0.02 100 0.81

2-2 1 | 0.10 50 8

2-3 1 0.05 120 6.5

2-4 1 0.60 33 3

Table 4.2 : Clay fraction (< 2um), effective particle size (Djg), coefficient of
uniformity (Cy,) and coefficient of curvature (C.) for samples from Gale Common,

Balderhead Dam, Grassholme Dam and Grassholme Hury tunnel spoil heaps.

Particle size analysis of bulk samples from Gale Common clearly indicates a de-
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crease in overall particle size of the shale fragments with time of exposure. Fresh
shale arriving from Kellingley Colliery was found to contain the highest proportion
of coarse material and shale fill from older parts of the embankment the lowest.
It is not possible to determine how much of this apparent breakdown is due to
natural weathering processes, and to what extent mechanical processes involved
in transporting the material and constructing the embankment are responsible.
Furthermore if one is to use decrease in particle size as an indicator of weathering
then it has to be assumed that all material arriving at the site is similarly graded,
and that any processes utilised in embankment construction do not cause any

segragation or grading of the material.

Data from Grassholme Dam shows little variation with depth, although it should
be noted that the samples were taken from a limited depth range. Overall the
samples near to the top of the profile are slightly finer. This trend is shown very
clearly by particle size distribution curves for both grassed and ungrassed parts of
the Grassholme Hury tunnel spoil heaps. In both cases surface samples are con-
siderably finer grained than those taken from depth, suggesting that weathering
processes have been acting on the surfaces of the spoil heaps to break down the
shale. Again it must be assumed that tipping spoil onto the heap did not cause

any segregation of the different sizes.

No obvious trend is visible in the data from Balderhead Dam. Presumably the
presence of the topsoil layer has a blanketing effect, and protects the shale against
atmospheric weathering agents. The same process is probably responsible for the

small variation seen in samples from Grassholme Dam.

4.6.3 X.R.F. Analysis

Samples were analysed for major and trace elements using standard X-Ray Fluo-
resence method, after Jenkins and de Vries (1967). Approximately 4.0g of powder
of each sample produced in a TEMA swingmill with tungsten carbide vial, was

pelletised by mixing with a few drops of PVA solution (MOVIOL) and compress-
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ing in a hydraulic press at approximately 6 tonnes. Pellets were run through the
machine, a Phillips PW212 Automatic Sequential X-Ray Fluorescence Analyser
using a Rhodium 3kW X-Ray tube at 80kV and 35mA, and ‘the counts compared
to a number of standard samples of known composition using computer software
developed in the Department of Geological Sciences of Durham University. Read-
ings were further corrected for loss on ignition (CO2 and H0). Four sets of
twelve identical samples were run through the machine in order to confirm preci-
sion of the results - these are tabulated in Appendix 1. Three standards of known
composition were also run blind to check the accuracy of the machine. Results
are tabulated in Appendix II and plots of elemental concentration against depth
given in Figures 4.7 to 4.12. It should be noted that although vertical scales are
the same in each of these figures, the horizontal scales vary and thus care must

be taken if comparing profiles from different sites.

4.6.4 X.R.D. Analysis

Standard methods of X-Ray Diffraction Analysis (Hardy and Tucker, 1989, Brind-
ley and Brown, 1980) were used to identify mineralogical composition of samples.
Samples were crushed and smear mounts prepared by mixing with acetone and
placing on a glass slide. Some workers recommend use of water rather than acetone
as this allows slower settling, partial orientation of clay particles and theoretically
a stronger response. However Billing (1987) found that measured intensities were
not significantly improved by using distilled water. Therefore acetone was chosen
because the method of preparation is quicker and more convenient. The machine
used was a Phillips PW1130 2kW Generator Diffractometer, using CoKa radiation
at 40kV and 20mA.

Qualitative analysis is relatively straightforward for clay minerals and relies on
comparison of peak positions on the diffractogram to data given by the Joint Com-
mittee on Powder Diffraction Standards (JCPDS) to identify individual minerals.
However for weathering studies (semi-)quantitative data is necessary. The X-Ray

response of a mineral, and therefore the intensity of peak produced depends on
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a number of variables and therefore direct comparison of peak height or area is
not possible. A series of calibration curves (Klug and Alexander, 1948), in which
the responses at different concentrations against the concentration of a mineral
are plotted, is neccessary. There are several methods of doing this. A mineral
present in the system can be varied and then a direct calculation method applied
(Hooton and Giorgetta, 1977). Alternatively, a constant amount of a new mineral
can be added to the system to act as a standard and the response of varying con-
centration of any mineral in the system can be compared to this known constant.
This method was used succesfully by Smith (1978). Boehmite was used as the
internal standard (Griffin, 1954), its advantages being that it shows a convenient
peak reflection which does not interfere with any of the peaks of minerals being
analysed for. It has a similar total mass absorption coefficient to the minerals
under analysis and gives a strong intensity when small amounts are present. X-
Ray diffractograms for samples of shale with and without 10% boehmite present
are shown in Figure 4.5. A series of samples with the following compositions was
made up:

(90 — z)% shale + % mineral + 10% boehmite

with z = 1%, 2%, 5%, 10%, 15%, 20%, 30%, 40% and 50%

For each different mineral, plots of the peak area ratio of the mineral to that of
boehmite, were plotted against the concentraion of the mineral. The resulting
calibration curves are given in Appendix III. A typical Carboniferous shale was
used as a basis for the standard samples with additional appropriate commercially
available minerals. Gibbs (1967) suggests that the minerals to be added should be
extracted from the samples to be tested to ensure maximum accuracy. Measure-
ments of peak areas (rather than heights) was made using a polar planimeter. One
disadvantage of this method is that the areas measured from a baseline, the draw-
ing of which is subjective — errors were reduced by keeping its position standard

on each occasion.
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10% boehmite was added to all unknown samples and the calibration curves used
to estimate the proportions of major minerals present. Results are tabulated in
Appendix IV and plots of mineral composition aéainst depth given in Figure 4.7
to 4.12. In most cases the total percentage measured was less than 100% and the
remainder has been labelled ‘miscellaneous’. This comprises a mixture of carbon,
degraded clays and mixed layer clays although secondary minerals such as goethite
and siderite have also been identified — these are indicated on the tables of results
in Appendix IV. The amount of carbon present is determined by loss on ignition
analysis in which the sample is heated and the weight loss due to the driving off
of volatiles is measured. The results are given in Appendix II with the major
element chemistry. On most charts, the illite 10A peak is asymmetrical with a
tail on the low 28 angle side, this is caused by reflections from the degraded illite
and mixed layer clays, and is illustrated in Figure 4.6. The tail can be removed
during glycolation and heating as explained below, to leave a symmetrical illite
peak. The quoted value for illite is taken from this peak, that is pure illite,
and the degraded illite and mixed layer clays included within miscellaneous. A
number of geometrical indices are available to measure the crystallinity of illite
based on the symmetry of its peak, see for example, Hardy and Tucker (1989).
Several workers have used such indices as weathering indicators (Taylor (1971),
Smith (1978), Russell and Parker (1979), Billing (1987) amongst others) noting
that increased weathering towards the top of profiles at both natural and man
made sites leads to degradation of illite. Smith (1978) noted similar phenomena
in kaolinite although this was not obverved in samples from this study. Illite shape

factors for the samples analysed given in Table 4.3.
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sample | shape | sample | shape | sample | shape sample shape
factor factor factor factor

GCAl 0.36 GCL1 0.95 BH1 0.96 Beeston 0.23

GCA2 0.50 GCL2 0.79 BH2 0.23 Silkston 0.14

GCA3 0.10 GCL3 1.59 BH3 0.64

GCA4 0.27 GCL4 0.61 BH4 0.33 GCF coarse 0.15

GCA5 0.33 GCL5 0.47 BH5 0.31 GCS coarse 0.18

GCA6 | 030 | GCL6 | 049 | BH6 | 0.19 | GCS5coarse | 0.24

GCA7 0.20 GCL7 0.58 BH7 0.50 | GC15 coarse | 0.82

GCAS8 0.33 GCL8 0.54 BHS8 0.20

GCA10 | 0.23 GCLQ 1.05 BH9 0.21

GCA11 | 0.22 | GCL10 | 0.42 BH10 0.19

GCA12 0.25 GCL11 0.77

GCA13 | 0.33 | GCL12 | 0.39 GH1 1

GCA14 | 0.21 | GCL13 | 0.59 GH2 1

GCA15 | 0.15 | GCL14 | 0.75 GH3 1

GCAl16 | 0.23 GH4 1

GCA18 0.20 GH5 1

GCA20 | 0.24 GH6 1

Table 4.3 : Tllite shape factors for samples from Gale Common five year weathered
(GCA) and fifteen year weathered (GCB), Balderhead Dam (BH) and Grassholme
Dam (GH).
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Certain workers recommend separate analysis of the clay fraction (passing 2um).
Towe (1974) points to possible dangers in this. Methods of clay analysis are
given in Hardy and Tucker (1989) and in Wilson (1987). The method adopted in
this work was as follows: The passing 2um fraction obtained from sedimentation
analysis was allowed to settle on to a glass slide by evaporation in a warm oven.
This produced oriented sections with stronger reflections. Some interference of
peaks occurs, so after an initial run, the slides were first glycolated by placing
in a desiccator containing glycerol in an oven at 60°C for 4 hours. This expands
smectites to 17A so that the reflection does not interfere with that of chlorite
14A. Heating to 375°C collapses smectites and illites to 10A and further heating to
550°C' destroys kaolinites whose 7A peaks may interfere with second order chlorite

peaks. These methods were used to confirm the clay mineralogy as measured on

the whole rock samples.

4.6.5 Mineralogy and Chemistry of the sites studied

In general, at first glance, there appears to be little variation in mineralogy with
depth. The distribution of trace elements in particular is remarkably consistent
with depth. The average mineralogy and major element chemistry for the sites
is shown below in Tables 4.4 and 4.5. In most cases there is an apparent inverse
correlation between illite and degraded illite/mixed layer clays, but only in the
case of Balderhead Dam does this also appear to be influenced by depth. This
also correlates with the illite shape factors, and shows there to be more weathering

and degradation at the tops of the profiles.
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Mineralogy (% weight)

sample quartz { illite | kaolinite | chlorite | mixed layer other
clays
fresh Coal 11 55 15 5 14
Measures shale
(Tanners Hall)
fresh Kimmeridge | 15 20 10 - 20 35% calcite
Clay
fresh Coal 23 54 19 1
Measures shale
(Kellingley)
Gale Common 5 22 44 12 1
Gale Common 15| 22 27 12 1
Balderhead 25 21 22 1
Grassholme 28 16 15 1
Burnhope 28 19 15 1
Tunstall 28 13 8 1
Waskerley 26 27 16 1
Smiddy Shaw 41 31 14 1
CD (model dam) | 18 30 24 1

Table 4.4 : Average mineralogy of samples.
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Element (% weight)
sample|Si02|Als 03| FesO03| M gO|CaO|NagO|K20|TiO|MnO|PO3|S + HO + C

BR |576(218 | 47 |17 (03| 08 36|11 | tr {0.1 8.3
SR (59.5|204 | 50 |15 03] 08 [36]11 0.1 0.2 7.8
GCF (403181} 47 |11 06} 04 (28] 08| tr {0.1 19.2

GCS |40.3) 184 | 40 |10 04 05 |28|08 | tr |0.1 30.6

GC5 {429189 | 51 | 1.3 04| 04 [32]08 | tr |01 27.5
GC15(43.9(189 | 59 | 1.2/03| 03 {3009 | tr |0.1 24.6
BH (498|205 | 61 | 1.5 31| 02 |23]10] 01 |01 14.8
GH [52.3|209| 87 |13 (02| 02 |21]08]| 0.1 |02 12.8
GHSH|59.6|21.2 | 7.8 | 23 | 44| 03 |28|0.9 ] 01 |02 0.4
CD |40.4|19.0| 3.7 |08 [04| 01 [24]09 | tr {01 31.5

Table 4.5 : Average chemistry of samples.

" It is interesting to compare the mineralogy of samples from Beeston and Silkstone
roof rocks taken direct from Kellingley Colliery (underground samples were sup-
plied by British Coal) with other samples from Gale Common. The underground
samples contain few mixed layer clays and the illite peaks are sharp and symmet-
rical. Bulk samples from fresh, stockpiled, five year and fifteen year weathered
samples contain progressively higher amounts of mixed layer clays, less pure il-
lite and have higher shape factors. The underground samples contained little
calcite and no pyrite or gypsum; various amounts of all three are present in the
weathered rocks, although as mentioned earlier the presence of such minerals is
generally sporadic and therefore their presence or absence cannot be used to infer
any weathering effects. Samples near the surface of the five and fifteen year pro-
files show enhanced quartz contents, that is, higher than those measured in the
fresh and underground sampes, although this tends to decrease to the expected
value with depth and may represent leaching of clays at the surface. Coarse gravel
sized clasts from the bulk sampes were also analysed separately — the results are in
Appendix IV. In fresh, stockpiled and five year weathered samples the mineralogy
is close to that in the underground samples. However, in the fifteen year weath-

ered sample the clasts contain more degraded illite and mixed layer clays and it
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appears that, given time, the larger clasts start to become weathered as well as
the matrix. Furthermore samples of shale from the Gale Common embankment
itself contain significant amounts of carbon — this is derived from coal fragments
which are visible in the fill material and are indicated by high loss on ignition
values.

Namurian shales from Balderhead and Grassholme Dams contain approximately
equal amounts of illite and kaolinite, although the latter also contains a high
proportion of mixed layer clay and degraded illite, this is reflected in the higher
shape factors. Samples from the remaining dams are similar in composition to the
Coal Measures shale with the clay mineral assemblage being dominated by illite.
The high quartz value observed in the fill from Smiddy Shaw Dam is probably
related to fragments of sandstone which were observed in excavations on the dam.
The lack of calcite in samples from Grassholme compared to that in samples
from Balderhead may be an expression of the longer time of exposure, but it is

not possible to say for sure whether the mineral was present in shales used at

Grassholme in the first instance.
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(a) Gale Common
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Figure 4.4 Particle size distribution curves.
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Figure /.7 Mineral content, major element and trace element — depth: Gale Com-

mon five year weathered.
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the mechanism of progressive failure, in which stresses and strains are assumed
to be non-uniform. A further disadvantage of such methods is that they yield no
information cconcerning stress distribution or displacements. A separate analysis

based on elastic methods and consolidation theory must be employed.

More recently, continuum analysis methods, in which stress distributions are calcu-
lated and then checked to determine whether strength criteria have been violated,
have been used. These are useful in that they are simple to adopt, give informa-
tion on stability, stress distribution and displacements, and have been shown to
be reasonably accurate, albeit somewhat conservative. The simplest form is when
linear elastic conditions are assumed in the calculations. However this is grossly
oversimplified since soil behaviour is neither linear nor elastic. Non-linear meth-
ods, of which there are many forms in the literature, involve plasticity, so although

they are more accurate they still cannot predict all aspects of soil behaviour.

Current practice in the design of earth fill dams employs a combination of tradi-

tional stability and non-linear stress analysis.

Various methods have been used to analyse progressive failure. It is possible to
incorporate the effects of brittle behaviour into traditional methods of stability
analysis; for example by reducing cohesion to zero and using critical state rather

than peak strength (Schofield and Wroth, 1968).

Several examples of methods which postulate the method of failure and then
model soil parameters accordingly can be found in the literature. Bjerrum (1967)
proposed one of the earliest models in which peak strength was exceeded locally
and residual conditions were reached. Although elastic energy was considered,
strain was not modelled directly. Christian and Whitman (1969) modelled soil and
represented stress-strain behaviour, and later, the Palmer and Rice (1973) model
illustrated the importance of elastic energy release by using fracture mechanics

and shear band propagation.

The use of finite element analysis, although recognised in the late 1960’s (Peck
1967, Bishop 1967), has recently come to the fore since computational methods

advanced sufficiently to surmount numerical difficulties.
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