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ABSTRACT

The aim of the project was to investigate the behaviour of
coarse and fine colliery discards with respect to liquefaction
potential, using controlled load triaxial testing. It was hoped to
relate the behaviour in these tests to measured materizl properties
such as streugth, shape, chemistry and mineralogy.

Tﬁe investigation of coarse discards contrasted the behaviour
of a weak,- seatearth~rich discard from Gedling Colliery with that of
a strong shale-rich discard from Abernant Colliery. The former showed
some liquefaction potential at low confining pressures, while the
latter showed no iiquefaction potential.

A seatearth and a shale from County Durham were used to
demonstrate any possible links between these basic materials aand the
‘hehaviours observed. However, both showed responses similar to the
Gedling discard. Investigation of material properties indicated that
the strengih of material, its stabdility in water and its facility for
pore pressure equalisation were the most imporﬁant factors influencing
response auring controlled load testing. The strength and stabilaty
of the material are probably related to its organic carbon content.
he

Ahern

T ant discard had a high strength and stabllity in water and
éhowed'good potential for.equalisation of pore pressures during testing,

in centrast te the other three materials. Tests on mixtures of Abernant
discard and the Durham seatearth showed a transition between the behaviours
of the end matcerials for a mixture containing between 20 and 25 per cent
seatearth.

ests on fine discard frow Peckfield Colliery showed significant

differences in behaviour between samples from the lagoon and those
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‘fabricated in the laboratory. The former showed strong dilatant
behaviour, while the latter showed some potential for liquefaction.
Thié is probably due to differences in soil structure (organis;tion
of particles).

Tests on fine discard from Abernant showed a high potential for
liquefaction. The most significant difference, possibly affecting
liquefaction potential, between this discard and that from Peckfield
was the uniformity of grading, £he Abernant discard being considerably
more uniform. The results for the Abernant fine discard showed no

correlation with those for the coarse discard from the same colliery.
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CHAPTER 1

INTRODUCTION

1.1  Aims of Project.

The aim of this project was to investigate the susceptibility of
coarse and fine colliery discard to liquefaction using the controlled
load triaxial test, which is a suitable means of assessing this
phenomenon.

The coarse discards chosen were {rom two separate areas, South
Wales and Nottinghamshire. The former is an example of a shale-rich
discard of high rank (rack 100) and the latter is an example of a high
seatearth discard of low rank (ranl: 800 to 900). From the test f sults
the different behaviours of these two types of discard could be contrasted.

To investigate further controlled-load behaviour in terms of specific
rock types a typical shale and a typical seatearth from Esh Winning and
Biggin South opencast sites in County Durham were also tested. For all
the coarse materials tested variations in material properties together
with cneinical and mineralogical composition were used to try and explain
the differences in behavicur that were recorded.

Tests were carried out on fine discards again with the object of
comparing behaviours of different types of colliery tailings (slurries)
and explaining them in terms c¢I material properties. Developments were
also made in the technique used for controlled load lesting of fine
grained materials.

In the investigation of fine grained discards it was also hoped to
show the difference, ifi any, between the behaviour of saiples taken from

colliery lagoons and those made up (fabricated) in the laboratory.
&
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1.2 The Concent of liquefaction and TFlow Slides

Concern about liquefaction and flow slides in colliery discards
came about as a result of the Aberfan disaster of 1966,in which
liquefaction was shown to be a major contributory factor.

Many different definitions of liquefaction have been used since
Terzaghi end Peck (1948) described it as "the sudden decrease of
.shearing resistance of a quick sand from its normal value to almost zero
without the aid of sceepage pressures'.

The definition used by Castro (1969), gives a comprehensive

description of the phenomenon; "The phenomenon by which the soil suffers

such a substantial reduction of its shear strength that the mass:of soil
actually flows, spreading oul until the shear stresses acting within the
mass.become so small that they are compatible with its reduced shear
strength'.

Although liquefaction can occur in a dry situation in which air is
the fluid, for example avalanches, it ucuwally occurs in saturated or
nearly saturated scils which have a metastable structure . On collapse
of such a metastable structure the Zuvad is transferred from the soil
skeleton to the pore fluid, producins a flow slide,(Bishop et al.1969).

The results of ligquefaction leading to flow slides can he rapid
énd disaétrous.. Many flow slides have occurred in sand deposits as a.
result of earthquakes. Liquefaction is generally produced by shock
loading, such as that resulting from an earthquake, or movement of a
previous failure plane.

1.3 Flowslides in Colliery Waste.

In thé case of colliery spoil heaps, flowslides could potentialiy be
caused by a number of different events such as tremors, or sudden shocks

caused by mining subsidence, tipping of fresh spoii on a potentially

- :
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unstable slope, vibralions caused by plant used in tipping-operations
and shocks resulting from slipping on old failure planes. The presence
of large quantities of water after periods of wet weather is often a
major contributory factor in this type of failure.

Some examples which illustrate a number of the ahove causes can
be cited. For example, in 1969 a 42m high, 20 year old tip suffered a
slip due to subsidence. Some time prior to the slip a crack 60m long
with a ZOOhm step had been noted in the tip. In 1967 a 1im high lagoon
bank failed one week after fresh spoil had been tipped over the old
bank. The failure followed a period of heavy rain. At Abercynon tip
.in -South Wales a flowslide occurred in 1639 in which a section 110m wide
flowed 430m in a few minutes, 180,000 toﬁnes of spoil being involved.
The tip was on a ground slove of 1 in 2.6 or steeper. The cause was
concluded to be water issuing from a fault plane beneath the tip. These

failures were docusienled by the National Coal Board (1970). At Aberfan

)

there had been a history of previous failures.- In 1944 another tip in
the Aberfan complex suffered a collapse, whicH was probably caused by
spring water seeping into the tip. In 196% there had been a major slide
in the tip which moved again in the 19656 disaster. All these slides
. followed periods of heavy rair. ' The actual flowslide of 1966 was
triggéred by a toe failﬁre which reactivated a slip along the pfevious
tailure surface. The results were accentuated by large volumes of water
being released from aquifers beneath the tip.

Flowslides are always a potential hazard in tips as has been pointed
out in the N.C.B.'is Tgchnical Hlandbook (1970) "Flowsliding should always
be considered a probahle secondary consequence when large quantities of

material are involved, when the material is very wet, and where the




natural grou-d in front of the tip in the probhable direction of movement
slopes steeply away Irom the tip". The worst combination of the hazards
outlined above occurs in South Wales where there is high rainféll (up to
2000mm per annum) and thé tips are often constructed on hillsides.
Although the problem requires special attention in South Wales, it cannot
be'ignored in other areas. The problems of tips and their possible
solutions are outlined later in this chapter.

As well as flowslides involving tip material there have azlso been
examples of flowslides involving lagoon sediments. In North Derbyshire
in 1966 slurry from a lagoon flowed a distance of 100m following the
failurs of a 8m high lagoon bank. Failure was due to artesian water
pressures in the bedrock caused by water seeping from the lagoons and
also groundwater seepage from higher ground. The lageoon bank was also
affected by subsidence dve to oid mine workings. A further danger in

the case of lagoon deposits is the possibility of drawdown leadin

RN =P

g to
possible failure of the lagoon bank. This could occur during the
excavatior of lagoon deposits.

Further examples of failures involving tailings and tailings dams have
occurred cutside this country. In 1972 a tailings dam near Buffalo
Creek. West Virginia failed after 94mm of rain in 72 hours. The dam was
15m high, had a base width of 120m, and was standing at the angle of
repose. The failure released 4.16 x 1O5 m3 of water and killed 118
people making LOOO more homeless. Due to inadequate design of the dam
the failure mechanism was complex. It appeared to be a combination
of piping in the tailings, downstream slipping due to seepage pore pressures
and overtopping cdue to lack of overflow works (Bishop, 1973).

In Chile there are a large number of tailings dems built from mill

tailings produced in the extraction of copper. On March 28, 1665, there




was a serious earthquake (magnitude 7 to 7.25; 0.183 peak acceleration
at 120km) in Central Chile which led to the failure of a number of these
dams. A number of these failures have been described by Dorby and
Alvarcz (1967). The most serious failure occurred at El Cobre, where
two dams failed during the earthguake. The failure caused 2 million
tonnes to flow, travelling 12km in a few minutes. The flow destroyed
part of the town of El Cobre and killed more than 200 people. Accounts
6f the failures indicated that a slide of the frontal slope of the dam
was followed by the liquefaction and flow of the core. The core

" material was>généra11y very fine, between 45 and 60 per cent passing a
No. 200 sieve for the materials studied. It was also very wet and
uncompaéted. These Tailures illusi:ate the importance of proper design
and congtruction of structures involving tailings,and esvecially in
seismic areas.

1.4 Review of some recent work.

Much of the current work is in the field of cyclie liguefaction
related to the occurrence of liguefaction in sand deposils during
earthquakes. IHowever, in this work some theories, ideas =and techniques
have been developed which are relevant to the current investigation.
Some of these are outlirned in this section.

1.4,1 Cr Voids Ratio, B and T lines and Flow Struclures.

Casagfande has been involved in work on liguefaction Irom an early
stage (mid nineteen thirties) and haslcontributed a great deal to the
current ideas. Muzh of this work was summarized in his recent
publication (1976).

From as early as 1678 Casagrande observed that when a dence sand is
sheared it will dilate (increase in volume) and that a loose sand will

contract (decrease in volume). From this he developed the concept of

2 prmesnenrg ooy Y



'eritical void ratio', as the void ratio at which a sand would neither
contract nor dilate, but shear at a constant volume. This void ratio
was found to be dependent on the normal pressure and a plot of log
normal pressure against-void ratio was produced (Figure 1.1). The
line on this plot was called the 'E ILine'.

The response of sand subjected to a shear férce will depend on its
position relative to this line. For sand whose state lies above this
line, point a, the natural tendency would be for the sand to densify,
decreasing the void ratio, and to move vertically down to point b.
However, if volume change iz not possible the tendency is still to
reduce in voiume, but as this is nol possible, the effectife normai
'stféssiis decreased by the transfer of some of the leoad to the pcre
water, and the state moves to the right to point c. This produces a
_ rise in the pore pressure and a reduction in the shear strength, i.e.
the phenomenon of liguefaction is produced.

If a2 sand below the line was subjected to shear forces the effect
would be the induction of ncgative pore pressures, and further load
would be taken by the sand. Thus it was shown that a sand above the
iine would be liable to liquefaction and one below it would not.  However,
his work following the Fort Peck Dam slide of 1938 showed that a sand
1yiﬁg apparently below the line had liquefied(from field tests on the
liquefied sand after the failure).

However, further work produced the concept of a flow structure.

e conclﬁded that when a sand liquefies and is flowing it has a structure
completely different irom that in the static condition forming a flow
structure. In this structure the grains of sand are rotating relative

to each other in such a way as tc produce minimum frictional resistance.
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‘This structure spreads vy chain reaction and exists only during flow.
When the flouw stops the grains revert to a static structure which is
slightly denser than the original structure. This could expléin the
observations-concerning the Fort Peck Sand. Thus, a change of structure,
reducing the susceptibility to liquefaction, could nave taken place
e.g. from an unstable honeycomb structure to a stable single-grained
structure (Figure 1.2).

Although Casagrande had made these observations and postulations,
he was not able o demonstrate them in the laboratory. This was Tinally
achieved by Castro (1969), who by using load control triaxial tests
instead of the usual strain control produced iiquefaction and flow
structures in the laboratory. The success of the load control method
was due to the fact that in order to maintain a flow structure the
driving force must be kept constant. If o flow structure developsd in
a strain-controlled test the driving force would be relaxed and the
structure could not be maintained. In the case of load control there
would be ro relaxation and the structure would be maintained.

rom the results of Casliro's and other subsequent tests, Casagrande

censidered the relationship between void ratio and log eifective minor
principal stress at failure. He found from this plot that there was a
well defined line which he called the 'F Line' (the line for which
liquefaction with a flow structure developed). Subsequently, he
produced flow structures in strain controlled and drained triaxial tests.
Again he plotted void ratio against log erifective minor principal stress
during flow. The resulting lines are shown in Figure 1.3, being termed
Esc and Eu.

The actual pasition of the L, line is thought to be dependent on
the speed of loading, the ¥ line being an extreme case. As with the load

maintained the flow siructurc collapses almest instantanenusly.

;
:
i
i




Casagrande defines three zones on the plot as follows:-
Zone A the dilative zone below the F line in which no liquefaction
will occur;
Zone B between the F and Eu lines, either a dilative or contractive
response may develop dependjng on the rate of strain, and on the
proximity to the ¥ line;
Zone C above the Ey line - a contractive response to any strain will
develop and liguefaction ié the likely result of any rapid strain or
shqck.-
Casagrande then concludes "The I" line is of prime interest for engineering
applications. On the basis of my present knowledge and judgement, I
. conazider the entire area ahove the I line to be a hazard with respect to
actual liquefaction in foundations of dams and important structures in
highly seismic zones. Below the T line actual liquefaction is not
possible, although small strains may develop'.

The term “actual liquefaction" used here by Casagrande iz defined by
him as follows'the response of contractive (locse) sand which results in
substantial increases in pore pressure and loss ¢f strength that can
cause a flow slide'.

l.4.2 Tiquefaction and Associated Results.

In his paper of 1973, Youd attempts to clarify the position regarding
liquefaction and its resulting after effects. Definitions used by Youd
are as follows:

Liquefaction "The transformation of a granular material from a solid st

to a liquefied state as a result of pore water pressures'.

Solidification The opposite process tc licquefaction. Deformations in the

solid state are described as plastic end elastic strains, whereas ihose in
the liquefied state are called flow deformations.

Two types of flow reculting from liguefaction are defined:



http://Casagran.de

(1)  Iimited Flow -liquefaction in which flow deformation occurs, but

which is subsequently arrested by solidification after movement without
significant change of total stress. This type of liquefaction has also
been referred to as partial liquefaction by Castro (1969). A phenomencn
known as lateral spreading landslides can result from a number of limited
flows occurring during repeated loading, such as in an earthquake. Thus,
although a single occurrence may only produce small displacements
repeated flow can lead to large displacements.

(ii) Un-limited flow - the condition in which reductions in pore pressure

due to dilation are not enough to arrest the flow. In this case the flow
deformation continues until the applied shear sitresses are reduced to a
level less than the viscous shear resistance of the liquefied material.
Landslides produced in these cases are referred to as 'flow laudslides'.

l.4.3 Sample Preparation and the Effects of Soil Structure.

Professor H.B. Seed of the University 6f Califorrnia has,with a aumber
of co-workers, carried out a great aeal of work in the field of cyclic
liquefactioen. In a paper published recently (April, 1577) with Mori
and Chan, he discusses the effects of strain history ana =zoil structure
on a soii‘s susceptibility to liguefaction.

Using a large scale shaking table apparatus.in order to eliminate
the-effécts of boundary conditiohs, he compared the behaviour under large—
scale cyclic loading of two different sand samples. The tirst had been
subject to a number of small vibrations not sufficient to cause failure.
The second had had no previouslloading history. The two samples were
tested in the same way, and it was found that the number of cycles to
cause liquefaction in the pre-loaded cample was eight times that in the
unloaded sample, even though the former had not suffered any significant

change in reclative density.
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This shows that relative density alone cannot be used as an
indication of liguefaction potential, and that previous strain history
and soil structure are also significant. Casagrande's observations
concerning the state of the Fort Peck Sand after liquefaction also show
the effect of strain history.

A possible explanation of the change in susceptibility to liquefaction
is that the so0il undergoes a change in structure without a significant
change in-relative density. Seed has shown that a sand sample
subjected to a number of stress cycles undergoes a settlemenf of 0.01
per cent in the first cycle but only 0.002 per cent in the fifteenth
cycle, even though the relative density.is not significantly altered.

This confirms the observations of Mullis, Chan and Seed (1975) that the
came sand can have the same relative density but different structure which
will result in different liquefaction characteristics.

These observations raise the question of possible differences between
s0il structure in the field and those of prepared specimens in thé
laboratory. Seed has shown that undisturbed samples are less susceptible
to liguefaction than samples prepared to the same density in the 1zboratory;
the stress ratio tc cause liquefaciion being up 45 per cent higher for
undiéturhed samples. He has also shown that samples prepared by tamping
in a moist condition are significantiy stronger than those prepared by
sedimentation. Another factor involved in liquefaction potential and

so0il structure considerations is the lateral earth pressure coefficlent KO.

o,

Seed puts forward five possible explanations for his observatiocns:
1. Natural depositshave a somewhat more stable structure, perhaps due

to the greater lateral movements assoclated with the deposition

process, than those of the same sand deposited in the lavoratory.
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2. Naturai deposits invariably acquire some increase in stability due
to smalil local seismic events that occur in most environmgnts -
thereby producing a more resistant soil structure and an increas
in K .

o

3. Natural deposits acquire some increase in stability as a result
of the long periocds of sustained stress to which they are subjected,
thereby producing some type of "cementation'! at particle contacts,
in comparison with shorl term tests on laboratory samples at the
same density.

kLo Stratification which is invariably present to some degree in
wrdisturbed samples, moy influence the results of tesis on these
materials to some extent.

5. The vibrations inevitably associated with the extraction of samples
from the ground are simply another form of seismic history, which
sometimes tends to make "undisturbed" samples aave a higher resistance

te liruefaction than they would have in situ.

He concludes that there iz a reasonable expectancy that the first two
factors will improve the soil characteristics, and lhat there is no
evidence to support the effect of long term pressures. Effects of
vibration could well be offset by effects on density which are z21sc ecvident.

Other workers have also shown differences in behaviour between
undisturbed and laboratory prepared samples and alco variations depending
upon preparation techniques. Oda (1972) showed that in compressive
tests the preferred orientation of natural deposits was stronger than the
random orientation of laboratory sa&ples. Isdd (1977) has shown that

samples made up dry are weaker than those made upwi.
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Seed finally puts forward the idea that the standard penetration
resistance could be used to assess liquefrction potential. He points
out that the liquefaction resistance increases with relative density and
the penetration resistance also increases with relative density. Also
the liquefaction resistance increases with the in situ value orf Ko and
the penetration resistance also increases with Ko' . Finally, both
liquefaction resistance and penetration resistance increase with
increasing structural stability of the grains.

From thi; he makes a correction for the effect of overburder pressure
and shows that there is a good case for using this as a criterion for
assessing liquefaction characteristics.

1.5 Colliery Waste Disposal

"Little attention was paid to the problems atfending tﬂe disposal of
colliery waste until they were highlighted by the Aberfan disaster of 2lst
October 1966. Until this time little attention was paid to the design
or maintenance of tips, and it has-only been as a result o% the
recomiendations made following Aberfan, that anything has been done about
this problen.

-Thefe are two types of discard produced in mining - coarse and fine.
The coarse Qiscard is partly the run.of mine material and belt and table
ﬁickingS'rgmoved before washing. It is mainly composed however, of
material above O.5mm in size which is separated in the washery. Such
material consists of the rocks associated with the coal seam. These fall
into two categories - roof and floor materials (i.e. rocks above and below
the seam). The roof materials are usually mudstones, shales, siltstones
and minor amounts of sandstones, ard the flocr material seatearth, which
is usually a special variety of the other four. Seatearths,hcwever,
contain fossil rootlets and are customarily slickensided. The particular

characteristics of the coarse discard depend on the area and the seam.
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Coarse discards were generally placed on the tip using wagons, tubs,
aerial ropeways, Maclane tipplers, belt conveyors, lorries or dump trucks.
Tips were either constructed in a single 1lift or in layers ranging in
thickness from 1m to 10 or 20m, the material being loose tipped at the
angle of repose, although subsequent slipping of wet discard may have
reduced this angle. Tips constructed in fairlythick layers may contain
perched water tables. Little attention was given to the design of the
tip or the provision of drainage.

The fine discard is produced ffom the processing of the-coal in
coal preparation plants or froth flotation plants. Two types of fine
di;card\are produced, slurry and tailings. The former is generally
proéuced from a coal preparation plant and has a fairly high carbon
content and is scmetimes excavated from lagoons as a low grade fuel.

“The latter is the product of a froth flotation plant and may have a
lower carbon content, which strictly speaking makes it of little value.
The use of the two terms is often interchangeable, little a*tenti&n
being paid to their true meuning.

Both types of fine discard are produced in suspensicn with water
and are either filter pressed or more commonly pumped into lagoons, where
they Are allowed to settle out. The supernatant water may then be
removed from the lagoon surface or be.allowed to evaporate. The actual
state of the material within the lagoon depends very much on the drainage
conditions within the banks and underlying rocks. As mentioned above,
slurry has a potential as a fuel and is often excavated for sale. In
these cases it only presents a short term siorage problem, whereas the

tzilings presenl a long tcrm problem.
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In the past lagcons have been built into spoil heaps, using
the coarse “iscard as the embankment material. As the lagoons have
been extended, the banks were built up using the 'fir tree' or upstream
method of construction (Figure 1.4).

The problems invol%ed in this method of construction are the use
of lagoon material as part of the support for the new bank, and the
péssible production of perched water tables. The bgﬁks were constructed
in a similar fashion to the tips using single lifts. When a lagoon fell
into disuse it was then over-tipped being incorporated into the structure.
Thus many old tips contain old lagoons within them.

As an alternative to placement in lagoons, fine discard has also
been spread over the surface of tips, mixed with coarse discard.

An indication of the size of the problem is given by the following
figures. In 1970 the N.C.B. owned about 2000 tips of which 1100 were
active. There were about 720 lagoons of which 200 were in use. There
are probably about 3000 million tonnes of material in tips. Some 60
million toaneg of waste per amnum is being produced although coal
production is only 120 million tonnes. Of this waste about 55 million
tonnes is coarse discard and 5 million tonnes fine discard.

As a result of the Aberfan disaster and subsequent research there

has been a great chonge in the attitude to tips and their construction.

@

Some of the major changes are outlined below.

1.6 Revised metheds of Waste Disposal.

The most important change in attitude after Aberfan was to treat tips
and lagoons as Civil Engineering earthworks, something which had not

happened before.
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From the observation of failures in the past, the sericus affect
of water is obvious. Hence the most imgrrtant factors are to provide
adeguate drainage and to prevent largequentities of water from accumu-
lating in the tip. As has been pointed out by McKechnie Thomson and
Rodin (1972) the object of a tip is to store solids not water.

1.6.1 Spoil Heaps

One of the first actions waé the phasing out of fresh tipping over
high faces. Also all existing tips have been examined and remedial
work such as regrading of slopes or provision of drainage has largely
been carried out.

For the construction of new tips it was recommended that layered
construction with a reasonable degrz=e of compaction should be used.

The layers shoula not exceed 5m inthickness. Dump trucks and scrapers
are ﬁsed in construction to provide the necessary compaction effort.

As well as giving increased stability the extra compaction has reduced
the risk of burning and decreased the permeability so reducing the
possibility of seepage pressuwwes acting through the tip.

For moisture contents greater than 10 to 14 per cent placement in
layers of maximum thickness is the most common practice, although thick
layer construction is limited to a height of 30m with a maximum ocuter
slope of 1 in'2'(26%o).0n steeply sloping ground the maximum height is_
usuélly reduced to 15m.

Before building a tip adequate drainage facilities should be
provided. Existing watler courses should if possible be diverted round
the gite of the tip, or alternatively adequate culverts should be prov ided
under the tip. Springs at a tip site should be deallt with by pipe drains
and artesian pressures should be controlied by relief wells or inclined

bored iilter drains.
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Decreased permeability due to better compaction leads to a greater
degree of run off, and in order to prevent ercsion adeguate drainage
should be provided. The recommendations given in the N.C.B. Technical
Handbook (1970) are shown in Figure 1.5.

In general, this type of drainage facility has not proved entirely
satisfactory and more conventional berms (terraces) with a fall towards
a perimeter drain are favoured in other countries. The possible
_entrainment of water into the tip (drain behind the crest) was originally
adopted to conform with West German practice, where a compacted outer
.bund retains a core of uncompacted coarse discard. In the latter case
settlement of the central section necessitates the drainage provision
shown in Figure 1.5. Here, again., the balance between seepage into the
tip and erosion would now favour zn outwardly inclined'drainage facility.
1.6;2 Logoons

For economic reasons maximum use of coafée discard is recommended
in the construction of lagoon banxs. New iagoons in Britain are not
customarily more than 18m above the existing ground, nor arc they constructed
within a spoil heab except under specisl circumstances. Adequate provision
is made for the draw-off of water from the lagoon. To aid drainage of
the lagoon the bank should if possible allow maximwn drainage, although
post—Aberfan'obServations infer that lagoon embankments are commonly
imﬁermeable. foundations would seem to be more permeable than embankﬁents
(for example, Cobb 1977). Drainage characteristics of lagoon sediments
are improved if there is an even distribution of ccarser grained material
throughout the lagoon, and this can be achieved bylmoving the posgitions

of the inlet and outlet around the lagoon.
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At the end of the useful life of a logoon it should be kept free
of standing water. After an adequate period of time it can logically
be over-tipped, so long as sufficient care is taken during this process.
The properties of the lagoon deposits must be adecuately investigated,
to ensure that they have the réquired bearing capacity. The stability
of the lagoon bank in these circﬁmstances must also be checked, and
over-tipping with more than 2m of spoil should not be undertaken unless
a thorough investigation of the lagoon and thé lagoon banks is carried
out.

It is with this question in mind that the present work on the
1iquefabt;on potential of both coarce and fine discards has been carried

out.
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CHAPTER TWO

MATERIALS INVESTIGATED

2.1 Geographical locations

Materials tested were from the following locations:-

Coarse Discard

Abernant Colliery, N.C.B., West Wales area.
Gedling Colliery, N.C.B. North Nottinghamshire area.

Conparative Materials

The shale was taken from above the Harvey seam at Esh Winning opencast
site, Co. Durham, and the seatearth from Biggin South opencast sile,
Co. Durham. Both sites are under the jurisdictioﬁ of the N.C.B. Open-
cast Executive.

Fine Discard (lagoon materials)

Peckfield Colliery, N.C.B. North Yérkshire Araa.
Aberuant Colliery, N.C.B. West Wales area.
The locations are shown on the map (Figure 2.1).

2.2, General Description of Sitec

2.2.1 Gedling

Gealing Colliery is situated Skm north east of Nottingham (Fig. 2.1)
in the bettom of =2 tributary valley of the River Trent. There are two
tips at Gedling (West and East) built on the northern side of the valley
(See fig.2.2). The tips are actually founded on the site of three small
valleys. The bedrock at the site comprises VWaterstones and Keuper Marl
of the Triassic systen.

The two tips are guite extensive and have besn built up over a number

of years. The weast tip has been constructed from several small heaps
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originally deposited by aerial ropeway, Maclane tippler and railway
wagons. The south western part of the tip contains a considerable
guantity of burnt material. One of the valleys mentiocned above was
dammed and used as a lagoon, being gradually extended by the raising
of the bund. Since being abandoned this lagoon has been extensively
overtipped. Further lagoons built on the northern side of the tip
have also been subsequenfly abandoned. Ixtension of this‘tip is taking
place and this operation involves the raising of the height from 115m
to 125m AOD, the toe height being 65m AOD.

The east tip was originally constructed from material iransported
by aerial roéeway and redeposited by scrapers. t impounded a large
'1aébon ;omplex on its northern side,'which'has now been overtipped.
A pair of new lagoons are now being constructed above the old ones.
. The height of this tip is being raiéed ffom 90m to 115mn AOD, the toe height
being 55-60m AOD. The valley in which construction is teking place
may have had springsemerging in its floor.

Both tips illivstrate the pattern of overtipping and enclosure of
old lagoons. They are both relatively high being in the range of
50 to 60m. It is iwportant to note that only 15 ner cent of the

N.C.B.'s tips are over 50m high (McKechnie Thomson and Rodin, 1972).

2.é.2. Abernant
Abernant Collievy which lies within the N.C.B.'s West Wales Area is
situated about 18km north of Swansea near the town of Pontardawe. It is in
the valliey of the Upper Clydach River, a tributary of the River Tawe. The
colliery and tip are adjaceni to the AL7L road from Pontardawe to Ammanford.
The tip lies to the south of the colliery and is built on a gently

sloping area on the eastern side of the valley, between the main road and




" the river. The tip ia about 20m high, the face on the river side having a
slope of be’ween 1 in 3 and 1 in 4. There is no face on the western side as

thé natural ground slopes gently towards the river. On the eastern side of the
tip there are six large slurry lagoons,all of which have supernatant water.

They are marked on the local Ordnance Survey Map (Sheet 160 1:50,000 First
Series) as ponds. There are problems wiih the Settling of the slurry and
f;oculant has to be spread on the lagoon surface to aid the process. The
remainder of the tip is mainly coarse discard,alttough at least one old lagoon
is enclosed in the tip. Tipping is currently taking place on the southern edge
of the site, where a number of drains have been provided in accordance with

current regulations. A plan of the site is sghown in Fig. 2.3.

2.2.%3 Peckfield

Peckfield Colliery which lie¢s within the N.C.B.'s North Yorkshire
Area is situated about 16km east of Leeds near the village of Micklefield.
It is cluse to the Al and M62 and is adjacent to the Ieeds to Hull
railway line (Fig. 2.4).

There are two spcil heaps ut Peckfield. One to the east of the
colliery area, now disused, and the second which is in current use lies
to the south of the colliery. Both are built on flat ground and are
relatively low. Number cne heap has a height of 1im and number two heap
a height of 20m. The arza occupied by the tips is quite large, which
allows for quite gentle slopes. The outer fgces of both heaps have
been landscaped and No. 1 heap will eventually be completely landscaped.

Number one spoil heap contains a number of small disused slurry
lagoons, one of which is currently Seing excavated. The samples used
in this investigation came from the beach area of . 6 lagoon in number
one heap. There is a large lagoon in current use in Number two heap, together

with some snmalier lagoons.




2.3 Description of Materials

2.3.1 Gedling

The Gedling material tested was obtained from tippers at the
spoil heap and thus is representative cf the material being placed on
the heap. As obtained the maperial had a moisture content of about
16 per cent which reduced to about 11 per cent during storage in the
>laboratory.

The material from Gedling tip is a seatearth-rich spoil and hence
is relatively weak (c.50% seatearth content). It has quite a low
organic carbon content of about 11 per cent. The material is light
grey in colour and some fragments are slickensided and fissured.:
Although particle corners are rounded the shape distribution (¥Fig.2.10)
shows it to be quite 'platey'. The grading curve shows it to have a
high fines content (34 per cent) for a coarse discard, although this
must be influenced to same extent by breakdéwn in water during sieving.
The effect of water is demonstrated>by the slaking test results (Table
2.2). The associated coal has a rank of 800 to 900 (i.e. the measures
are‘qf low rank).

2.3.2 Abernant:

The Abernant material was obtained as wet bulk samples from the
fip'witﬁ é_moisture content of about 15 per cent. It is a strong,
shale-rich discard typical of those originating from the iiring of Welsh
anthracite. It has a high organic carbon content of about 35 per cent
and hence is black in colour. It is quite angular and the shave
distribution shows it to be 'platey'. The grading curve is fairly
typical of a coarse discard with a fines content of 15 per ceat.  The

VWelsh anthracite has a rank of 100.
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2.%.3 The Durham Seatearth

The Durham seatearth was obtained as large pileces of rock from below
the Harvey seam at Biggin South Opencast site. It was broken dowvn in
the laboratory and made up to the same nominal grading as Gedling. As
a seatearth it was fairly weak and broke down quite easily. The carbon
content was very low and the material was ‘sandy' in colour. It broke
down to quite angular grains and the shape distribution again shows it
to be 'platey'.

2+%.4 The Durham Shale

The Durham shale was also obtained as large pieces of rock from
the measures above the Harvey seam at Esh Winning opencast site.; It
was again broken down in the laboratory and made up to the sanme nominal
grading as Abernant. As a shale it was stronger than the sectearth
but was weaker than the more carbonaceous Abefnant shale. It also
disintegrated extensively in water. The carbon content was again very
low and the appearance was similar to that of the seatearth in terms of
colour, angularity and shape.

2.3.5 Peckfield Slurry

The material tested from Peckficld was obtained from the beach area
of No. 6 lagoon. This has since been shown to be unrepresentative
éf'the main section of lagoon material at Peckfield, especially in
organic carbon content, but the material used served the purposas of
this investigation. The material puﬁped to the lagoon at Peckfield is
from both Peckflield and Ledston Luck collieries, .originating from the

Beeston and Flockton Thin seams, which have ranks of 702 to 802 and 702,

respectively.




The material tested had a typical fine discard appearance heing
black in colour and having quite a high moisture content. There
was some degree of stratification in the sediment with occasional
lighter coloured layers. The material is relatively coarse grained
for a fine discard and is very non-uniform in grading as shown by the
long 'tail' to the grading curve (Fig. 2.9).

2.3.6 Abernant Fine Discard

Due to the fact that the lagoon was submerged (with supernatant
water overlying the sediment) only a bulk éample could be obfained.
For this reason nothing can be said about the natural insitu state
of thig sedimen*. This material is also black in colour and similar
in ﬁverall appearance to the Peckfield slufry. It is also relatively
corrse grained for a fine di;card, but in contrast to the Peckfield
- slurry is very uniformly graded. Tt is unusual in having a very low
clay content.

2.4 Mineralopy and Chemistry

2.4.1  Methods of Analysis

The identification and semi-quantitative analytical mineralogical
technique used in the present work was X-ray diffraction. Diffrsciion
tracés were run using a 2kw (3kw generator), Fe filtered Co tube at
' 50 kV-and 30 mA. The scan speed useé was 1° of 26 per minute, the
chart speed being 10mm per minute.
In order to obtain a semi-guantitative analysis 10 per cent boehmite
was added to the samples which were subsequently made up as smear mounts.
For colliery wastes, calibration charts have been in use in Durham for
many years which enablés an operator to obtain an estimate of the major
minerals present. These calibration charte were made up using representative

minerals such that the percenilage of mineral present is plotted against
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the ratio of the integrated peak area (measured with a planimeter)

of the mineral, to the integrated 6.18 2 boehmite refiection. By
comparing the requisite X-ray reflection ratio (e.g. 108 illite) in

the unknown with the standard charts an analysis is obtained which is
customarily within : 5 per cent of the total mineral count plus organic
carbon (coal) content i.e. 100 per cent.

Major element oxideé and sulphur were obtained by meéns of X-ray
fluorescence (Philips PW 1212 automatic spectrograph), the counts for
elements in the unknowns being compared with a wide range of previously
wet analysed Coal Measures standards which bracket the percentage rangés
of elements found in colliery wastes. X-ray fluorescence analyses are
'on.én o}ganic carbon, water and carbén dioxide free basis, i.e. the totals
obiained exclude the latter.

~2.Lh.2 Chemical apportiomments in colliery wastes

ie semi-quantitative X-ray analyses and the major element geo-
chemistry are given in Tables 2.3 and 2.4. Diagnosis of collier& wastes
in terms of mineral constituents is greatly facilitated by compariszon of
the diffraction (X.R.D.) and chemical (X.R.F.) results. Moreover it is

advantageous to rationalise the chemical oxides by using Al as the

0
2°3
common denominator (Table 2.5). This is because other silicates such as

" feldzpars are only present as very minor constituents in argillaceous

Coal Measures rocks. Alumina (A120 ) is therefore the principal element

3
oxide present in the clay minerals.
In the lighi of the present knowledge the element apportionment can

first be discussed in gensral terms as Tollows:

a) total SiO2 is apportional te quartz (fres silica) and to silicon
combined in the gilicate minerals (combined silica) - dominantly

clay minerals;
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"b) like combined silica, AlZOB’ NaEO and K20 are attributed mainly to
clay minerals;
c) both ferric and ferrous iron (reported here as Feao,), together
J

with Ca0 and MgO are found in clay minerals other than kaolinite;

d) some ferrous irci may be combined with S to form pyrite in coaly

materials, or as siderite (FeCO7), particulariy in non-marine shales;
2

e) some Ca0, MgO, FeQ may be combined as either calcite (CaCOB), dolomite
(CaCO3 Mg CO.), or as ankerite ( a ferroan dolomite). In colliery
-
wastes these carbonates are sometimes associated with the coal, i.e.

found in the cleat (smali-scale joints in coal).

f) TiO2 is associated with clay minerals, either in the mineral Iattice

or as distinct rutile needles;

b0
g) 0

well be part of the organic component.

is present as calcium phosphate, but some Paoq and S may

-

h) organic carbon in excese of aboul 5 per cent is usually present as

coal.

2elye 3 Discussion of Results

From Tables 2.3 and 2.k it is clear that in all sampies clay minerals-
(il1lite and kaolinite) are dominamt. We know that in the two rock types
from the Durham coalifield the organic matter present is not coal. In
the remainder of the samples, however, organic carvon is largely coal,
attaining a very high value of 35 per cent in the Abernant coarse discard.
In the two fine discards (Abernant and Peckfield), the organic carbon
content is low for colliery lagoons -~ see Taylor and Cobb, (2977).

It is noteworthy that the lowest quartz contents are in the two
fine discards. This can best be explained by the fact that the more
resistant, and hence quartz-rich rocks, have been removed in the coal

washing process. Muartz contents of shales and mudstones are commonly




=28~

between 15 and 30 per cent, which is true for all the remaining samples.
With the removal of organic carbon (coal) from the coarse discards quartz
will rise, particularly in the strong Abernant shale where it reaches a
level of 20 per cent. The Durham scatearth is a ocuartz-rich variety

and its X-ray analysis does not single it out as a clay-rich rock (i.e.

a fireclay).

The most significant difference is that shown between the Durham
rockg and the remainder - the high kaolinite content of the former -
~ which confirms.early work on colliery spoils (Taylor and Spears, 1970).

The combined silice/alumina ratios and the Kzo/alumina ratios
confirm that the two Durham rocks are rich in kaolinite. A theofetical
ratio for combined silica/alumina in kaovlinite is about 1.18 and this is
1ikel& to be lower when the kaolinite component is slightly disordered,
which is the case for the Durham rocks. It c;n also be seen from Table
2.5 that the KzO/élumina ratio is considerably lower than in the other
specimens. ie siderite component in the Durham shale is highlighted
by enhanced Fe203 (and higher FeZOB/élumina ratio) in the chemical
analyses).

The higher combined silicafslumina ratios of Gediing coarse discard,
Abernant and Peckfield fine discards suggest that micaceous minerals
(iliite aﬁd-mixed—layer clay) should be higher in these specimens. This
is true also from the mineralogy, although the mixed-layer clay which is
represented by a tail and the low 2 0 side of the 108 peak has tended to
increase the size of this reflection in the case of Peckfield and Abernant.

In other words, the actual contert of mica (illite) per se in the Gedling
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sample is probably higher than in the Abernant or Peckfield materials.
Moreover, the KZO/alumiqa ratio for the Abernant fine discard infers
that potassium may have been leached from the lattice. Here again,
South Wales micas may be somewhat different in thgir higher sodium
content (see Nagelschinidt and Hicks, 1943) and this.is brought out

by the Na20/a1umina ratié of Table 2.5.

One specimen that is difficult to confirm in terms of clay mineral
proportions is the coarse discard from Abernant. The total silica/alumina
ratio suggests that keolinice should he the dominant clay mineral.

X-ray diffracfion analyses show thal this is not the case aﬁd it can

-oniy be‘concluded that the 10 X (nicaceous ) minerals in this material

are of poor crystallinity, to the extent that the ratic is no longer

.a guide to clay mineral compoéition; Certainly the 10 X peak is the

most ragged of all the samples, and this is a good indication of poor
crystallinity. It is pertinent to record that the combined SiOZ/
alumina ratic of the sodium-rich mica (brammallite) fraction which
Nagelschmidt and Hicks (1943) analysed is only 1.47, compared with 2.0
for more typical illites. This mica also came from the roof rocks of an
anthracite coal.

The higher Mgl and CaO/alumina ratios of Gedling and Peckfield
confirm the presence of dclomite in these specimens and it is of interest
that sulphur figures for Abernant coarse discard and the Peckfield
slurry aré not insignificant. No sulphates were identified in any of the
specimens and the amount of organic sulphur present is probably very
low. Consequently it is logical to recast the sulphur gs pyrite (Fesa)

in the coarse discard irom Abernant and the Peckfield slurry. The amount




present on this basis is 3.74 per cent (Abernant) and 3.37 per cent
(Peckfield). High backgrounds on the X-ray diffraction traces
precludes confirmation of pyrite, but the sensitivity of X.R.F. analysis
for indirect determination of minerals such as pyrite is illustrated by

these samples in which the coal content (and hence pyrite?) is high.



Table 2.1

Summary of Material Properties

——

Material Maximum Opt. Moistur= | Specific Carbon Plastic Plasticity
dry deunsity Content Gravity Timit Index
2
Mg/m” % Mg/m” % % %
Gedling 1.820 14.0 2.377 11.14 23 1L
Abernant ;
. ) q L] L") - a
Coarse 1.600 15.0 2. 191 35.33 19 L
Seatearth - - 2.591 2.51 - -
Shale - - 2.652 5.99 - -
Soernsat 1.725 15.1 2.535 10.71 16 1
he i (non-plastic)
Peckfield 1.655 15.8 2.382 18.35% 26 2h 2
(non-plastic)
85AB 15 SE 2.356
80AB 20 SE 2.399
7588 25 SE 2.383
2.500

504B 50 SE

_Ig_




Table 2.2

Results of Impact and Slaking Tests.

Aggregate Impact Test

Slaking Test

Material

Abernant
Shale
Gedling

Seatearth

Dry

34%
39%
50%
17

R

Wet

L 1%
52%

No. 14 No. 7

96.2% 95.6%
96.5% 66.1%
65.6% -
97 . 3% -

e e A B

_eg_



Table 2.3 Chemistry from X.R.F.

[Si T | Mg (2 ¥ 74

§30, AL, |Fe,0, | g0 |Ca0 [Na0 [ K0 [ T30, | 5 [P0, c
Seatearth 59.24 {31.45 | 3.02 { 0.54 | 0.24{0.16 | 1.67{2.50 | o |o.01 2.51
Shale 18.51 [29.85 | 9.60 | .5k | o.p1fo.21 {2.61|1.17 | o |o0.11 | 5.99
foiﬁiﬂt 55.50 |19.00 L.4O | 0.87 | 0.38{0.50 | 3.05( 0.85 2.00 | 0.12 35.33
wla.
Cedling 52.25 {22.10 | 5.78 | 1.69 | 1.26[0.51 |3.92]1.00 | 0.30 |0.05 | 11.1
Peckfield 4450 | 23.60 | 5.15 | 1.58 | 1.55[0.36 | 4.35[0.90 | 1.80 |0.08 | 16.13
sosrnant 56.19 129.91 | 3.85 | 1.28 | 1.10[0.82 | 4.40|1.04 | 0.55 {0.14 | 10.72

_' |




Table 2.4  Semi-quantitative Clay Mineralogy

I1lite - Kaolinite Quartz Chlori{:.e Siderite Dolomite/Ankerite
Seatearth 32 3L z7 - 1 -
Shale L7 ' 26 15 - _ L -
Abernant Coarse an 6 . 13 - - -
Cedling 52 14 20 - - 8
Peckfield 58 : 15 12 trace - : 7
Abernant Fine 53 3 5 _ - -

-i'lg._




Seatearth

Shale

Abernant Ccarse
Gedling
Peckfield

Avernant Fine

Si0

1.88
1.63
1.76
2.36
1.89
1.54

1aple 2.5

MgO

0.02
0.05
0.05
0.08

0.07

Chemical Ratios (oxide/alumina)

0.06
0.07

0.04

0.01
0.01
.03
0.02
0.02

0.03

Ti0

n

0.05
0.04
0.06
0.04
0.04

0.04
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CHAPTER THREE

APPARATTS USED

Z.l Introduction

In this Chapter the rigs used for the principal parts cf the
investigation are described tsgether with the associated equipment.

The two main rigs used were both developments of the standard
triaxial cell customarily used for strain contrclled shear strength
tests. The devices incorporated are for the application of &
céntrolled load as opposed to a controlled strain; instrumentation
introduced is compnatible with the possible rapid events which are a
feature of these tests. This instrumentation was common to tﬁe Two
rigs as was the pressurizing system. Hence, the cells and roading
apparatus are firgt described individually smd then the instrumentation
is considered. Items mentioned in the text are referred to the
relevant Figures.

. 3.2 The Large Controulled load Eig

3.2.1 The Cell

in the large rig is an adaptation of a standard

[o N

The c¢cll use

100mm triaxial, cell as shown in Figure 3.1l. The standard cell was

e -

' modified.by the addition of am exirz base ring (L,Fig.J.3
cell base and top (M,Fig.3.3) in order to accommodate an irternal load
cell (C, Fig.3.3) instead of an ordinary piston loading device. An
extended piston was added to the load cell in order to allow
sufficient travel for complete failure {extended strain) of the sample.
As a result of the above modifications the size of zample used in this
cell was approximately 180mm by 100mm as opposed to the normal 200mm by

100mni.
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The cell was plumbed into a Bishop self-compensating pressure
control system (section 3.4), there heing four lines connected to the
cell. Three were fitted with blocks for pressure transducers, each
_being fitted with two 'Klinger' taps to allow the transducer té be
isolated either from the sample or the pressure system. One line
(1ine 8, Fig.3.2) was connec%ed into the base of the cell from the
cell pressure pot, and this line was also connected to pressurized
water tanks (D, Fig.3.2) for filling the cell. Two lines (lines 1
and 4, Fig. 3.2) were connected to the base of the sample (one (No.y)
without a transducer). Both lines were connected to the back
pressure pots. The first (No. 1) was connected directly. The
second (No. 4) originated from the other side of the sample ana had
two alternative paths to the back-pressure system. It coui either
be commected via the volume change apparatus (lines 6 and 7,Fig.3.2)

o volume change, directly to the back-pressure
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system (line 3, Fig.3.2). Both paths originated from an extension

line (No. 1). The second line was alsc fitted with
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a junction taking a line direct to the board to allow the volume change
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fluid 0 he moved during i, the

(line 2, Fig.3.2 and J, Fig. 3.3) was a junction from the back
pressure line (No. 1) through a small bore nylon tube to the top
platen, allowing saturation of samples from both top and bottom.

%.2.2 The loading Beanm.

As shown in the photograph (Fig. 3.1) the loading system was a

pivoted counter-balanced beam, with a hanger at each end. it was

pivoted off-centre to magnify the loads applied, the magnification being

approximately a factor of five. The beam was seated on a bhall bearing




placed on top of the piston. A scissors jack was also used in
conjunction with the beam, as a support during saturation of the
sample and a means of lowering the beam during consolidation. The
counter balance hanger allowed weights to be applied to counfer the
weight of the beam before loading, and to 1lift the beam from the
cell during preparations fof a test.

%+3 The Small Controlled Ioad Rig.

3.3%3.1 The Cell

In a similar manner to the large cell the'small one was an
édaptatioﬁ'of a standard triaxial cell designed to take an internal
load cell (C, Fig.3.6), using a specially extended perspex section.

A sténdard sample cf 76mm by 38mm could be accommodated.

The plumbing was in principle the same as for the larg: rig, the
main difference in this case being only one water line (line 1, Fig.3.5)
to the base of the sample. The volume change was taken from a junction
in the latter line (line 5, Fig.3.5) with no by-pass being provided.

The base pore pressure transducer (G, Fig. 3.5) was fitted to the
second tap in the cell base, and this line (line 2, Fig.B.E) was
ofigiﬁélly vsed for the application of a vaéuum as explained in the
following Chapter. A water bottle (L,Fig.3.5) for entraining water
: ‘into'the éample vas fitted to an extension of the back-pressure line
(1ine 4,‘ Fig.3.5).

The top platen (D, Fig.3.6) was made of perspex, being in the
form of a cylinder with a larger diameter disc attached. The top
line (line 3, Fig.3.5 and J,Fig.3.6) was side fed into the cylinder.

A later modification involved the addition of o further larger diameter

disc below the first, containing a central porous plug. This was
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designed to prevent the application of pressure to the sample while
fitting sheaths and 'O' rings, when a vrcuum was no longer being used.

3.3.2 The Loading System

The loading system was similar to that of Castro (1969),

congisting of a yoke with a weight hanger beneath (A,Fig.3.6), the

whole being connected to a counter-balance hanger (E,Fig.3.6) by a
cable passing over a bicycle wheel (L,Fié.3.6). A small hole in the
top beam of the yoke allowed it to be seated on a ball bearing placed
on top of the loading piston. The principle of the counter-~bzlance

is the same as for the large rig.

3.4 The Bishop Self-compensating Pressure Control System.

The pressurizing.system used for both rigé was a Bishop mércury
pot system, illustrated in Figure 3.7 and described in detail irn Bishop
and Henkel (1962).

The system consists of two separate sets of pots each consisting
of upper mobile pots on springs aﬁd fixed lower pots connecved by
 flexible small bore nylon tubing. The nylon ftubing is mercury filled
with a mercury/water interface in ecach pot.

Tﬁe lower pcts are connccted to the cell via the junction board,
which gllows the system to be isolated. A hand pump (B, Figs 3.2 and
" 3.5) for.the repumping of mercury and a gauge (C, Figs 3.2 and 3.5) for
setting and reading pressures gre incorporated. Pressure is applied
to the cell by the head difference between the upper and lower pots.
When water moves in or out of a sample during saturation or consolidation
it causes the mercury level to change. This is compensated for by the
springs which, having the correct stiffness, maintain the original head.

The back pressure pols, conniccted to be cell kase, have two upper

and lower pots, to provide a larger quantity of mercury, to allow for
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the large quantities of water forced into a sample during saturation.
The cell pressure pots just have a single upper and lower pot. These
are connected in series with the back pressure pots. This allows the
same pressure to be applied both to the cell and the sample, of for
slight differentials to be set by raising the cell pot above its

datum level. Extra pressuré is applied to the cell for consolidation
purposes by raising the single pot. A modification of the system
incorporates extra pots at a fixed height, the head of which can ge
added to the yariable head of the basic pots. The pressure range is
6—600 kN/m2 for back pressure and 0-1200 kN/'m2 for cell pressure.

3.5 Volume Change Apparatus

Both rigs were fitted with a volume change apparatus for heasurement
of volume changes during consolidation. The principle of vaeration is
the same in both cases although there are varviations in detail due to the
different order of volume changes obtained.

As shown in the photographs'(Figs %.1 and 3.4) the épparatus
consists of a tube (J,Figs 3.2 and 3.5) and a reservoir (I, Figs 3.2
and 3.5) containing dyed petroleum spirit. When a sample consoliidates
itidiésipates the excess pore pressure built up by the application of
extra pressure by forcing the water out of the sample, this water causes
the dye to be moved up the tube into the reservoir. Cii the small rig
the amount of volume change is read directly in the celibrated burette
(J, Fig.3.5). However, due to the much larger volume changes for the
large sample a larger dizmeter tute (, Fig.3.2) is needed on the large
rig. The distance moved by the dye/water interface up this tube is

measured by the rules fixed to the board, and the volume calculated from
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the known dimensions of the tube. The tube used was of 19mm interncl
diameter. Two tubes are provided on both boards to give extra
capacity for large volume changes. During volume change the systems
are back-pressurized from the pots, the water being forced back into
the pots.

3.6 Instrumentation’

Because of the rapid changes during tests in which liquefaction
occgrs,‘a recording system with fast reaction time was required for
menitoring data. Hence transducers were used in connection with an
ultra-violet recerder.

.3.6.).  The U.V. Recorder

The U.V. recorder used for most Sf the_tests was an SE3006, 12
channel recorder with a paper speed range trom Smm/min to 125mm/sec,
although an SE 6008, 12 channel recorder was used for same of the
eariiest tests.

Four channels were used in the tests, one each for load, strain,
cell and pore pressures. The principle of operation is that the
voltage from the transducer is fgd to a galvanometer on which is
suspended a mirror. This mirror reflecis W light on to the photo-
sensitive paper, producing a trace of the variation of the exciting
voitage. ‘

The same galvanometers were used throughout the investigation,
since although galvanometers of the same type have the same nominal
sensitivity, there can be significant variations betwcen individual
galv%nometers. The same four galvanometers were used in the same
four positions when using both rigs. Two types of galvanonmeter were

used; SE labs type B10O of nominal sensitivity; 0.20 mV/cm for the




load and strain and Southern Instruments Type'SMlv of nominal
sensitivily 0.132 mV/cm for the cell and pore pressures. Both types
of galvanometer have a natural frequancy of 100 Hz.

As well as producing a trace, the UV recorder also produces a
grid and timer bars (at intervals of either 1 mirute or 1 second
depending upon setting), both of whick are of great importance in
interpreting and calculating results from the traces.

3.6.2 Amplification

Before the signals couldl be fed into the galvarnometer they had to
be either amplified or attenuated so as to give a voltage and voltiage
variation appropriate to the range and sensitivity of the galvanometer.

Since different ranges of pressures were being used, and heﬁce
different loads expected, variabie amplifiers were used for these
signals, so that the full-scale deflection of the trace was produced
by the kind of variation produced in that particular test. In this
manner it was always possible to achieve maximum sencsitivity and

4

accuracy from the trace.- The amplifiers used were Fylde type 251GA
Mini-Amps supplied in a sel of six amplifiers. Each had a variablé
sensitivity and shift of zero, which were preset to give maximum range
and the correct order of voltage for the galvanometers at the

particular settings used. These settings were not altered throughout
the investigation. Bach zmplifier had 6 different settings, although

2 of these settings proved surficient for the range of values experienced
in the tests: Calibration for each transducer was carried out at 3
settings to cover any change of range. The calibrations are shown in
Appendix 1.

For the strain., the same values of strain were expected for each




test on a particular rig, and hence no variation in range was required.
It was found that the signal from the strain transducer required
attenuating, and this was achieved by use of an in line resistance

of the correct value in the output line. This was placed in the

junction box used. Initially separate resistances were used for the

two rigs, but it was found that on the small rig much larger percentage

strains occurred, so that the resistance for the large rig was
sufficient to give full-scale deflection (f.s.d.) in both cases. The
resistance u;ed was 150 kL as this gave an f.s.d. for a deflection of
'ébout SOmm; which was the range required.

3.6.3 Power supply

The power supply required for all the transducers was 10& d.c.,.as
was that for the load cells. The LVDT had a nominal supply voltage of
12V, but IOV proved sufficient for satisfactory operation. A common
power supply of 10V was used for all the instruments. The power supply
type was a Farnell Stabilised Power Supply Type L30B with a range of

0-30V and capable of withstanding a mains variation of : 10%.

3.6.4 large Rig load Cell (C, Fig. 3.3)
. This load cell was an intcrnal triaxial lvad cell from ‘ransducers
(CEL)Itd., Reading, serial no. 4438, with & load range of 0-2000 kg and
' .an oﬁtput'of 0-25 mV at an exciting voltage of 10V.

The cell was calibrated onto a Digital Voltmeter {D.V.M.) and
direct on to the U.V. at the appropriate amplifications. These
anplifications were necessarily high due to the large range of the cell

compared to the loads used. This had the disadvantage of producing
‘noisy' load traces from this rig, due to background mains which

could not bhe eliminated. The calibratiorn was carried oui against the




proving ring on a standard triaxial machine, readings being taken both
ascending and descending the load range. The calibration graphs are
shovn in Appendix 1. A certain amount of non-linearity is present at
low loads. However, as the cell is not comﬁensated against cell
pressure a load already exists on the cell prior to loading in a test,
which results in subsequent readings being in the linear range.

3.6.5 Small Rig Toad Cell (C, Fig.3.6)

The -Toad Cell used in the small rig is also an internal triaxial cell,

designed at Imperial College and supplied by Wykeham Farencé Ltd.
It is a high sensitivity load cell with a range of output of 120mV with a

power supply of 10V and a load rangelof 0-500 kg.
| | This cell was also calibrated agaiﬁst a proving ring on to a D.y.M.
anu direct on tc the U.V.  The calibration graph is produced in Appendix 1.
It has good linearity except at very small loads and the feturn curve
shows some degree of hysterisis at higher loads. The cell is nominally
compensated for cell pressure, but observation has shown that there is
some effect due to varying cell pressure. Hence, like the Large Rig its
test operation is probably within the linear range.

3.6.6 Pressure Transducers (¥,G & H, ¥Figs 3.2 & 5.5)

iThe pressure transgducers used on both rigs were of type P721-0002
" manufactured by Electromechanisms Ltd. - They had a pressure range of
0-100 p.s.i (690 kN/mz) and an output rénge of C-25 mV for an
exciting voltage of. 10 V.d.c.

Three transducers were used on each rig, one for cell pressure, one
for top pore pressure and one for bottom pore vressure, although only

one pore pressure transducer (the bottom one) was monitored during tests.




Each transducer used was calibrated on to a D.V.M. and direct on
to the U.V. recorder. - They were calibrated in position on the rig, by
applying pressure using tﬁe hand pump on the board (B, Figs.3.2 and 3.5).
Bach was calibrated at‘three different aﬁplifications giving three
pressures rangeé. All calibrations were carried out whilst ascending
and descending-the pressure range. The calibration curves are again
éhown in Appéndix 1. A1l show good linearity over the whole range.
When used in tests the transducers were notmnitored froem zero, but from
the final saturation pressure that was applicable.
6

3.6.7 ~The Strain Transducer (B, Figs 3.3 & 3.6)

Iinear strain was recorded using a d.c. linear variable differential
transyormer (LVDL) made by Sensonics. The same LVDT (serial no.1024)
was used for both rigs. The IVDT had a maximum exciting voltage of 12V,
but as mentioned earlier worked satisfactorily at 10V. The output
range was +3V to -3V over the linear operating range of A 25mm. This
range started from the lower limit of the travel.

The LVDT was calibrated against a dial gauge on a standard triaxial
machine, both on to 2 DVM and the UV recorder, and was found to have good
linearity over the specified range. The calibrailion graph is shown in
Appendix 1.

On both rigs the LVDT was attachea to the top of the piston, measuring
displacement relative to the top of the triaxial cell (see Figs 3.1, 3.3.,

3.4 and 3.6). v

3.7 The Controlled Strain Rig

A number of consolidated undrained triaxial lests with pore
pressure measurement were performed on coarse discards. These tests were

performed using a standard strain control triaxial machine manufactured by
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Wykeham Farance Ltd.

The cell used was a standard 4" (100mm) triaxial cell which was
plumbed to the same system as the Large Controlled Ioad Rig (Fig.B.E);
except that no top line was used. Due to the much slower rates of
change involved, more conventional monitoring techniques could be used.
Pressure transducers were used on the pressure lines, being used for the
B-test. During the tests, cell pressure was not found to vary very
greatly, being checked on the gauge 6n the board. The pore pressure
was monitored from the transducer using a DVM, The load was measured
.qsing a proving .ring and linear strain was measured using a conventional

dial gauge.
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CHAPTER TOUR

EXPERIMENTAL MRTHOD

4,1 Soils Classification Tests

Tor the purposes of classification and comparison, all materials
were subjected to the following standard soils tests:

(i) particle size analysis (a) sieving

(b) pipette analysis
(ii) 1iquid and plastic limits
(iii) comﬁaétion test
(iv) specific gravity.
Thé methods used for these tests were the standard ones gjveh in
British Standard 1377 (1975). Certain extra tests were carricd out on
the céarse materials and are briefly described here.

4.1.1  Shape analysis

In order to be able to draw comparisons between the sﬁape of the
particles and the possible effects of shape on liquefaction potential,
measurements were taken of the three dimensions of particles passing a

19mm siave and retained on a 1%3mm sieve using vernier calipers.
4
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Approximately average values were taken in all cases. The results were

plotted as B/L against T/L and are produced in Chapter 2 (Figs 2.10 to 2.13).

4ol.2  Slaking Test

The effect of water on the coarse materials studied was explored by
means of a simple slaking test.Material passing a 6.35mm sieve and retained

on a 4.76mm sieve was carefully brushed to remove fine material from the
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surface and then weighed out accurately. The material was placed on &
B.S. No. 14 sieve which was left standing in distilled water for about

30 minutes. The sieve was then placed in the oven until dry. The
weight retained on the No.l4 sieve was then accurately measured and the
degree of breakdown expressed as the weight retained over the-origiﬁal
‘weight. TFor the Abernant material and Durham Shale the same method

was used with a No. 7 sieve. The technique used was essentially similar
to that of Taylor and Spears (1970).

4.1.3  Aggregate Impact Test

The strength of the coarse materials was measured indirectly by means
. of the 'aggregate impact test. as described in British Standard 812 (1967,
sectioﬂ 34). These results are also gi&en in Chapter 2.

A modification to this test (a saturated impact test, Shergold and
Hosking(1963)wss carried out to find the effect of water séturation on
strength. Materizi of the usual size was weighed out, and soaked in
water for 30 minutes, followed by testing in the usual way. 'The results
were expressed in the conventional fashion, aithough the accuracy was
much less because material was lost through splashing out of the

PR S,
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L.1.4 Organic Carbecn Determination

.The organic carbon content of the materials used was determined
using a simple oxicc*tion method (Keeling, 1962).  About 0.3 gm of
oven dried ground materiai (passing No. 26 sieve) was placed in a small
test tube which had been accurately pre-weighed. The tube was then
re-weighed with the sample and placed in a Furnace set at a temperature
of 35000 for 48 houre. After removal the tube was allowed to cocl in a

desiccator and then re-weighed. The percentage of organic carbon was




expressed as the weight loss divided by the original weight.

4.2 The large Controlled Ioad Rig Method

Before every test was carried out or the sample set up,:the rig
had to be prepared. The main operation carried out was the de-airing
of the water lines. This was done by pumping water through the lines
by means of the hand pump (B, Fig.3.2). Also, the dye in the volume
change tubes was moved back down the tubes (J, Fig.B;Z) so that there
was sufficient volume in the tubes to accommodate the expected volume
change.

4.2.2 Sample Preparation

All tests were carried out on samples screened through a B.S5.19mm
sleve. The sample was prepared to a naminalsize of 180mm by 100mm.
Assuming this approximate size the weight of materisl needed for the
particular dry density required was calculated. In genersl, the aim
was to produce a sample as loose as possihle which would 3till stand up
during preparation, and which would have reasonable wniformity. This

was found to be in the order of 75-85 per cent, B.S. Starndard Compaction

density {3ritish Standard,1377, 1975).
It the sample had been obtained from the colliiery in a wet condition, -

and had been kept wet,it was made up in this state, the moisture content

being estimated from previous measurements for the calculation of density.

However, some samples were obtained in a dry condition and a different
method had to be employed for the initial prepara’ion. The sample was
weighed out, and then 10 per cent by weight of water was added and
thoroughly mixed into the sample by hand. After this stage the methods
of preparation did not differ. |

The sample was prepared in a 100mm internai dicmeter steel -tube, with

a screw thread at one end for placement on the hydraulic jack. A netal
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platen was placed in the bottom of the tube, and the sample was then
carefully placed in the tube. A second metal platen was then placed

on top of the sample. The tube was then placed on the Denison compressicn
machine; a heavy cylindrical piece of steel was then placed on-top of

the upper platen. On the cylinder theré was a bauad of tape which had

been positioned so that when it was in line with the top rim of the

tube, the separation of the platens would be 180mm. The ram of the
'machine was then lowered onto the cylinder, and allowed to compress the
sample until the tape band and the tube rim were in line. The ram

.wéé then raiséd and the cylinder removed from the tube.

The tube was removed and screwed onto the hydraulic jack. The
sampleAwas then jacked until the top platen could be removed, leaving
the top surface of the sample just below the rim 6f the tube. LY
triaxial specimen mould of 105mm internal diameter and 230mm length,
with rubber membrane was placed over thelsample, and jacking was then
continued until the top of the sample was close to the rim of the mould.
While still sucking, four strips of filter paper approximately 25mm wide
and 200mm long were slipped down between the membrane and the sample,
at éppréximately 900 intervals arqund the sample. The top ends of the
ﬁapers were folded over onto the top of the sample. Thesestrips acted
‘aé.drains £o aid in saturation.

Ideaily they should be placed wet on the outside of the sample
without the presence of the mould. However, due tc the granﬁlar and
loose nature of the samples used it was not possible to lezve them
standing without the mould. A circular piece of filter paper which
had been soaked in water was then placed on top of the sample, making
contact with the folded tops of the side drains. The top nlaten was

then replaced and the mould removed from the jack and careinlly inverted.




The second plater was then removed, and the protruding ends of the

side drains folded over this end of the sample. A second soaked
circular Tilter paper was placed on this end and the platen replaced.
The mould was then caréfully removed from the jacke. As a check on the
initial weight of material, the mould was weighed at this stage, the
total weight of mould, membrane, platens and fiiters having been taken
previously. -

L.2.% Mounting of Sample

_Oncé the sample had been prepared it had to be transferred from
the mould to the cell. In order to aid saturation and to prevent fine
material blocking the sample lines, top and bottom porous aiscs (I,Fig.3.3)
were used. These discs had been boileq for about 20 minutes to remove’
any air from the voids.

One of the piatens was removed Irom the sample and a porous disc
placed cver the end of the mould. The sample was then allowed to slide
gently down the mould until it was resfing on the porous disc. The
mould was then placed on the sample base in the cell (N, Fig.3.3) and
the bottom of the membrane carefully teken from the mould over the
sides of the base. The top of the membrane was also removed from the
mould, which was gently slid off the sample. A second membrane wvas
placed in the mould in ﬁhﬁ same way as the first, and while sucking, the
moulé was carefully slid over the sample, the membrane being removed
in the same way as for the first membrane. Two membranes were used in
order to prevent leaks caused by sharp edges punciuring the inner
membrane. Two 'O' rings (E, Fig. %.3) were placed around the bottom of

the membranes by stretching them over the mould and sliding it back over




the sample and removing the rings at the bottoﬁ. The tops of the
membranes vere gently folded over the top of the sample and the second
metal platen removed. The sécond porous. disc was placed on fhe top of
the sample followed by the top platen (D, Fig.3.3) the side of which

had been grezsed in order to achieve a good seal between it and the
mémbranes. The membranes were lifted back over the disc and platen and
the top two 'O' rings (E, Fig. 3.3) vhich had been placed over the top
line (J, Fig. 3.3.) were stretchcd over the top platen. The tops of
the membranes were folded down in such a way as not to be proiruding over
the top of the platen or giving extra thicknesses on the sample. This
ensured that there was no obstruction to visibility at the top of the
samplc during testing.

Once this was completed the sample dimensions were taken. Four
heights were measured using a steel rule and nine diameters using vernier
calipers accuratz to O0.02mm. A ball bearing waz placed in the hollow in
the centre of the top platen and the cell top (M, Fig.j.}) fastened down
after the additional base ring (L, Fig.3.3) had been placed and carefully
tightened dowm. In doing this it had to be ensured that the load cell
(C, Fig. 3.3) was seated on the sample. This was achieved hy gently
lowering the load cell until it jusl rested on the ball bearing and then
placing the cell top gently while keeping the load cell in contact. The
piston of the load cell was then locked, and the cell top tightened down.
The jack was put in position aﬁd the beam (A,Fig.3.3) lowered by removal
of the counter balance weights; extra weights were added to the loading
end to ensure that the piston was ﬁot able to be lifted by the cell
pressure. The jack was screwed down until the bheam just rested on the

ball bearing on top of the piston. The cell was then filled from the
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water tanks (D, TFig. 3.2), the cell tap and air bleed (0,Fig.3.3) being
closed when full - the air bleed being closed slightly after the tap,
to ensure that no pressure was applied to the sample at this stage.
h.2.5,  Saturation

Once the sample had been mounted, saturation cculd begin. The
back pressure pots were raised to give a pressure of 70 kN/mE, with the
sample isolated from the board. The cell pressure pot was then raised
a small distance to give a small excess pressure of between 5 and 10
kN/hZ; this_wgs‘to ensure that the sample was held in a vertical position
during saturation and to ensure that there was no danger of volume
increa§e in the sample due to excess hack pressure;

All the taps to the sample were then opened followed by thé taps
on the board. The pressure on the gauge (C, Fig.3.2) return-d to zero
at this stage, gradually bullding up as water was forced into the sample.
It was generally found that mercury had to be pumped back into the upper'
pots at least once before this fifst pressure was fully e%fective on
the sample. Further increments of 70 kN/'m2 were added to the back
pressure at about 30 minute intervels up to 350 kN/ma. The increments
and time.delay had been shown to be sufficient for pressure to equalise
throughout_a s&ipic Of Ulils slec. The saiple was lefl L0 salulrale au
:350 kN/hZ_overnight, although with some laler samples being consolidated
at only 50 kN/mZ, an extra increment to 420 kN/'m'2 was addsd to aid
saturation.
4.2.5 The B-Test

Before the sample could be tested it had to be fully saturated.
In order to find the degree of saturation a B-Test was carvied out. This

measures the pore pressure B parameter defined cs:

B . ROre pressure change _ Au
~  total stress change Ao
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Water has a high compressibility and hence in a saturated soil all
the voids should be full of water and the B value should be close to
1.0, i.e. a change in confining pressure should produce an equal changz
in pore pressure. - |

To perform the B-test the sample was isolated from the back pressure
system, the pore pressure transducer (G, Figs 3.2 and 3.3) being left
open to the sample., and readings taken on a D.V.M. of cell and pore
pressures. The cell pressure was then raised slightly and the changes
in cell and pore pressure readings measured, and hence the B-value
calculated.

When testing specimens from Gedling Colliery it was found that

after overnight saturation B-values only reached 0.90- 0.92, and subsequent

B-tests produced lower values. It was also found that even after
prolonged saturation for 3-4 days there was still no increase in DB-value,
and hence these samples were tested when B-values of this order were
obtained. Possible explanations of this phencmenon are discussgd in
Chapter 8.

L4.2.6 Instrument preparaticn

Once the sample was saturated it could be consolidated. Prior to
consolidation the instirumentation was prepared for the test. The
trahsducer§(1'" & G, Figs 3.2 and 3.3) load cell (C, Fig.3.3) and LVDT
(B,‘Fig. 3.3) vere pluéged into the junction box, the required ampli-

fications selected and the U.V. recorder and power supply turned on.

When the U.V. had warmed up and the trace spots were visible the galvano-

meters were adjusted to bring the spots tc their required position. The

load and strain traces were placed near to the edge of the paper to allow

them full deflection. The pressure traces were placed near to the centre

of the paper to allow them to move in ecither direction depending upon




"test behaviour. For calculation of the actual pressures the two

pressure troces were made to coincide at a common pressure. This was

acﬁieved by isolating the sample completely, and opening the fransducers
to the board. The back pressure was then registered on the gauge

(c, Fig.3.2) and the pots shut off. The cell pressure line was then
cohnected to the gauge so that the same pressure was on both lines.

The two spots were then made to coincide. One of the lines to the
gauge was shut off, the pots connected, and the taps to the sﬁmple.re—
opened. The U.V. was kept on after this as a check on events during
consolidation.

Lh.2.7 Consolidation

To consolidate the sample the sample lines were all shut off, with
the pore pressure transducer (G, Figs 3.2 & 3.3) left open to the sample.
The sample taps on the board were shut and the cell pfessure pot raised
to give the required pressure above the back pressure. This pressure
was then apnplied to the sample. Once the pressure had equalized as
showm on the gauge (C, Fig.3.2) and the pressure spots on the U.V., the
volume change could take place. The volume change tube was opened to the
back—pfessure and the direct path from the second sample line closed
{Line 3, Fig.}.E). An initial reading on the tube was taken and the
sample line-(line L, Fig. 3.2) opened at a fixed time. Readings on the
tube (J, Pig.3.2) were taken at times'appropriate for a rcot time plot
used for consolidation curves, readings being taken until the volume
change stopped, showing the complete dissipation of excess pore pressure.
The time taken depended greatly on fhe naterial and consolidation
pressure used, varying from a few minutes to over two hours. In the

case of large volume changes the second tube had to be used, the
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consolidation being sfopped to effect.the change over. Also, when large
volume changes occurred the amount of mercury in the pot was often not
sufficient to apply the full pressure and consolidation had to be stopped
to repump the mercury. Throughout the consolidation the seating of the
load cell on the sample had to be maintained, otherwise the sampie
might consolidate out of the vertical and the test could not be run.
To do this the jack was gently-screwed down as the sample movea, while
the load spot on the U.V. Qas watched to ensure that no load was applied
to the sémple. When consolidation had finished the sample line (Iiﬁe L,
Fig. 3%.2) was closed and the volume change shut off (Lines 6 & 7, Fig.3.2)
;nd-the spot positions checked. The sample was then ready for testing.
L.2.8 Testing
Before testing the jack had to be removed. The welghts Qn.the
loading hanger were removed, and 7kg placed on the counter baiince hanger,
in which state the beam applied no load to thé piston and maintained its
position. The jack was removed and the piston unlocked, the screw of the
locking device being completely reﬁoved to ensure that it did not stick
at the join in the piston.
The U.V. paver was then started at a slow speed (Smm/sec or 125mm/min)
and Qeigﬂfs added to the load hanger continuously, ensuring that there
wég no swinging,of the hanger.When failure appeared imminent from the
Behavioﬁf Qf the traces, the paper speed was increased to either 12.5mm/sec
or 50mm/sec depending upon the rapidity of events and the size of load
increments was decreased. The particular load increments used dgpended
on the expected size of failure load. The paper speeds were selected
so as to provide reasonable detail combined with economic use of paper.
After failure had occurred the U.V. recorder was switched off and
the instruments unplugged. The pressure on the cell was reducsd by

lowering the pots, and the cell emptied by allowing the water to syphon




back to the tanks (D, Fig.3.2). The loads were taken from the hanger

and the beam allowed to 1lift from the piston. ‘The cell was removed
and the sample carefully removed, placed in a tray and weighed prior to
placing in the oven to dry overnight. It was then re-weighed t§
obtain a dry weight of sample for use in density calculations.

4.3 Controlled-Strain Tests.

The methodsused for the consolidated undrained tests with pore
pressure measurement were identical to those used for the controlled
load test except_for the loading stage and the maintenance of seating during
gatﬁration and consolidation. This latter was achieved by winding the
machine up until the small section protruding from the proving ring
was in contact with the top of the piston. |

‘Ioading was achieved using the automatic driving mechanis~. of the
machine at a rate of O.3mm/min. Readings were taken as described at
selected valuez of strain representing = pe
cent and then 1 per cent up to 25 ﬁer cent strain.

4.4 The Small Controlled Ioad Rig Method

The principles behind the methcd used on the small rig were very
simiiar £$‘those for the large rig., there being certain differences in
deﬁail. . As a result of problems encountered during the investigation,
éertain'alterations were made to the method and are discussed here.

The method originally used was based on that of Castro (1969) and
incorporated the use of a vacuum appliéd to the inside of the sample to
hold it up during mounting and measuring. However, during some tests on
loose Leighton Buzzard Sand, the samples were found to show very strong
dilative tendencies when a liquefaction was expected. It was suspected
that this might be due to densification caused by the application of the
vacuum. It was therefore decided to attempt setting up the sample without

the use of the vacuum.
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A second function of the vacuum was to de-air the sample, and without

a vacuum some alternative method had to be tried. This involved passiag
water from the water bottle (L, Fig.3.5) through the bottom of the sample
using its own head. The air bleed on the top line (Line 3, Fig.3.5) was
removed until water started coming out when it wds replaced and the water
turned off. This imethod was found to work satisfactorily. It was also
found that when the Leighton Buzzard Sand was set up without vacuum it
could be liquefied.
It was therefore decided to abandon the vacuum and use fhe

alternative technigue outlined above. The main problem when not using
~a vacuum was in measuring of diameteps of soft or very loose samples, as
the vernier calipers tended to squeeze the sample. However, for
carefully made up samples there is little v;riation in mean sample

" diameter from sample to sample and so estimated values are generally

good enough in thes

(=)

o

CaSES. In the case of in situ samples the
wniformity of diameter is not as good, and some alternative measuring
system which does not apply pressure needs to be devised.

L.h.1 Sample Preparation.

Three different methods of sample preparation were used for three
different possible cases:
(a) In situ sampleé

{b) Made up dense samples

(¢) Made up loose samples.

hoeloelol In Situ samples

In situ samples were taken from UlLOO's which had been taken from the
site in question. In order to obtain 38mm diameter samples from a 100mm
dizmeter tube, three 38mm diameter tubes were screwed in a special jig to

the top of the UlOO on the hydraulic jack. The material was then iacked

J. | ' ' |




cut, filling the three tubes. The material was jacked from the 38mm
diameter tubes into a mould of 76mm length similar to the one used in
preparation of the large samples. In order to make a check on the sample

moisture content the remaining content of the tube was weighed in a tin
and placed in the oven to dry. Also the sample was weighed in the
mould and sheath to obtain its original weight. " Once in the mould, thg
sample was ready for mounting.

Lou,l.2 Made up Dense Samples

For ﬁade up dense samples a method similar to the one used for the

" largerig was used. The calculated weight was weighed out and thoroughly
mixed with water. The matverial was placed in a thick-walled metal tube

. of 36mni internal diameter, fitted with two end stops which when fully in
position gave a separation of 76mm. Thé lower stop was placed in the
buttom of the tube and held out from the tube by means of a nut. When
full the top stop was put in place and the nut removed froﬁ the lower one.
The tube was placed in the Denison compression machine and compressed until
the stops were fully in the tube. The sample was jacked from the tube
into the same mould as that used for the in situ samples and was weighed
in a similar way.

L.h.1l.3 Made up locse Sampies

Ioose made up samp;es were made up in a position on the rig. The
correct quantity for the reouired dry density was weighed out and
thoroughly mixed wit.. water (usually at 10% moisture content).

One membrane was placed over the base platen (N, Fig.3.6) and secured
by 2 '0' rings. The bottonm porous disc (I, Fig.3.5)

(pre-boiled) was placed inside the membrane on the botiom platen.

AR Y N




A longitudinally split mould in two sections held together by
tape was placed over the membrane. The two 'O' rings for the top
platen were stretched 6ver the top section of the split mould. The
material was placed in the mould in ten layers, each layer being tamped
ten times with a metal rod. When the sample waé complete the top was
carefully flattened off.

In samples prior to modification of the method the top porous disc
was piacéa and the top platen (D, Fig.3.6) placed on top of it. The
platzan was gently pressed down while the top of the membrane was
carefully brought onto the platen. The vacuum was graduaily applied
using a screw tap (M, Fig.2.5) in the vacuum line (Line 2, Fig.%.5) While
still gently pressing on the platen the top 'O' rings were gently brought
onto it. The split mould was then untaped and removed.

In saimples made up after the modification to the method, the wider
top platen (D, Fig.3.6) with a porous plug was used, and so no top pcrous
disc was needed. The wider platen was used as it was felt that pressing
onn the sample with the narrower platen (whicﬁ did not rest on the mould)
might be a further source of densification. The membrane and '0' rings
were taken onto. the top platen in a siiiilar fashion to previously,except that
more care was needed as the sample was not held rigid by the vacuum.

Lokh.2 Mounting the Samwle

The in situ anu denser made up samples were mounted in a similar
fashion to the samples on the large rig.

The lower porous disc (I, Fig. 3.6) was placed on the end of the
sample, which was placed on the bottom platen (N, Fig. 3.6.). The
bottom of the membraie was carefully taken onto ;he bottom vplaten and

the top of the membrane was removed from the mould, which was carefully

taken from the samp.:. A second membrane was placed in the mould and
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carefully taken over the sample. Two sheaths were used on these samples
as a precautionary measure, but not on the loose samples made up in
position as there was no opportunity for putting one on without potential
damage to the sample. The bottom 'O' rings were then put ,
on. The split mould was next placed over the sgmple with the top 'O
rings on the top seciion. From this point the methods used were the
same as described in Secfion L.4.1.3.

For some later samples a single section split mould was used in
conjunction with samples of slightly reduced diameter (36mm), which were
produced for the made up szmples and could also be produced using 36mm
diameter samﬁling tubes for in situ samples. This was done to prevent
poééibie damage to the sample causedlby relative movement belween the
twe sections of the double split mould.

| After the samples had béen mouﬁted the dimensions were taken in the
same way as for the large samples. The cell top (M, Fig.3.6) was
positioned and tightened down cnsuring that the load cell (C, Fig;3.6)
was seated on the ball bearing oﬁ the top platen (D, Fig.3.6). The cell
was filled nearly to the top and a thick oil was then fed into the top
of the cell to form an o0il seal between the piston and its bush, as this had
been” found tc lecak considerably when first used, leading to pressure loss.
" When sufficient o0il was-in place, the cell was filled right up and the
water line (Iire 7, Fig.3.5) and air bléed shut (0, Fig.3.6).
The piston was locked and the IVDT (B, Fig. %.£) pulin position.
The loading yoke (A, Fig. 3.6) was seated on the ball bearing on the top
of the piston and screwed down until the bottom of the yoke vias locked

rigidly on the bottom of the supporting structure. This ensured that the
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'piston was not able to lift due to effects of cell pressure.

When iz this state water was either sucked through by the vacuum
or passed through under its own head depeqding upon the method used.
When de-aired the sample. was ready for saturation.

L.4.3  Saturation

In the case of samples seil up without the vacuum the saturation
process vas the same as for the big rig except that pressure increments
of 100 kN/m2 were used as it was thought that the smaller sample could
equalize satisfactorily under this larger increment. Saturation was
generally quicker and a sample set vp in the morning would be saturated
by the afternoon. Samples set up in the afternoon were left overnight.
Final saturation pressures were either 300 kN/m2 or 400 kN/me.

When the vacuum was being used this had to be released before
saturation could begin. This was done in two stages. The screw tap
(M, Fig.3%.5) in the vacuum line (Line 2, Fig.3.5) was partially opened,
allowing half the vacuum tc dissipate. A cell pressure of half the
vacuum was then applied. The full vacuum was then released and a second
increrint of cell pressure applied up to the vacuum value. This ensured
that the equilibrium of the sample was maintained. After allowing a short
time for the pressure to become fully effective, the sample was isolated
and the firét increment of saturation pressure applied in the normal way.

LoholLh  Consolidation

Saturation was checked by a B-Test identical to the one used for
the large rig. The preparation was identical except that it was not
possible to apply the back pressure direct to the pore pressure transducer
(G, Fig.3.5). The preséure wvas applied to the sample and the pore pressure
spot positioned. The sample was then isolazated and the same pressurs

applied to the cell pressure transducer (F, Fig.2.5) in the same manner




as on the large rig and the spot moved to the same position as the
poré pressure spot. |

The consolidation could then be carried out in the same way as on
the big rig, except that due to the much smaller volume change nb values
were taken for consolidation curves. Consolidation was complele when
the reading did not change ovef a period of 5 minutes. The duration of
volume change was generally only a few minutes, and the movement of the
.sample small enough for there to be no dangervof loss of seating.
4.4.5 Testing
o The testing procedure was very similar to that used on the large
rig, the U.V. recorder was used in an identical way. Initialiy any
remainiﬁg weights in the counter baiance (E, Fig.3.6) were remcved
and the piston unlocked. Iarge increments were applied to the hanger
until there was movement of the load trace,{i.e. weights to counler the
Eell pressure). After this smaller weight incremenis weres added
continuously, the increments being'reduced when failure séemed imminent.
For samples showing strong dilative tendencies there was often not enough
room on the hanger and the extra load had to be applied by pressing on
the £op sf the ycke.

Once the test was complete the pressure was released and the cell
arained,'care being taken not to allow any of the oil to pass into the:

water lines. The sample was finally removed for weighing.
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CHAPTER FIVE

CALCULATION OF RFSULTS

5.1 Presentation of Controlled Load Test Results

It was decided that a convenient way of presenting the results of the
controlled load tests was to plot the requisite effective stress paths.
The Stress Path method is described in detail by lLambe (1967) and the

basis of the technique is outlined here.

5.1.1 Failure Enyelopes
| The most common way of showing the state of stress in a triaxial test
_is by plotting Mohr's Stress circles on plots of shear stress againét
principal effective stress.
For a series of triaxial tests the state of stréss af failure can be

plotted as a series of Mohr's circles (Fig. 5.1).

- » . I
¥ohr's Failure znvelope///////zg//

-

K. Line

Principal cf'fective Siress

Figure 5.1 Mohr Failure Envelope and Kf Line
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From these circles two failure envelopes can be drawn. The first is
tangential to the circles and is the Mohr failure envelope, its intercept
with the T axis is the cohesion and its slope the angle of shearing
resistance of the material @';so that

T = c' +0 tan P

~ The second envelope passes through the top pointis and is designated
the Kf line. This has a slopee< , related to @' as:

. . a
tan «® = sin @' and ¢! = ——

cos J'
Both of these envelopes can be curved implying a reduction in friction
angle at high values of normal pressure.
5.1.2  Stress Paths
A stress path is a plot of the successive states of slress existing in
a sample during a test, as represented by the top point of the Mohr's circle

(Fig. 5.2)
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Figure 5.2 Definition of p and g




The coordinates of this point are as shown above.

o, + 0, o, -0

N _ 1 3
p_z’-g.—z

g 1is half the deviator stress.

This plot is obviously much clearer than plotting a large number of
circles fbr each test. It is also possible to plot total stress paths and
paths of (total stress) - (static pore pressure).

These stress paths will all tend to the Kf line at failure.

The stress paths for normally and over-consolidated clays are shown

in Figure 5.3 to illustrate some important points:

—+—+—e—.—= Total Stress Path (T8P)

’

Total minus Static Pore Pressure Stress Path (T - uo)SP
- »d

Kf Line

} Normally Consolidated. (b} Over Cousolidated

Figure 5.5 Typical Stress Paths for Clays




1.

Points to note are:
q is both total and effective.

A negative value of q indicates horizontal stress greater than vertical

stress.
T.S.P. to the right of E.S.P. indicates positive pore pressure.
T.S.P. to the left of E.S.P. indicates negative.pore pressure.

(T - US) SP to the left of E.S.P. indicates negative excess pore

pressure.

Finey (1973) showed the classic stress paths for controlled load tests

and these are reproduced in Figure 5.4.

. . a - Liguefszcticn
’ : - b - Partial Ligueian:ion

C ~ iiation

p

Figure 5.4 Controlled-Load Stress Paths.

a shows large build up in pore pressure and a large loss in stress;
b shows a build up in porc pressure and some loss in strength, followed
by a fall in pore pressure and a gain in strength

¢ shows a fall in pore pressure and a large gain in strength. This

illustrates that a dilatant failure will move up the Ef line.



5.2 Calculation of Results

The results were calculated using a prograﬁme written for a Hewlett
Packard programmable calculator. The programme was written to convert
the measurements taken from the Ultra Violet Trace into a direct read out
of 5, q and percentage strain.

The initial part cf the programme read in the sample measurements and

. calculated the initial sampie volume. The next section caléulated the
actual volume and height of the sample during the teét using the volume
change. This was done assuming the strain to be equal in all three

directions using the relationship:

LI = Li(1__5’vc )
3V,
where Lf_ = final length
Li = initial length
BVC = volume change
Vo = original volunme.

The next section read in the constents needed to convert the measurements
Trom the trace in millimetres into actual loads and pressures. The two
pressures had been zeroed to the same point at a known pressure and this
pressure was read in and the measurements given rélative to this pressure.

Having calculated the values of pressure the main calculation was -
performéd. Constant volume was assumed for the test, and the deformation
assumed to be as a right cylinder, producing a uniform area throughecut the

sample. The vertical ueformation was subtracted from the test length and

divided intc the test volume to give the area. The load was then divided
by this area to give the applied stress. This was added to the cell

pressure to give o, - This produced the total values of o, and o The

1 3"

pore pressure was then subiracted irom these to give the effective pressures

from wvhich the values of p and q were calculated and printed out.
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The percentage strain was also calculated and printed out. TFrom these
the stress paths were plctted and also plots of q against percentage strain
(stress-strain curves).

Although the assumption concerning the deformation during the test is

obviously not accurately true, any accurate estimation of the true deformation

would be very difficult. This method does give a good idea of the changes
in the state of stress within the sample, and is probably as accurate as
any alternative method.

5.3 Rubber Membrane Correction

In the case of 38mm diameter samples, the strength of the rubber

membrane can have a significant effect on the measured value of load, and

" s0 a correction has to be introduced. In the case of the 100mm diameter

sample the effect is very much less significant and no correction was used.
A.standard test, described in British Standard 1377 (1975) was
performed to find the correction, which must be-applied to the value of g;
to allow for the compressive strength of the.membra_e(s)= The compression
moaulus could not be measured directly but was assumed to be equal to tlie
exlension modulus.
The test involved loading a strip of membrane, 25mm wide, suppbrted

between two glass rods. The contact faces between the rods and the

. membrane were dusted with French chalk to reduce frictiorm. The extension

was measured for increasing loads, giving the extension modulus as

Force per millimetre

Moo= strain

The correction factor was

vhere D initial sample diameter (mm)

[

1l

axial strain at meximum principal stress difference.
Values were calculated and the correction applied fo the results of

the controlled-load tests. For 20 per cent strain it was found that a
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correction of approximately 4 kN/'m2 was required for 2 sheaths and 0.8 kN/'m2
for one sheath.,

5.4 Coefficient of Consolidation

As a further indication of differences in the properties of the coarse
materials, the value of the consolidation constant c, during the consolidation
‘stage was calculated from curves plotted using the volume change readings
(Figs. 6.15-6.17).

The value of c, was calculated according to a formula given by Ackroyd
(1957) for tfiaxial consolidation of a_sample including radial drains and
having only one line open to the volume change.

From this: o
0.52L4 R

v t90

x 60 x 24 x 365 ma/year

where R is the mean radius of the sample during the test in metres and

téo is defined as shown in Fig. 5.5.

Volune
Chuuge

[

Viima
Figure 5.5 Definition of t9O

c, were calculated using a programme cn the Hewlett Packard

L

The values of

calculator.
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CHAPTER SIX

RESULTS FOR COARSE DISCARDS

The results for the controlled strain and controiled stress triaxial
tests are presented here as stress paths and stress-strain curves. Also
plotted are the consolidation curves for the various materials.

The nunbers in brackets after Test numbers on Figures 6.2, 6.4,

6.11, 6.15, 6.16, 6.17 represent the . consolication pressures used.
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CHAPIER SEVEN

RESULTS FOR FINE DISCARDS.
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CHAPTER EIGHT

DISCUSSION FOR COARSE DISCARDS

8.1 General

All the tests were carried out on remoulded (fabricated) samples which
had been screened through a 19mm-Sieve; the Gedling material was obfained
vet from the colliery, and tested in this state. This was also true for
léter samples from Abernant. Earlier samples from Abernant and the
shale and seatearth from County Durham were dry and were re-wetted hefore
_féstiﬁg. The question arises as to the validity of tests under these
~conditions as compared to the actual conditions in which there would be
considerable amounts of material of greater size than 19mm.

The National Coal Board's Review of Research on Properties ~f Spoil

3 3 - 4~ e 5 MY aaa Lo o ] A P R I
Tip materials (1972), gives the results of tests performed on Gedling

e}

material. It compares laboratory shear strength results on screen=d
material with field shear box results. The results of this.comparison
show a very good correlation between laboratory and field shear strengths,
suggesting ﬁhat the effect of screening is not very great. The Review
concluaes %hat the standard 100mm diameter triaxial test does give a good
.indication of the actual field behaviour.

.The Review also shows that the effect of variations in relative density
for values below British Standard Compaclion was very small.

8.2 Controlled Strain Test Results

8.2.1 Gedling

During the controlled-strain tests there was & considerable and rapid
build up in pore pressure during the early stages. This was accompanied by

a build up in the load. The initial period was feollowed by a long period




-of steady load, during which the pore pressure c¢ontinued to rise, but more
slowly than at first. In the later stages of the test the pore pressure
began to fall off slowly while the load increased again. This basic typé of
behaviour was the same for all three consoiidation pressures used.

The stress paths show the effect of the pore pressure build up and
steady load by moving to the left at an almost constant value of q. The
failure envelope was reached at a considerably lower effective stress' than
the original consolidation pressure. The final fall in pore pressure and
rise in load are shown by the movement of the stress path up the failure
envelope indicating a gain in strength and characterising a dilation.

The Kf line produced from these tests shows a very considerable degree
of curvature from o<= 30° at the origin to « = 17° at P = ZOOkN/m2 (¢' = 350
to @' = 19°). Tt also implies ihat cohesion is zero. Results given in
the N.C.B.'s Review also show some degree of curvature for Gedling, from
g = 32° to g = 23°.

The rcsults presented here (Figure 6.1) confirm the general observation
of a curved envelope for Gedling material. However, the degree of
curvature is considerably greater, giving a lower value which is well
outside the general range of @' values for spoils ia England (39o teo 25.50).
TQo main reasons have Been suggested for the curvature of failure envelopes.
Firstly the breakdown of inter-particular contacts at higher confining
pressures, leading fo reduced shearing resistance, and secondly lack of
full saturation (Taylor, 1973). It is likely that the first of these
effects is acting in Gedling meterial, leading to some curvature of the failure
envelope, and this will be discussed later in this chapter. The over-
emphasis of the effect producing tie low value of 19o could probably be due

to the samples not being fully satwrated, as mentioned in Section §.2.5.-

[ SR



The lack of total saturation could be due to air trapped within the
particles, which are relatively fissured. This could also explain the
observation of a decrease in B value after the initial B test. After a
B test the back pressure is reduced to its original value and this could
lead to some of the air within the particles coming out of solution and thus
decreasing the degree of saturation.

The stress-strain cﬁrves (Figure 6.2) show the levelling off of the
stress after the initial rapid increase, followed by a smaller rise in
stress vhen the failure envelope is reached. The strain attained a value
of 25 per cent without any significant fall in stress level, indicating a plastic
mode of failufe.
.8.é;2 ‘Abernant

In the tests on the material from Abernant (Figs 6.3 and 6.4) there

. was also'a fairly rapid rise.in poré pressure in the initial stages. The

rate of this increase was less than for Gedling. The stress rose fairly
rapidly in this initial stage, reaching a higher value than for the Gedling
specimens at the same consolidation pressure. The stress and éore pressure
continued to rise at a slower rate after the initial period. At the end
of the test the ﬁore pressure levelled off and the stress fell slightly.
The tests were terminated when the stress level fell.

The stress paths show the smaller level of pore pressure build up than
for Gedling as they reach the failure enveloﬁe much closer to the original
consolidation pressure, without the flat section moving to the left.
However, fhere was not the same movement up the failure envelope after
this peint had been reached, althougi: further straining might have produced
this effect after the small drop in siress on reaching the failure envelope.

The first test proved an exception to this general trend of behaviour.
The stress rose continuously throughout the test and after an initial early

.
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‘build up of pore pressure there was a fall off, producing a movement up
the Kf line.

There was no noticeable curvature of the K, line, which had a slope

f

of o = 31° (#' = 37°). This falls well within the range of 25.52 to

41.5o given by the N.C.B. Review for Welsh spoils. As there were no

prqblems'with saturation, there should have been no envelope curvature

due to this. From these results it would appear that there is no

significant crushing out of inter-particular contacts in this material.

In a similar manner to Gedling there appeared to be no cohesion intercept.

The Abernant material would appear to have a greater sheacr slrength than

Gedling, as shown by the higher stress levels reached and the higher valué

of @', especially at higher confining pressures. These results aré in

line with the findings of Taylor nnd Cobb (1977), who have shown that Mohr

envelopes are sensibly linear (y;ith c¢'=0)in the'case of burnt shales and strong

brittle shales, whereas those of the weaker spoils are more distinctly curved.
The stress strain curves for Abernant (Fig.6.4) show the steady

state of stress reached and the extent to which it was maintained during

the major part of the straining. Although a drop in stress level

occurred at the end of the tests, there was no sign of failure, other

than the barrelling effect of a plastic failure.

8.3 Gedling Controlied Ioad Tests

8.3.1 Consoiidation

The Gedling samples (Fig. 6.15) exhibited initial large and rapid
volume changes lasting for about 5 minutes. This was followed by a
continuing slower volume change lasting up to about an hour or an hour and

a half. The amount of wvolume change increased with consolidation pressure,

reaching a ‘cut-off' for pressures in the region of 200 to 300 kNﬁnZ.




There was a certain amount of scatter in the final densities and void
ratios reached, but there was a general inurease in final density with
consolidation pressure, as would be expected. The values of c, calculated
give an average of about 170 m2/year, which represents a relatively low
rate of pore pressure dissipatiop.

8.3.2 Behaviour during Testing

For the samples tested at a consolidation pressure of 50 kN/'m2 there
was a steady rise in pore pressure from the start of loading, becoming
gyea?er Jjust before the sample started to strain. The rate of increase
levelled off during straining and the pore pressure finally reached a steady
. value somewhat below the cell pressure. Towards the end of straiﬁing the
pore pressure decreased élightly. The cell pressure remained generally
fairly constant, although there was some rise duriné the straining period
due to piston plunge. The straining period was about 25 seconds from the
stért of straining to 20 per cent strain, which although fairly rapid is
not particularly so in terms of the fime periods associated with liquefacfion
failures (see Fig. 6.5). The specimen which was dried cut and thep re-
wetted (specimen DO Fig. 6.5) showed tire same basic behaviour although
it strained ﬁore quickly (1l seconds to 20 per cent strain).

As the consolidation pressure increased, the basic trend of behaviour
:waé maintaingd. 5HoWever, the degree of pore pressure bulld up vecaue léss,
reaching levels well below the cell prescsure. The load reguired to produce
straining increased, aid the rate of straining decreased; the strain
taking 45 seconds to reach 20 per cent strain at 250 kN/me. The greater
load and the smaller pore pressure build up with higher consolidation pressures
would be expected. In the test performed at 217 kN/}n2 the specimen took all
the load that could ke added without showing any sign of straining or pore

pressure build up. This sampls had a slightly higher final density than




otﬁer samples, and would therefore have had an espécially stable structure
(see Table 6.1).

There did not appear to be any kind of shearing during these tests.
The samples all showed a 'barrelling' type of deformation, associated with
a plastic failure.

8.3.3 Stress Paths and Stress-Strain Curves.

The stress paths and stress strain curves shown in Figureé 6.5 to 6.9
“are those from this investigation, together with resu.ts from some previous
tests carried out on Gedling material. These earlier tests were carried
.out on the same rig, but with an external load cell, and a smaller strain
capacity.
The strcss paths from the current investigation (Fig. 6.5) fit qﬁite
‘well with the failure envelope obtained from the controlled sfrain tests.
—All except that for test No. 5 (Pc = 217 kN/mz).show a movement to_ the

flat

N

ection,; characterising nore pressure build up.

The form of the stress vaths above effective cell pressure of azbout 100 kN/m2
was very similar to those produced from the controlled strain tests, ekcept
that there was no dilation at the end of the test. In these tests a stress
level close to the failure envelope was reached in the early stages of
straining and was maintained with very little change in stress levels. It
is possible that insufficient load was added to vroduce dilationa  The
previous tests at these pressurcs had shown larger stresses and had reached
the Kf line near the original consolidation pressure. It is probable that

' this material was taken from the bunker or when the washery was producing
somewhat different material. This demonstrates the danger of possible
variations in the characteristics of material taken from the same tip. The

material for this previous investigation was rewetted before testing and
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this could also have had some effect on the behaviour.

The samples tested at lower consolidation pressures show some differences
in behaviour. The sample from the previous investigation tested at 50 kN,/'m2
and sample No. 2 of the current investigatioﬁ (Fig. 6.7) show a maximum

stress level which is followed by a fall-off down the K_ line, which is
1

equivalent to a drop in strength of about 10 per cent. This drop in strength
was followedby a Turther increase in strength, to a stéady stress level,

which was maintained for the major part of the straining period. Other

tests at this consolidatiog pressure do not show any significant drop in
strength, although the majority of the paths indicate thal during this time
the stress level is oscillating around a constant stress level close to

the failsce envelope. The two tests showing a droﬁ in stress suggest that
partial liquefaction is occurring. The final gain in strength and relatively
long time period involved however, show that they are not total liquefactionms.
These results d;monstrate that there is some potential danger of partial

liquefaction at low confining pressures. For a bulk density of around

1.6 Mg/m3 this represents a depth of poil equivalent te about 3m in depth.
The general trend is for this material to reach a steady state of stress
without significant rises or falls. In order to produce a significant
drop in strength the rate of straining would need to be greater. The test

......... o~ Q AT [ . -
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- verformed at an intermediate congelidation
of behaviour similar to specimens tested at higher confining pressures.

| The stress-strain curves (Figs 6.8 and 6.9) indicate that stress levels
are maintained over most of the straining periocd. Test Mo. 6 shows a gradual
rise in deviator stress during this pe;iod. Test No. 2 shows a peak stress
followed by a fall and then a final increase. Tiie form of the stress-strain

curves is the same as those obtained in the controlled strzin tests, and

the deviator stresses reached are about the same at equivalent consolidation
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pressures. The observation of similarity between the stress-paths and
stress-strain curves from controlled strain and controlled lozd tests

when liquefaction does not occur conforms with the findings of Hird and

Humphries (In press)swho show that a similar behaviour 1i i ‘esi
from the China Clay industry. “ppries tomica vesi

8.3.4 Possible implications of a Partial Liquefaction

dues

The demonstration of a poteﬁtial for partial liquefaction of Gedling
spoil at low effective confining pressures poses the question as to what
effect this might have in the field.

In the laboratory test the partial liquefaction produces a drop in
éfrenéth which‘is followed by a final increase in strength (dilation).

‘. The question arising is the pertinence of this final diiation in a
liquefied'material. Assuming that the material flows as a result of the
initial liquefaction will the dilation arrest this flow? The answer to
these questions is considerably more complex than might at first meet the
eye.

For the case of a tip which is built on flat ground, thé effect of a
total liguefaction is to produce a flow which only stops when the slope
angle of the tip is equivalent to the reduced shear streangth of the material.
" In the.casé of partial liquefaction in these circumstances the friction
~ angle of the mate;ial will increase when the dilation occurs and hence the
'.sloﬁe?:hibh it will come to rest is equivalent to this friction angle
rather than %he very much reduced one associated with the liquefied state.

A more complex problem is involved in the case of a tip which is built
on sloping ground. This was the case at Aberfan (a slope of 12%0) and
is also true at Gedling. In these circumstances the material will be

flowing downhill and not on the flat {(Figure 8.1).




!
,,f//,/J”/ Matural Slope

Figure.8.1 Tip Founded on a Slope.

The material in this case will be accelerating under gravity down
the slope: Thus, by the time a possible dilation occurs it will have
déveléped considerable momentum. In this'cése one has to determine
whethour the dilaticn will be suificieqt to arrest the flow oﬂ the slope.

In considering this problem it is necessary to know at what stage
the dilation occurs so as to calculate how much momentum will have been
achieved. Another important factor is at what rate doeg the increase in
strength of the material occur. VWhen considering the vossible arrest of

the flow it is not the static friction as measured by the friction angle

which is involed but the kinetic frictioan which is generally less.  Another

problem:is that of considering a 'tongue' of material rather than a single
mass. |

The points menticned above show the cémplexity of this problem and
that it is npt possible to do a simple calculation to produce an answer.

A considerable amourt of work would be needed to relate the readings

from the laboratory test to ihe field situation in order to answer the first

two points. As well as'that the calculations which would be involved in

the second part of a solution are beyond the bounds of elementary mechanics,
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and were not thereforepossible in the time available during this
investigation.

It seems quite possigle that the gradual increase in strength likely
to cccur in such circumstances would not be sufficient to stop a large mass
of rapidly moving spoil when it is flowing downhill. | If this is the case
the dangers of a partial 1iquefaction are much the same as for a total
liquefaction. In many respects this is also the conclusion drawn by
Casagrande (1976).

As well as a slope reducing the likelihood of a dilation arresting a
flow once it had started, it also increases the possibility of a partial
liquéfaction occurring since a smaller proportion of the load needs to be
transferred to the pore water before straining can start (Bishop et al.
;969).

Bishop drew the logical conclusion that the reduction in the proportion
of the load that neesded to be carried by the pore water would be equivalent
to:

tan 6 _ o
tan—ﬁ' x 100%

where O = angle of slope

@'= friction angle of materizl.
_Uéing this approach the percentage rise in pore pressure required to
cause straining can be calculated.
In test No. 2 in which a drop in strength was recorded, the value of [/}
at peak was.28°, and the straining started when the rise in pore pressure

was 50 per cent of the original effective consolidation pressure. Figure

8.2 illustrates the relationship of slope angle versus percentage pore pressure

increase required to stert straining.
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This shows that the effect of a slope angle on the required pore
pressure increase is very great and that the potential for a liquefaction
induced flowslide is enhanced in these circumstances.

For example, in the case of a slope angle of 12%-o the build up of
pore pressure required is only 29.4 per cent of the cell pressure. Thus,
for an effective consolidation pressure of 50 kN/hZ, the pore pressure

only needs to increase by 1li4.7 kN/'m2 to induce straining.

8.4 Abernant Controlled load Tests

8.4.1. Consolidation

For the Abernant specimens (Fig. 6.16) the initial rapid period of
:'volume change lasted for about one or two minutes. The period of further
volume change depended on the consolidation pressure, being about 10 minutes
at 50 kﬁ/ma and about an hour at 200 kN/ma. Overall tne volumz change was

i quicker than that for Gedling and produced values between a third and a

The amouat of volume change increased with consolidation pressure reaching
8 a constanil value at around 200 to 250 kNAnZ. The change in density was

§ accordingly smaller than for Gedling. The final densities were again

d rather variable, but tended to increase with consolidation pressure. The
d sample was made up to a higher density (No. 2) and showed a reduced degree
6f coﬁsolidétion, as would be expected. The average value of ¢, was abogt
550 mz/year, which is significantly higher than for Gedling, and is more in
line with drainage rates measured in the large Rowe Cell (700-800 mz/year;
Taylor and Cebb, 1977).

8.4.2 Behaviour during Teste

The behaviour of the Abernant material, although showing some similarities

in basic characteristics, did show some significant differences from the
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Gedling material.

As for Gedling there was a pore pressure'build up during the initial
stages of loading. The rate increased before the start of straining,
and then dropped reaching a steady level during straining. The pore
pressure finally fell towards the end of straining, In general the rate
of build up was much less than for Gedling at the saﬁe consolidation pressure
and the final value reachéd was much further below the cellnpressure.
The rate of pore pressure build up in the tests aﬁ high consolidation
pressures was very slow. The amount of load required to produce straining
was coasiderably greater than for Gedling and at high consolidation pressures
it exceeded the amount tha£ could be added to the hanger. Extra load was
added by'applying pressure to the loading heam. The load was generally
maintained during straining and extra lecad could still be taken during this
period. The period taken during stfaining was considerably longer than for
Gedling, being aboul a minute even at a consolidation pressure of 3C kN/mz,
and reaching 3 minutes at 235 kN/mz. There did not appear Lo be any
significant differences in hehaviour between samples made up frem wet
_material, and those which were re-wetted.
Like the Gedling cpecimens the deformation generally tcok the form of

barrelling, although at least one sample (No. 9, Fig. 6.10) failed in shear.

8.4.3 "Stress Paths and Stress/Strqin curves

The stress paths (Fig. 6.10) from the controlled load tests agree very
well with the failure envelope from the controlled strain tests. The type
of behaviour shown is basically the same throughout the range of consolidation
pressures used.

The deviator stress increazses throughout the iests, except at the very

end when it is nct possible to apply sufficient load to maintain the increase.
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The failure envelope is reached at effective pressures close to the
original consolida&ion pressures. The amount of movement to the left is
greater at higher consolidation pressures, showing the pore pressure
increases to have a greater. effect at these pressures. On reaching the
Kf line the stress paths exhibit dilation. This trend of behaviour is
maintained down to a consolidation pressure ¢f 30 kN/hz. - This shows that
there is not likely to be any drop in strength or significant pore pressure
build ups to lead to liguefaction failure phenomena, rence this material
is safe from liquefaction.

Despite variations in the densities achieved the type of behaviour and

the proximity to the K. line do not seem to be significantly affected,

confirming the observations referred to by McKechnie Thomson and Rodiﬁ (1972)

concerning the effects of density veoreiation and the resultant effective
shearing resistance.

The sample which was fabricated to a significantly higher density
(No. 2, Fig. 6.10) (close to the maximum dry density), shows a higher load
and a smaller effect due to pore pressure builld up, reaching the Kf liﬁe at
a higher daviatcr stress than in the more conventional test al a similar
consolidation pressure (No. 1. Fig. 6.10). it also crosses the Lf line,
:inferring that at higher densities the shear strength possibly increases
somevhat.

The stress-strain curves (Fig. 6.11) generally confirm the gradual
continued rise in deviator stress throughout the tests. They also show
the significantly higher loads attained than samples from Gedling. The
larger load carried by the denser sample is cleariy showm.  The form of
the curves is again very similar to those from the controlled strain tests,
and the stresses achieved are also very similar. The two sets of stress
paths also show similar types of iehaviour in the two types of test (Figs.

6.3 and 6.10).
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From these results it can be concluded that the material from Abernant
has a higher shear strength than that from Gedling. Also in a controlled
load triaxial test it is likely to dilate at’ all consolidation pressures
showing it to be safe irsofar as liquefaction is concerned. The material
from Gedling shows some signs of partial iiquefactipn at low confining
pressures, and no significant dilation at higher confining pressures.

8.5 Pore Pressure versus Strain Plots

‘Figure 6.1l shows nore pressure versus strain plots for three tests
representative of the types of behaviour observed. The plots are
compensated for changes caused by cell pressure increases due to piston
plunge. |

. IGedling No. 2 was a partial liqueféctioﬁ. The plot shows the initial
incre~se-in pore pressure, continuing at a reduced rate up to a strain of
about 12 per cent, followed by’the fiﬁal pore pressure decrease, representing
the final gain in strength. The pore pressure reaches a value very cldée
to the confining pressure showing a very low effective pressure during this
type of failure.

Gedling No. 4 was typical of the tests in which a steady state of stress
was reached. The plot shows an initial increase in pore pressure followed
by a périod of almost constant pore pressure, representing the major part
of the straining period. - The pore pressure reached is well below the
caniining pressure. .

Abernant No. 9 shows the behavour of a dilating sample. The pore
pressure rises fairly rapidly initially, reaching a peak at a relatively
low strain. The pore préssure then decreases for the remainder of the
test. This is shown by the gair in strength and movement to the right om

the stress path.
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8.6 The Durham Seatearth ard Shale Investigation

The significantly different types of behaviour between the samples
from Gedling and Abernant have been discussed above. It was decided to
try and demonstrate the reason behind these differences in behaviour.

The most obvious difference between the two types of material was that
one type was shale-rich (Abernant) and the other seatearth-rich (Gedling).
| In order to demonstrate the difference it was decided to use two
pure materials of shalt and seatearth obtained locally. Having demonstrated
the different behaviour it was hoped to test mixtures of the two materials
to determine how much seatearth was reguired to cause a significant change
in behaviour. However, the results were somewhat unexpected.

The two samples were crushed down énd‘méde up to the same grading as
the cyuivalent spoil to eliminate any effects due to major differences in
grading..

As is shown in the next section the shale did-not behave as expected,
and so0 in order to explore the effect of mixing the two types of maferial
Abernant shale-rich spoil was mixed with the Durham seatearth. Possible
factors affecting the behaviour of the various materials are discussad in section
8.10. |

8.7 The Durham Shale

being mdre like that of Gedling. The first test was carried out at a nominal
consolidatign pressure of 50 kN/m2 as this was the pressure at which the
most significant differences in behaviour had occurred between the fwo
colliery spcils.

On consolidation (Fig. 6.17) there was a rapid vclume change for
about 5 minutes followed by a slower change lasting for up to about an

hour. The actual volume change was of the ssme order as for Gedling (90 ml)
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and the c, value was about 230 m2/year, which although slightly higher than
that of Gedling is much less than for Abernanf,<indicating a slower
dissipation of excess pore pressure.

In the test there was a fairly large initial rise in pore pressure,
followed by an increase in the rate of rise prior to the start of straining.
The pore pressure continued to rise during the first part of straining
leading to a large overall increase in pore pressure, much larger than
for Abernant samples but of the same order as for Gedling samples. There
wWas a leyeliﬁng off followed by a slight fall in the later stages of straining.
The load taken was fairly small compared to thosg for Abernant, and the
straining was quicker (16.5 seconds)-than either Abernant or Gedling.

‘The stress path and stress-strain curve (Figs.6.12 and 6.13) show that
there is a definite lozs of strength and considerable build up in pore
pressure, before a slight gain ‘in strength at the end of the test. This
shows a partial liquefaction failure, which is more definite.than the one
noted for Gedling colliery spoil.

In order to investigate the extent of this type of behaviour, a second
test was carried out at a consolidation pressuré of 97 kN/hZ. The saune
type of behaviour was again observed in this test. A substantial build up
securred and oinly a relatively-smalllload was carried.

The straining period in this test was especially fast at 9 seconds to 20
per éen£ strain. The stress path shows that there was again a drop iﬁ
strength at this pressi're and a partial liquefaction was observed (Fig.6.12).

From these tests it was obvious that the material type (namely shale)
was not sufficient evidence to preclude the possibility of liquefaction
in a spoil, and that other properties would have to be examined before more

definite conclusions coulid be drawn.
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8.8 The Durham Seatearth.

Three tests were carried out on the Durham Seatearth all at nominal czisolidation
pressuresof 50 kN/ma. With the amount of material used in the first test
it proved very difficult to produce a uniform sample, so more material was
used in the last two tests produciﬁg more uniform .samples, although their
densities weie not very much higher, giving voids ratios of the same order
as for other samples.

The amount of volume éhange was of the same order as f&f Gedling samples,
but took much longer - up to about 2 hours. This produced 2 less steep

volume change versus root time curve (Fig. 6.17) and hence a lower value

o 2 .o . .
of c, of around & m“/year, indicating a lower drainage rate.
. i)

The behaviour in the tests was similar to the Gedling samples at the

same consolidation _pressure. There was a gquite large initial pcore pressure

‘increase up to the start of straining, followed by 2 levelling off during

straining with a slight fall at the end of the test. The overall pore
pressure increase was quite lafge, being of the same order as that.of the
requisite Gedling samples. The load carried was relatively small and the
straining period was about the same as for Gedling.

The stress péth and stress-strain curve (Figs.6.12 and 6.13) show

a similar form to Gedling samples. A steady state of stress is reached

during straining and this is maintained with certain fluctuations. There

is no definite drop in strength and there is some indication of dilation
at the end of the tests. The actual strength is slightly higher than that
exhibited by the Gedling specimen.

These tesis show that the Durham Seatezrih models the behaviour of

seatearth-rich Gedling spoil quite well.
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8.9 The Seatearth/Abernant Mixtures

All tests described in this section were at a nominal consolidation
pressﬁre of 50 kN/mz(Figs; 6.12 and 6.13).
The first tests were carried out on a mixture of 50 per cent by
weight of each material, to see if either type of behaviour was dominant.
The consolidation behaviour of the 50-50 mixtures showed an intermediate
behaviour between the two extremes. The amount of wvolume change was less
than for the seatearth and the time taken considerably less. This produced
a value of c, around 220 mz/year, indicating a drainage facility lower
than that of Abernant colliery spoil.
The behaviour during loading was more characteristic of the seatearth.
The pore pressure build up was rapid and of a similar size to that of'the
seatearth. The straining period vas considerably shorter than for the
pure samples of Abernant or Seatearth. The: stress paths (Fig. 6.12) show
that although the tendency was for little change in the state of stress
during the straining period, there was a slight trend of increasing deviator
stress (i.e. dilation) similar to that of the secatearth. It was not as
definite ns for Abernant samples, however. The stress-strain curves (Fig.6.13)
show that the load carried was about the same as for the seatearth and
it sampies.
From these tests it was concluded that the seatearth was the dominating
_influence, and that further iests should be carried out with larger
proportions of Abernant material.
The next two tests were carried out on mixtures of 75 per cent Abernant
material and 25 per cent Durham seatearth. The first was performed at
a density which was higher than the general range used in these tests. The

density of the second sample was slightly low.
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The volume change of béth these samples was quite short and relatively
small, being of the same order as for Abernant samples. The values of
cv broduced were also in the same range as for Abernant (Table 6.3).

The behaviour of the.two samples during the tests differed considerably.
The denser sample showed a slow build up in pore pressure with a levelling
out during straining. The amount of build up was ieés than the previous
mixtures. The straining was quicker than that exhibited by Abernant spoil,
but slower than the previous mixtures. There was a noticeable fall in
pore pressu;e at the end of the test and the behaviour appeared closer to
that of Abernant samples. The stress path (Fig. 6.12) confirms this,
showing no movement to the left and continued upward movement in deviator
stress th}oughout the test. Both the stress path and stress-straia curve:
(Figs 6.12 and 6.13) show that the strength is very similar to that of
Abernant.

The looser sample showed a more rapid build up in pore pressure,
esnecially during straining, although there was a greater change in-cell
pressure than usual; accounting for some of the pore pressure rise. The
straining was quite quick, sgain being quicker than either individual end
compontents. A smaller load was carried although some increase was main-
tained. during straining. The stress path (Fig. 6.12) shows that an almost
constaﬁﬁ state of stress is reached in a similar way to the seatearth with a
slight upward trend. The stress-strain curve (Fig. 6.13) illustrates
the intermediate valuc of stress attained. The small change in state cof
stress durihg straining shows a characteristic of the seatearth, while the
lack of movement to the left shows an Abernant characteristic. Hence,
this sample shows ain intermediate type of behaviour, The difference
between these two last camples shows that density can be significant in

these mixtures.



The.next test was carried out on a mixture of 80 per cent Abernant
and 20 per cent seatearth. The volume change of the specimen was not
representiative as accidental straining during saturation led to excess
pore pressures, which took longer to dissipate. This explains the larger
volume change and low value of cG-(Table 6.3).

The bchaviour of the specimen-tended towards that of Abernant: the
rate of pore pressure build up being quite slow. The pore preésure build
up was maintained during straining leading to a slightly larger overall
increase.than that for an Abernant sample. The pore pressure decreased
‘towards the end of straining; which was quicker than for an Abernant
- sample. ' The load taken was about the same as for the second 75/25 sample
although some increase was maintained during straining.

The stress path (Fig. 6.12) again shows no movement to the left
and an upward movement symptomatic of dilation. The stress level is in

han the second 75/25 sample. The type  of behaviour

fact slightly lower t
is fairly close to Abernant showing more definite tendencies than the
previous mixture.

The final test was carried out on a mixture of 85 wer cent Abernant and
15 per cent seatearth. The volume change and resulting c  value were very
'similar to those for Abernant samples (Table 6.3);

The behaviour during the loading stage also showed strong similarities
to Abernant samples. The build up in pore pressure was slow and was maintained
at a reduced rate during the early part of straining. This was followed by
a decrease in pore pressure at the end of straining. The load carried was
quite large, and continued increasing during straining. The only major
difference from an Abernant sample was the rapid rate of strain.

The stress path (Fig. 6.12)shows a great gimilarity to that of the
Abernant sample with no movement te the left, and a fairly large dilation

maintained in the latter parts of the test. The stress-strain curve (Fig.6.13)
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shows that the load carried was similar to, and in fact slightly larger
than the Abernant Sample. In this mixture the seatearth has little
effect on the overall behaviour.

The two extreme types.of behaviour observed are a definite dilation
and the maintenance of a steady state of stress with little loss or gain
in strength. TFrom these tésts it appears lhat the transition between
these two types of behaviour occurs when the mixture contains about
20 to 25 per cent additional seatearth, the actual porcentage depending
on the density of the specimen prepared. The only major difference noted
was lthe large strain rates in the mixtures compared with the constituents
.alone. This is possibly due to the production of less stable structure
at failure due to interfaces between the differing materials.

8.10 Discussion of differences i.. material properties influencing

the behaviour in the controlled load tests.

8.10.1 Shape

A factor which has been thcught to have an important influence on the
behaviour of granular materials with respvect to liquefaction is the shape
of the particles. Hird and BHumphries (In press) have shown that for mica
tailings from the China Clay industry the flat 'plat=zy' particles inhibit
susceptibility to liquefaction due to the increased compressibility they
- produce.

The shape distributions for the materials used in this investigation
are shown in Figs 2.10 to 2.13. The plot for Gedling shows both the
material used in this investigation and that used in the previous liquefaction
investigation. These measurements show that there is a noticeable
difference in the shape, the previous sample studied being more rounded
than the new one, which is more platey. This difference could in part
" account tor the differences in btehaviour noted . in section 8.3. i.e. their

taking higher loads and showing a smaller amount of pore pressure build up.




The Abernant material is shown to be relatively platey, only a
very small proportion having a thickness greéter than half the length, and
a significant proportion having a length to thickness ratio between 8:1 and
4el. There is a good degree of scatter in the distribution.

The Durham seatearth shows a very even distribﬁtion with 80 per cent
having a length to thickness ratio between 2:1 and 4:1 and a length *o
breadth ratio beteen 1:1 and 2:1. This agaiﬁ Shows a platey material,
although no£ to the same‘extent as Abernant.

The Durham shale has a distribution pattern which is very similar to
that of Abernant, showing & platey material with soume scatter in the type
of particles.

From these results it would appear thét the particle shape is not
playing amajor part in the behaviour of these particular materials in the

controlled-load tests. All the materials were basically 'platey', and the

nost susceptible and least susceptible have almost identical shape -
distributions. It is possible that the platey nature of the Gedling
material, the seatearth and the shale has some influence ocn their behaviour
in combination with otrer factors, whilst for the Abernant material the
shape factor is cbviously over-ridden by other influences. However, it
must_bé;concluded that for materials of this particle size a 'platey'
material will not necessarily be susceptible to liquefaction, and that
shape cannot be taken as a major factor on its own merits.
8.10.2 Grading

Another factor which has been shown to affect the behaviour of materials
with respect to liquefaction is the particle size distribution. Various
criteria have been put forward to relate the grading of a material to
licuefaction potential (Perzaghi and Peck, 1948). However, these generally

ive a requirement of « uniformly graded material, which in general coarse
q J L] :

colliery spcils are not.
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Terzaghi and Peck (1948) state that fl~w or liquefaction slides
usually occur in uniformly graded material in the fine sand range, and
among the criteria proposed were:

D10<f0.lmm and D60/D16<‘5 (Unlfo?mlty coefficient)

where: D10 is the diameter equivalent to the 10 per cent passing on a

gradiﬁg curve and D6 is the 60 pef cent passing size. Hutchinson (1967)

0

pointed out that the range could obviously be extended since Dlo for

Abverfan was slightly greater than 0.1 mm and the uniformity coefficient

was about 10. ‘Hutchinson also showed that the D

-]O'size of a liquefaction

‘slide which occurred in PFA at a site in South Wales had a uniformity

" coefficient of approximately 10 and a D, size of O0.l15mnm. Some indication

10
of the state of looseness of liquefaction slides can be gained by comparing

in situ dry densities with maximum dry densities obtained from B.3.

compaction tests (B.S. 1377, 1975).

. Maximum In Situ - % maximun
Dry Density Dry Degsity
Mg/m? _Mg/w
PFA slide Jupille(Belgium) 1.170 0.897 77
noo-on (S.Wales) ©0.59L 0.785 79
Aberfan Tip 7 1.939 1.587 82

It is unlikely that grading differences caused any of the variations
noted in this.investigation as the seatearth and the shale were made up to
the same nominal gradings as Gedling and Abernant material, respectively.

8.10.3  Strength
| A factor which may héve a fairly large bearing on the behaviour of
materials in the controlled-load tests is the mgterial strength. This

includes both the strength of the matceriel in shear and the strength of
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the individual particles.
From the stress-strain curves and the stress paths it can be seen

that the material from Abernant has a considerably higher shear strength

than any of the other three materials. It has already been noted that

Gedling has a curved shear strength envelope, showing a reduction in

- strength at higher confining pressurés. An explanation put forward for

this was the crushing out of interparticle contacts during the test. In
order to investigate the possibility of this phenomenon occurring in all

the materials investigated, samples were sieved after testing (all at nominal
consolidation pressures of 50 kN/mZ). The final grading was compared

to the original. The two sets of curves are shown in Figs 2.5 to 2.8.

Although it was suspected from the curved failure envelope that crushing

'out did occur in Gedling material, this is not shown up on the grading

£y

curves. Howsver, both gradings were produced by wet sieving, and the
effect of rewetting Gedling material has been noted in the past {(National
Coal Board, 1972; see also Section 8.10:L4.). A considerable degree of

breakdown was noted when sieving the Gedling material, and on eieving the

tested sample there appeared to be less breakdown. It is likely that

wet sieving has the effect of breaking this material down to fhe same
grading whatev¢r>the érading is in a dry condition, and so uny change in
éradiﬁg due to crushing out will not be shown up. However, from the
smaller amount of breakdowvn in the second sieving and the curved failure
envelope it would appear that crushing out is a reality.

Some differences are visible between the two gradings for Abernant.
However, the after testing curve shows less fine material, which would not
be possible if the grading before testing wes as shown. It is therefore

likely that the differences beltween the two gradings are due to the
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sievings having been carried out on samples from different batches of
material, The relatively small quantity of silt size material (10%)
suggests that thefe is not likely to have been any great amount of
crushing out. The linear failure envelope confirms this view.

The Durham seatearth shows considerable differences between the
two grading carves. Although part of this effect may be due to water
(see Section 8.10.4)it seems likely that such a large difference as that

illustrated- is,at leas. in part, due to crushing out during the test.

Thé Durham shale also shows a significant difference between the
two grading curves. It is again possible that some of this difference is
due to tae action of water, although tﬁere is also some effect due to
cfushﬁng out in the test.

Lavrence (1972) has shown that there is some connection between the
material.strength given by the aggregate impact test and its shear stirength.
It also seems likely that there wiil be a connection between individual
particle strength and any tendency to crush oul during the test. fhe
aggregate impact values shown in Table 2.2 imply that the Gedling material
and the Durhaﬁ seatearth have lower values of A.T.V. than either the
Abernant material or the Durham shale. The shale has a slightly lower
strength than the Abernant material (a higher A.I.V. indicates a lower
strength). From these results it woula be expected that Abernant would
have the highest material strength and would therefore be least likely to
-undergo cru§hing out, and this is confirmed in practice. The seatearth
and Gedling materizl would be expected to be weaker and more susceptible
to crushing out and this is again the case. The shale, although it is
weaker than the Abernant material, is not sufficiently so to account for
large differences in behzviour. However, as will be shown in the next

section water can also have a significant effect.
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8.10.4 The Effects of Water

The effects of water on a material's structure and its particle
strength could be another factor connected with the behaviour in the
controlled load tests.

The slaking tests (Table 2.2) which were carried out (following
Taylor and Spears, 1970) show the potential effecté of water on the
stability of the material. The original test using the No. 14 sieve
confirms that Gedling is susceptible to considerable particle breakdown
in the presénce of water. However, no significant difference is shown
between the other materials. It was thought that the difference in
strength was probably the main reason for the seatearth-behaviour differing
f?om‘thattof the Abernant material. For this reason it was decidel that
it wes not necessary to investigate the behaviour of this material or
Gedling in the presence of water any further.

The main factor that required an explanation was the reason for the
difference in behaviour between the Durham Shale and the Abernant material.
It was noted that in the No. 1l Slaking test, the shale had shown some
degree of deterioration but not sufficient to be accentuated by thisz sieve.
Therefore, these two materizls were re-tested on the No. 7 sieve. The
results (Table 2.2) show that there is in fact a greater degree of breakdown
in the-pase of the shale than for the Abernant material. The second test
carried out was an A.I.V. test on pre-saturated material, to enhance any
éhange in strength under the influence of water. The results (Table 2.2)
show that both materials suffer a reduction in strength, but this is
significantly greater for the Durham shale. This confirms that water has
a greater effect on the. Durham shale than on the shale-rich colliery spoil

rom Abernant. This c¢hange in behaviour in the presence of water seenms

to be a significant contributory factor te the differences in contrclled-load




“test behaviour. It is likely that as the seatearth is a similar
material to the shale, éoming from the same seam, it is likely to undergo
similar changes in behaviour to those noted above.

It seems that a material's strength and its stability in water are
major factors involved in ite behaviour in a controlled-load test.
However, it is probable that the overall behaviour is governed by a
combination of inter-connected factors and that these two alone are not
sufficient fo account for the overall behaviour under test. Other factors
which céuld be involved are discussed in the following sections.

8.10.5 Pore Pressure Dissipation

. As the build up in pore pressure plays an important part in liquefaction
failures, it seems prchable that the dissibation of pore pressure within a
material is likely to play an important part in its susceptibility to lique-
faction.

The values of c, (Tables 6.1, 6.2 and 6.3) calculated for the materials
used in this investigation show that the Abernant material has a
significantly higher value of C, than any of the other three materials.
This indicates that there are less likely to be centres of excess pore
pressure build up in an Abernant specimen during loading, i.e. pore pressures
will more readily equilibriate. This ;s also shown on the Abernant stress
pathé ﬁy the smaller degrée of movement to the left,(Fig. 6.12). This
suggests that the pore pressure equilisation " is playing an important
part in the differences in behaviour noted between these materials.
Differences in pore pressure dissipation and volume change are due
to differences in the soil structure and its changes under consolidation.

It appears that the fabricated Ahernaut materials have a relatively stable

Temmemerr L bammaNemir ceerieearen e ot - YT YT
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structure with little potential for change during consolidation. The
other three matsrials have less stable structures allowing greater volume
changes.

It is probable that there is again some crushing out and particle
breakdown during the consclidation of these materials. Allen (1973)
recorded that weaker spoils exhibited a higher degree of breakdown during
consolidation than more brittle types.

8.10.6 Chemistry and Mineralogy.

There are two striking things noticeable from the chemistry and
mineralogy. The first is that the Abernant material has considerably
more organic carbon (coal) than any of the other materials. The second
- is that the Durham rocks are kaolinite-rich, while the Abernant material
~ has a low kaolinite content.

Altﬁough it could be expected that kaolinitic rocks are more stable
in water than those containing degraded illite and mixed-layer clay (Taylor
and Spears, 1970), the latter authors showed that the fabric (i.e. structure)
of the rock was equally as important. In the current work a sﬁraight
mineralogical comparison of the kaolinite~rich Durham shale and the
- 111itic Abernant shale is not meaningful because Abernant has a high coal
content, whilst the Durham material is devoid of coal. Coal is an
important contributor to peak shear strength to the extent that McKechunie
‘Thomson and Rodin (1972) showed that coal-rich tailings had a higher shear
strength than the coarse discard (of lower coal content) from the same
colliery. Taylor (1974) also showed conclusively thal coal content is
the major control in so far as peak shear sirength is concerned. It is
probably also a major factor in the resulis obtained in the current work.

8.11 Conclusions.

From the tests on the seatearth-rich Gedling colliery spoil

it can be concluded that this is a relativeiy weak spoil, as is generally




the case for seatearth—rich.discards. The Mohr envelope- for this
material is curved indicating crushing out of particle contacts at the
highér confining pressures. In the controlled-load tests it showed'a
possible susceptibility to_partial liquefacfion at low confining pressures
and generally showed a type of behaviour in which a steady state of stress
close to the failure envelope was maintained with little variation.

The Abernant material was shown to be considerably stronger than
that from Gedling, and there was no indication of a curved failure
envelope. The controlled-load tests induced a dilatant response and
confirmed that this was a considerabiy stronger material.

The results of tests on Durham seatearth and shale showed that the

differences in behaviour were not necessarily due io the contrast between

seatearth-rich and shale-rich discerds, since the Durham shale showed
tendencies to partial liguefaction. The behaviour of the seatearth was
similar to that of Gedling and suggests that the response is typical of
weak seatearth type spoils.

The results of tests on mixtures of Abernant and Durham seatearth
show that the transition in behaviour of the two end members occurs when
the mixture contains between 20 per cent and 25 per cent seatearth. It
is also dependent on the density. |

The main factors which appear to influence %{he behaviour in the

controlled~load tests are the material strength, its behaviour in water

and its ability to dissipate {(i.e. equilibriate) pore pressures. The
Abernant material has a high particle strength, partly in response to its
high coal content, is little affected by water and is free draining (i.e.
high cv). The remaining materials have lower strengths, are significantly
affected by water and exhibit lower values of <, implying that pore pressures
are not necessarily uniform witin 2 sample under test. Particle shape and

grading seem to have little influence in this size ruage.
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CHAPTER NINE

DISCUSSION O FINE DISCARDS

9.1 | General

Two fine discards were investigated, with two main objects in mind.
As both in situ and bulk samples could be obtained from Peckfield it
was decided to investigate the differences in behaviour between made-up
and iq sifu samples in the light of Seed's (1977) findings. ~ Since
in situ samples could not be obtained from Abernant the investigation
of Peckfield material would enable the reliability of the results from
-made up' Abernant samples to be gauged.

The investigation of Abernant material was carried out varying the
congolidation pressure at approximately constant density and varying the
density at constant consolidation pressure. This enabled-the.effects of
variations in these to parameters or the behaviour with respect to
liquefaction to be seen.

It was also hoped to be able to correlaté any differences in
behaviour with differences in material properties. Also in the case
of Abernant it was hoped to show any similarities or differences with

the coarse discard from the same colliery.

The degree to whicﬂ results of these tests are related to the actual
behaviour in the field is of interest. The validity of the use of made-
up samples has been questicned by Seed (1977) and others, and is illustrated
again here. Seed has also raised the validity of the use of small (38mm)
diameter sanmples, at 1east in terms of cyclic¢ liquefaction, and has used

large scale cyclic shear boxes in his recent investigations (1977).
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However, in the static situation the effects of boundary conditions

on pore pressure are not likely to be as large, and previous investigations - !
(Castro, 1969) seem to have produced acceptable results.
Another point brought out by this investigation is the use of a

vacuum in sample preparation. The results for Abernant, when a

vacuum was used, and from previous investigations (Castro, 1969),

(J.M.P. Shorten, in preparatiom), show that liquefaction failures can be
produced when a vacuum is used. However, tests carried out on Leighton
‘Buzzard Sand at the time of this investigation suggested that the vécuum
was preventing liquefaction by densifying the sample (see Chapter 4).

It would appear that the vacuum only has this ceffect on materials which

are very susceptible to liquefaction and are in very loose states.

Materigls which are less susceptible.to liguefaction are not affected -
by the vacuum, and can be liguefied in the controlled-load test.

Materials in the second category seem to have more rigid initial structures,
possibly due to differences in particle shape. Farlier tests on Peckfield
(see next section) using the vacuum produced similar results to tests not
using tne vacuum, again suggesting that it is only very sensitive

materials which are significantly affected.  Another factor iavolved is
the subtlety of technique involved in sample preparation, involving such
Apoints as tﬁe rate and amount of vacuum applied. It is possible that
previous investigators have lhiad tatter control of these factors than the
present writer, enabling them to produce liquefactions despite the use

of a vacuum.

9.2 Peckfield Slurry.

For clarity the results of only a limited number of the Peckiield
tests are shown herec. The results of the earlier tests tend to confirm

the conclusions dravm Trom the results shovm here. Due to the smaller




size of the'sémple, the volume changes involved were considerably
smaller than those for the coarse discard. For this reason it was
not readily feasible to take readings to produce consolidation curves,
and hence estimates of'cv and pore pressure dissipation charactefistics
cannot be made.

9.2.1 The Made-up Samples

Four made-up samples are illustrated in Figures 7.1 and 7.2, the
fourth (No. 18) being carried out as a check after saturation difficulties
had been experiepced in the previous samples due to the use of an
ﬁnnécessary porous disc in the revised apparatus. Three nominzl consolidation
pressures, 50, 100 and 200 kN/'m2 weré used. The amount of material used
was such as to produce approximately the same dry density as theiiﬂngggg
samples, as estimated from prévious measurements. The actual densities
producéd (Table 7.1) were slightly lower than-those of in situ samples.

The first three tests showed some undersaturation effect, wihen the
pore pressure failed to follow the increasing cell pressuré during the
final straining period. However, the final test showed that the general
pattern of behaviour in a fﬁlly saturated sample was the same, with a
sligﬁtly.iarger overall pore pressure increase.

The general behaviour was the same in all the tests. There was an
initial build up in pore pressure to a constant value some way below the
cell pressure (in test no. 18 the pore pressure was nearer Lo the cell
pressure, Fig. Z1). In all cases the straining period was quite long
in terms of liquefaction failures and considerable sirains were reached.
The load taken increased with consolidation pressure as would be expected.
The pore pressure remsined constant or rose slightly during straining

until it climbed sharply and then fell rapidly as a result of cell pressure
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changes caused when the sample collapses and hits the side of the
cell.

The stress paths aﬁd stress-strain curves (Figs 7.1 and 7.2) show
that for these tests there is some loss of strength, suggesting some
degree of liquefaction. The limited loss in stfength and the relatively
long stfaining periods suggest that these are partial liquefactions,
although no final gain in strength occurs. This could be due to the
fact that‘it is not possible to add loads to the sample in the later
stag=s of straining when it could be regaining strength; this was also
noted for the dilations and partial liquefactions of Abernént samples.
" The results of Test No. 18 show a lower stress although the form »f the
curves is the same. The slight loss in strength is common to all the
four samples.

The results of these tests suggest at least some susceptibility to

liquefaction, and an estimated K. line drawn from these stress paths

f
has a slope of 1'70 with some cchesion ( 20 kN/mZ). The equivalent
value of #' is about 180, which is a very low friction angle. The results
of TestNo. 18 suggest a smaller cohesion and/or an increased friction
angle. As noted for the Gedling coarse material lack of saturation
ppod#ces reduced friction angles, and this could partly account for the
low value. Even so, the results suggest a relatively weak material.

The failure oi these samples was by a gradual barrelling which is
more characteristic of a plastic failure.

9.2.2 The In Situ Samples

Three in situ test resulis are shown here (Figs 7.1 and 7.2).
‘They are {rom three {ubes taken from the same horizon of the same 'U100', and were
. . . . . . 2
tested at nomina consolidation pressures of 50, 100 and 200 kN/m

for compariscn witn “he made-up samples.



The volume change and finally density of Sample no. 17 seemé
unlikely as the settlement one would expect for such é volume change
did not occur. This type of behaviour is a characteristic of a leak
in either the sheath or a line. However, in this case the excessive
vélume change terminated and the test was compleﬁed'conventionally,
possibly due to some particle blocking whatever was causing the leak.

The final values of density, voids ratio and relative compaction are
probably nearer to those of the other samples than the value; shovwn.

The behaviour of these three samples was noticeably different
from the equivalent three made up samples. Although there was some
. pore pressure huild up, this was less than in the other tests and reached
a value further belnw the cell pressurec. The pore pressure also
decreased near the end of the tests, the amount of decrease being greater
at higher confining pressures. The load carried was much-greater than
the equivalent made-up sample. In fact, as can be seen from the. stress-
strain curves (Fig. 7.2) the final losds reached in all three tests
were greater than any of those in the other féur. The straining was
much slower in all the tests (see Table 7.1), until the end when all
the gumples failed suddernly in shear, showing another major diiference
 in béhaviouy from the made up samples.

The stress paths aﬂd stress-strain curves (Figs 7.1 and 7.2) emphasise
the difference in behavicur. There is no drop in strength until the
shear failure at the end and the trend is one of continual increase in
strength. This shows a strong diiatant tendency. The estimlated

Kf line again shows a cohesion of about 20 kN/hE, but a2lso has a slope



" of 25.50, equivalent to a @' of 28.50, which is a much more reasonable
value and stows a much higher shear strength for the in situ samples.

9.2.3 Reasons for the Differences

Observations made before the test might lead one to the conclusion
that the made up sample would have a higher strength. The sample
produced by compaction in the Denison machine appears to be rigid and
gives the impression of stability. The sample extracted from the U100
appears considerably less stable and is in fact much softer, due to its
higher moisture content. The made up sample is considerably easier to
handle and set up.

The results of the tests show that these observations are completely
erroneous.  Although overall the in situ samples have a higher average
density, this is unlikely to account for such a marked difference in
behaviour. The probaBle reason behind the difference in the behaviour
of the two sets of samples is the different sovil structures produced
by the processes of deposition in the field and the compaction of a
sample in a mould in the laboratory. The former is more likely to
produce a preferred orientation structural mode, whereas the latter is
more likely to produce a random orientation. It has already been shown
by Seed (1977) that such differing structures can exist at the same
density and void ratio. The process  of pumping a slurry into a lagoon
and allowing it to settle out is likely to produce some kind of preferred
orientation. Associated with this is the stratificaticn which occurs
in lagoon sediments. Even in small triaxial samples a certain degree
of layering or zoning can be seen, these being due to differences in
maferials deposited due to veriations in washery processes and a certain

amount of differential settlement. These layers of similar materials and
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‘particle sizes produce additional stability. In a remoulded sample the
different materials are compleled mixed and randomly distributed, and so
this effect is lost. These seem to be the most likely specific factors
affecting lagoon sediments out of Seed's (see section 1.4.3) list of
possible reasons.
9.2.4 Conclusions

From these results it can be concluded that a made up (fabricated)
sample will have a greater susceptibility to liquefaction, and hence
will give a conservative result. However, the large discrepancies
between the results are such that unnecessary alarm may be caused, and
hence whenever possible in situ samples should be tested to give a more
accurate guide to actual field behaviour.

9.3 Abernant Fine Discard

Because of the field conditions described in Chapter 2 all the tests
were carried out on made up samples, and the results should be vieweé with
regard to the conclusions of the previous Section,

Tests 2 to 10, 14 and 15, were carried out at approximatelj the
same density while tests 11, 12, 13 and 16 were carried out at increasing
consolidation pressures (ses Figs 7.3 and 7.L).

9.3.1 Behaviour during the tests

-
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steady initial build up in pure pfessure, the rate of which increased
before failure. The sample collapsed rapidly at a relatively small load
and the overall build up in pore pressure was quite large. As the
consolidation pressure was increased the bhasic pattern of behaviour was
the same. The rate of pore pressure build up became less and the overall
amount was smaller. The-load also increased with consolidation pressure

and the rate of straining decreased, although it was s%ill quite rapid
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compared with Peckfield slurry or any of the coarse materials. In test
Nof 9 at 272 kN/'m2 there was some decrease in pore pressure in the later
stages of the test. In test No. 1L the pore pressure again éecreased

in the later stages and the straining period was much longer, being of
the same order as for other materials. The foregoing observations refer
to the tests in which the density was approximately constant.

In the tests with increasing density at a nominal consolidation pressure
of 100 kN/hE, densities well in excess of the maximum dry density obtained
froﬁ the compaction tests were obtained. The effect of increasing the
density was similar to that of increasing the consolidation pressure. -

The amount and rate of pore pressure build up were smaller and there was
some decrease in pore pressure at the end of the tests. The lcad carried
increased with increasing density and except for Test No. 12 the rate of
strain was much slower.

In the samples which underwent rapid collapss, bulging occurred which
led to strains of up to 40 or 50 per cent. The other tests produced
characteristic plastic failures.

9.3.2 Stress Paths and Stress-Strain Curves (Figs 7.3 to 7.6)

In Figs 7.3 and 7.L the K. drawn was obtained from a set of ordinary

f
controlled-strain triaxial tests and has a slope of «= 23.50 (g = 260).
This is lesé than the Peckfield in situ samples but greater than the
Peckfield remoulded samples, although as mentioned previously the low
value could be due to lack of saturation. It should also be noted that
the Kf lines drawn for Peckfield were estimates from the stress paths.

The Abernant stress paths in Fig. 7.3 ‘(the constant density tests) fit

reasonably well with this Kf line. Those in Fig. 7.4 go well above
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_the Kf line, showing that in a fine discard the.increase in density
has a greater effect on shear strength characteristics than it has in
a_ coarse discard.

The stress paths for Tests 2, 3, 4, 6, 10 (Fig.7.3.) show some
movement to the left, rea;hing a peak stress, followed by a considerable
fall off. The stress-strain curves also show this peak followed

by fall-off. Shown on the stress-strain curves are the times from peak

stress to the end of the test and the percentage fall off in stress.

These show that the failure is rapid and the loss in strength considerable.

These facts and the amount of pore pressure build up noted during the
tests suggest complete liquefaction failures.

e stress path for test no. 7 shows some géin in strength after the
initial fall, suggesting a partial liquefaction failure. The stress-
strain curve shows a considerable loss in strength in the later stages
and a fairly rapid collapse, both of which suggest total ligquefactiom.
These observations suggest that this particular sample lies close to
the borderline between liquefaction and partial liquefaction at this
density.

The stress paths for Test 9 and 14 show increases in st£ength after
the initial loss, and the stress strain curves show slower rates of
:strain and in the case of No. 14 a much smaller percentage strength loss.
Test No. 9 shows a levelling off in stress level at the end of the stress-
strain curve. In both these tests there was a smaller deéree of pore
pressure build up with some fall off at the end of the test. These
characteristics indicate partial 1iqpefaction failures for these specimens.
These results produce a 'cut-off' bhetween liguefaction and partial
liquefaction at consolidation pressures in the region of 220 kN/'m2 to

240 kN/hl2 for samples with densities of the zame order as those used here.
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Fig. 7.4 shows the results of the tests atlhigher densities. A1l
these tests show typical dilatant failures with the stress paths moving
up and to the right after small initial movements to the left,-and they
céntrast well with the stress path for test No. 2, also shown on this
Figure. The stress-strain curves show the longer time pericds involved
in-these tests and the much higher stress levels attained. The drop
in stress indicated at the end of the test is dwe to the fact that load
cannot be added to the straining sample quickly enough to-produce stresses
equivalent to its increased strength. The same point was shown by the
Peckfield tests.

These tests indicate that the cut-off in terms of density 1ies.
somewhere around a relative compaction of 100 per cent, since the tests
at 102‘per cent show dilation, but with fairly rapid straining.

The stress paths show a number of samples starting at p values
well below the nominal consolidation pressure from which they should
start. This is partly due to inaccuracies in setting the copsolidation
pressure and also the early termination of the consolidation leading to
the bui:d up of pore pressure before loading conmmences.

9.3.3 The E, Line
As an indication of the behaviour of Abernant fine discard with

respect to liquefaction an E_ line was plotted as described by Casagrande

f
(see Section 1l.4.1). This is a plot of voids ratio against the logarithm
of the effective minor-principal stress. Two points are piotted for the
tests in which liquefaction occurred; the first represents the peak
condition and the second the point of failure. In plotting these points

failure was defined as the point at which the pore and cell pressure

traces on the ultra-violet chart crossed.
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The points were run through a linear regression programme, which

gave slopes of about 62? (on the scales used) for both the Ef

lines. Thus the Ep line lies parallel and slightly above the E. line.

and F
b

The accuracy of the lines plotted is probably no better than : 50,
since the points are very sensitive to the third decimal place of the
void ratio, which is difficult to determine with certainty. Also a
greater number of tests would have to be carried out to produce a more
certain line as there is a good deal of scatter on the points used.

The arrows plotted on this graph show the movement in the state
of stress dufing the test. The étarting point is the original
-coﬁéolihation pressure. It can be éeen that in general samples lying
orizinally above the Ef line undergo liquefacticn moving to a position
~close to the line and that paints lying below the line undergo dilation.
This is as would be expected from Casagrande's findings.

The points from the Peckfield tests are also shown on this gfaph.
Only a point equivalent to peak stress is shown, as it was not possible
to obtain a failure point on the same basis as used for Abernant, since
the two traces oﬁly crossed at very high strains. This was due to the
slower straining rates involved. A rough estimate of the E_ line for

p

" Peckfield from these noints would appear to have

0
6]
f
i
{

steeper) slope to the Abernant line, but to lie somewhat above it, showing
less susceptibility to liguefaction. Also from these lines it can be
seen that the Peckfield samples had higher void ratios than those from

Abernant. This again shows less susceptibility to liquefaction.
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2,3.4 Effects of Ligquefaction

In order to assess the potential danger of liquefaction of the lagoon
sediment a one dimensional consolidation test was carried out as
described in B.S. 1377 (1975).

The material was initially moulded into the ring at a moisture
content equivalent to the liquid limit. The results of the test
enabled a plot of void ratio against depth of sediment to be made
using the effective pressurefvoid ratio plot produced from the test.
The range‘of loads chosen was such as to cover the consolidaltion pressures
used in the controlled load tests. The two curves are shown in Figs.
7.8 and 7.9. -

The depth of sediment versus void ratio plot is shown on hoth a
total and an effective stress basis. The first case representé a
condition with a low water table and the second case represents the
saturated condition of high water table. The latter is mbre likely
to be the case at Abernant.

The depths of sediment were calculated using the relationships

between pressure and depth of sediment in the.lagOOn.

P = gh gﬁgat - /9w) for effective stress condition
P = gh /0 sat for total siress condiiion
‘P = pressure
h = height
G+ ¢ )
/psatz saturated mass density =. (nif:—;—
Gs = specific gravity
e = void ratio
fL = density of water.

PIEW et Tem T ara 1 Lt BAMEIMET S e W ST aepy T ey o ) 2o
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For the density used in these tests the 'cut-off' for liquefaction
was around 240 kN/hz, vhich from Figs 7.8 and 7.9 represents a depth of
sediment of 25m on an effective stress basis and 12.5m oﬁ a total stress
basis. Both results indicate a considerable danger from liquefaction
in terms of the likely depths of sediment concerned.

9.3.5 Conclusions

As indicated in the previous section the results imply that this
lagoon sediment exhivits a considerable danger from liquefaction.
Howevér, since all these tests were carried out én made up éamples, it is
likely that the true susceptibility to liquefaction may be less than that
. indicated here. However, it would §tili appear that there is a risk
of liquefaction occurring since the degfeé of liquefaction is greater
than that exhibited by remoulded samples from Peckfield.

The results with respect to higher densities show thé importance
of compaction (consolidation) of sediments in the reduction of liquefaction
potential. |

9.4 TFactors affecting behaviour

The factors which dominate the behaviour of fine discards in
controlled-load tests are likely to be different from those dominating
the behaviour of coarse discards. For instance the strength of the
individual particles séems]ess likely to be of importance than the
overall grading or the shape of indivi&ual particles. These latter
factors -are therefore discussed in this section.

9.4,1 Grading

As was mentioned in section 8.10.2 criteria for liquefaction

involving grading have been put forward in the past. Although thsse are

probatly not applicatle to coarse discards they could have a much greater
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bearing on the behaviour of fine discards, since they were postulated
as a result of work carried out on fine graiﬁed materials.

It has generally been shown that uniformly graded materials have
a greater susceptibility to liquefaction. The grading curves for
Peckfield and Abernant discards in Tig. 2.9 show.that Abernant discard
does have a more uniform grading, with a steeper cu}ve and much less fine
material.

A criterion for liquefaction given by Terzaghi and Peck (1948) was

in terms of the sorting factor D6O/D where D60 is the diameter eqguivalent

10

to 60 per cent passing and Dlo is the diameter equivalent to 10 per cent

passing. Tﬁey postulated that materials for which D, ./D. . << 5 would
6 0

1

'be susceptible to liquefaction.

For Peckfield discard:

D60 = 0O.32mm and D10 = 0.002mm
D, oA
OU/UlO = 160

For Abernant discard:

l

Déo = O.43mm and D 0.0hSmm

10

D
6O/DlO = 2.96

They also give D, < O.1mm as a condition for liguefaction susceptibility,

" this condition is met by both these materials.

This shows very well the great difference in uniformity between the
two materials.  Although the Abernant discard does not fall within the
range given by Terzaghi and Peck, it is quite close, and the resulis
imply that the greater wniformity of the Abernant sediment iz one reason

for its greater susceptibility to liquefaction.
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9.4.2 Shape

The shape of the particles is shown on the photographs of slides
made of the materials (’E;igs 2.18 & 2.19). It is difficult to make any
definite statements aboult differences between the particles of these two
materials, since these slides show them to be very similar in appearance.
In both materials there is a mixture of relatively uniform particles
and long thin particles, the more uniform particles generaly being
smaller. = There seems to be more fine grained material in the Peckfield
samplé (as is shown by the grading‘curve)= If anything the Peckfield
material is slightly more angular. Trom the feel of the materials
that from Peckfield.is possibly slightly less platey than the Abernant
material, which is similar to the coarse discard in this respect. Howéver,
there is not a great deal tg choose between the two materials in either
of the aspects mentioned above and it would be wrong toc make any definite
statements concerning the effect of these differences on the behaviour
of the two materials. |
9.4.3 Plasticity

Another factor which could have some bearing on the liguefaciion
potential of a material is the plasticity. An indication of the plasticity
is given by the plasticity index. A waterial with a low plasticlty index
.isiless likely to behéve plastically than a material with a higher
plasticity index, and consequently shoﬁld have a greater susceptibility
to liquefaction.

However, it can te seen from Table 2.1 that both the materials under
consideration here have very similar, and low, plasticity indices, and so
it would appear that plasticity is not a major contributory factor in

this case.
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‘9.4.4  Chemistry and Mineralogy.

The chenistry and mineralogy of the two fine discards doés not
seém notably different. The Peckfield slurry has slightly higher
kaolinite and quartz contents, but the combined silica to alumina ratio
is the same. There is a small amount of dolomite or ankerite in the
Peckfield slurry but this is -not likely tov have a significant effect
on the behaviour: -There does not éppear to be anything in the chemistry
or mineralogy to suggest wideiy differing modes of behaviour.

One of the most important aspects of the chemistry and mineralogy
for the coarse discards was the difference in organic carbon content.
The results for the fine discards (Table 2.1) show that both these discards
had relatively low organic carbon contents. The Peckfield slurry aoes
have a higher carbon content whicvn could in part account for its higher
strengfh. The higher specific gravity of the Abernant discard with its
lower carbon content confirms the results of Lawrence (1972) that the
specific gravity is inversely proporitional to organic carbon.

9.5 Iinks with Coarse Discard.

The: expected correlation between coarse and fine discards from the
same colliery was not shown. The coarse Abernant material showed strong
dilatant behaviour while the fine discard showed considerable susceptibility
to liquefaction. This was in spite of the fact that the two materials
showed the chemical and mineralegical similarities that would be expected
from materials from the same colliery.

The reason for the difference in behaviour of the kind noticed is
the strong probability that different properties are significant in the

different size ranges involvad. - For the coarse discard particle and
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material strength and stability in water seem the mcst important properties,
_.while for the fine discard the grading and poésibly the shape of the
material are the most important.

This shows that it is not possible to correlate the behaviour of
the two different tynes of discard from the same colliery, and that they
should be treated separately.

9.6 Conclusions

The main conclusion concerning the investigation of Peckfield slurry
is that there are significant differences in behaviour between in situ
and remoulded samples. The latvter generally give conservative results
in terms of liquefaction susceptibility and matlerial strength. rom the
results of the in situ tests the Peckfield material tested has a low
susceptibility to liquefaction in a static controlled-load situation.

The results from the Abernant tests show thatl thig material has a
considerably greater susceptibility, although the degree may well have
been overemphasised by the enforced use of remoulded samples.

The main factor which appears to cause the differences in behaviour
between thc two materials is the uniformity of grading, the Abernant
matérial having a considerably more uniform sorting. Other factors such
as particle shape, plasticity and mineralogy do not seem to be major
infiuences ip this case;

There does not appear to be any correlation between coarse and fine
discards from the same colliery, the important influences being different

for the two different size ranges.

Ty e
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CHAPTER TEN

CONCLUSIONS

ihe controllesn loéd tests on the coarse discards showed that the
seatearth-rich material from Gedling has a certain susceptibility to
iiquefaction at low consolidation pressures. The iﬁplications of such
a partial liquefaction in a tip built on a slope could be just as serious
as a total liquefaction. This is because it seems unlikely tﬁat a
dilation occurring at the end of an episode of partial liquefactioﬁ-
would arrest a flowslide. Also the effect of a downhill gradient is
to ruduce the amount of pore pressure increase ﬁecessary to induce a
flowslide. The tests on the material from Abernant showed fhat this
shale-rich discard is not susceptible to liqueféction, a dilatant response
being obtained at all coﬁsolidation pressures used.

Tests carried out on a seatearth and shale from County Durham, showed
that the difference in behaviour between the two discards was not
necessarily due to the contrast between a seatearth-rich discard and a
shale~-rich discard, as might have been expected. Both the County Durham
materials behaved in a similar fashion to the Gedling material at low
consolidation pressures. -In fact, the shale showed a more definite
partial liquefaction response than the Gedling material.

A comparison of propertices was made for the four materials which had
been teéted.' This indicated that the main reasons for the differences
in behaviour noted, were material and particle strength, stabilify in
water and the ability for pore pressure egualization within the specimen.
The Abernant discard was shown to be stronger thau the other three and

to be more stable in water. It also had a higher <, value, indicating
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a greatér ability to equalize pore pressures. A major reason for the

greater material strength and stability is the higher organic carbon

(coal) content of this material. Properties such as shape and grading
\ do not seem to be very important influences on the behaviour of these
materials.

Tests carried out on mixtures of Abernant discard and the Durham
seateérth show that a transition between the behaviours of the two end
materials occurs fer mixtures containing between 20 and 25 per cent
seatearth, the exact value depending upon the density of the specimen.

The controlled load tests on the fine discard from Peckfield Colliery
showed that there were significant differences in behaviour betwéen
samples fabridated in the laboratory and those obtainzd from the field.
The former showed some tendency to partial liquefaction, whercas the latter
showed strong dilatant behaviour. The main feason for these differences
is believed to be variations in structure between material deposited in
the lagoon and that remoulded in the laboratory.

The tests on fine discard from Abernant showed that this material

has a high susceptibility to liquefacfion, and even though this may be

partly due to the use of remoulded samples, the susceptibility seemed

considerably greéater than that of tne remoulded Peckfield samples. At
relative compactions of between 90 and 95 per cent liquefaction occurred
. . 2 . . o
up to consolidation pressures of 240 kN/m~, which represents a depth of
sediment of 25m on an effective stress basis. This shows a very real
danger from liquefaction under shock loading conditions. Relative
compactions of over 100 per cent appear to reduce liquefaction potential

and showsthe importance of consolidation of lagoon sediments or the
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necessity for a high:Eompactive effort if these materials are used for
construction purposes. The results of these tests show that it is not
feasible to predict the behaviour of fine discards from the same colliery
on the basis of coarse discard response under controlled load triaxial
testing.

The most significant difference between the two fine materials,
which appears to influence behaviour, is the particle size distribution
as represented by the sorting coefficient (D6C/D10)' The Abernant
-discard has a 'vdlue of about 9, representing a reasonably-well graded material,
while Peckfield discard has a value of about 160 showing this to be
quite the opposite. This appears tc be the only significant difference
between these two types, since their shape, plasticity and mineralogy
are very similar.

The tests on the fine discards raised th; guestion of using a vacuum
in setting up fine-grained materials for controlled load testing, because
of possible densification effects. This led to the development of an
alternative method which has been used subsequently.

- A behaviour difference noted beéween the coarse and fine diséards
was the effect of density on ths effective Kf line. The coarse discards
?itted a‘commbn'Kf_line, despite density variations. McKechnie Thomson
and Rodin'(l972> had noted that there was little variation in peak |
effective shear strength with density for coarse discards. In the case
of fine discards however, the current work shows that there are significant

variations in the Kf lines obtained at differing densities.
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APPENDIX I

CALIBRATION OF INSTRUMENTATION
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APPENDIX IIX

RESULTS O CONTROLLED STRAIN TESTS
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Gedling Sample CSZ
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2
100.79
101.87
102.84
104,20
107.60
109.10
108.90
110.54
111.56
110.84
111.14

g
59.45
60.54
60.99
61.56
63.64
64.09
63.89
65.01
64.98
63.74
63.25

Gedling Sample

CS3

p
%00..00

. 303%.89

. 308.64 "

312.61
314.66
215.65
2316.84
- 317.23
317.62
317.05
317.09
315.60
313.84
311.47
309.28
306.65
304.357

Y e s

281.66
279.03
276.67
273.69
270.80
268.88
266.16
263, L5
256.65
249.66

g

0

5.21
11.31
17.36
21.52
25.67
28. 44
51.20
33.97
36.0L
38.45
42.24
L46.02
49. 45
52.53
54.92
57.64
60.02
62. 40
6443
66.81
68.49
70.17
71.84
73.17
74.50
75.83
76.81
78.11
79.12
80.10
£1.08
82.98
85.22

%strain

13.51
14.55
15.59
17.21
17.67
18.71
19.75
20.79
21.83
22.87
23.91

%strain

0
0.09

loNe)
e
(RN

O
=
(@]

L] .
O~V WWNORHEEFEOOQOWOXI~IOA\WN = \WWND N

e [ ]
NHVOEFEOONANOLTOONNNIHFHWUMOWSHFUT DO -

HEPHERPERPRPREEREREROO0OC0000000C0000D0
~5 O \o

r—
-

~189-

Gediing Sample CS3 cont..
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Abernant Sample CS3
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Abernant Sample CS4
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Abernant Sample CS5

2

197.82
199.61
200.05
199.63
202.48
209.69
211.78
212.39
212.98
212.13%
210.74
210.63%
209.94
207. 47
206. 43
205.13%
203.74

. 202.12

200.7%
199.38
197.99
196.55
195.37
192.98
190.85
187.62
186.20
184.55
182.55
180.82
177.26
173.16
170.38
166.15
163.76
160.66
158.23
157.36
156.68
156.38
156.52
155.71
155.26
155.03
154.81
154.54
152.35
151.25
151.20
149.54
148.42
148.60

%straian
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APPENDIX III

RESULTS OF CONTROLLED LOAD TESTS

ON COARSE MATERTALS




Gedling Sample No. 1

2
53.33
50.01
49.09
49.50
39.13
35.71.
34.63
22.32
31.66
230.94
32.75
34.17
21.98
32.63%
33.27
33,86
33.94
33.90
34.49

34.20,

35414
36.75
36.75
36.65

37.71

L1.33
42.61

3.62

8.53
12.00
15.52
17.10
17.96
18.43
18.88
19.27
19.42
20.28
20.59
20.96
21.32
21.64
21.72
21.68
22.27
22.55
23.19
23.41
23.39
23.31
23.27
23.18
23.55
23,72

00~J OV £\

L[]
1 ON OZ\N iV =
(ARG EIVE SN e]
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Gedling

Sample No. 2

55.24
60.20L
63.08
68.01
66.51
49.87
39.32
38.06
27.11
22.12
24.50
28.31
28.00
29.98
29.17
32.12
31. 44
29.35
35.96
41.99
29.15
29.57
29.74
40.12

g
.0

5.00
9.27
15.62
21.27
26.06
214,08
24.02
21. 40
19.02
21.40
23.55
23.24
23.31

23.70 -

24.98
26.91
28.39
29.53
31.03
31.%7
33414
3474
56.79

%strain

0
O.1:
0.34
0.56
0.67
1.35
2.47
3!93
L.93
4.93
4.93
5.83
7.07
8.19
9.20
10.43
11. Ly
12.67
13.91
14.80
16.15
17.16
18.28
19.51



Gedling Sample No. 3%

)

82.38

82.56
8L4.29
77.42
79. 42
81.25
77.83
79.80
78.17
74.98
7436
71.80
68. L3
67.80
63.75
60.13%
53.78
49.77
51.68
40.75
39.34
37.47

[~
OWVW~IUIWW O |o
L] ] [ ] [ ] [ ] L]
O V1T Oy ON
Ul oD\

=
ol W
.
[t
20 ~J

=

28.92
28.93

T
-

W OOINEWWNNNN R
[ ) L] L] L] - - L] . L] . - [ ] [ ] » . L]

(RS T
N OIW b O
] L] L) [ ] L] [ ]

-t

b

NN =
= O\
e

Y}
\N

-194 -

Gedling Sample No. 4

2
114.28
113.14
113.30
1i2.75
113.02
113.34

113.89

113.82
109.68
107.95
104.16
91.19
81.97
75.81
72.61
71.47
69.75
69.64
69.92
69.80
70.01.
70.28
68.79
67.26
67.42
67.57
67.82
67.96
67.96
68.47
68.68
68.35
68.65
68.76

e

0]
2.18
4.02
- 5.13
8.73
12.38
14.61
17.87
20.40
23.67
26.55

28.93

31,50
31.875
32.03
32.18
31.88
21.67
31.82
31.59
31.80
31.95
32.00
32,14
232.29
32.45
32.58
22.72
32,72
33.23
3%.36
33.48
33.18
33%.28
33.19
33.14
33,01
33.155
33.02
32.9%
32.93
32.75
32.328
32.53
32.86
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Gedling Sample No. 5 Gedling Sample No. 6 cont...
R 4 #strain P a strain

216.99 0] 0 183.11 87.83 20.43

220.13 Skl 0 181.58 86.30 21.17

227.12 12.43 0] 182.66 82.78 21.78

2%%.68 18.99 0.25 189.32 84.83 22.51

238.33 23.64 0.25 189.91 85.43 23.25

237.98 27.96 0.25 190.62 86.14 23.86

240.72 %2.94 0.25 195.96 90.96 2l 47

241.13 35.65 0.25

242.68 37.20 0.25

246.55 41.07 0.25

245.07 L6.50 0.25

247. 41 51.15 0.25

252.10 60.45 0.25

250.17 67.72 0.38

245.56 67.72 0.38

246.76 7%.5% 0.38

24,9.79 81.16 0.51

249.82 85.80 0.51

Gedling Sample No. 6
}_3_ g %strain

251.89 0 0

258.27 6.38 0.12

265.54 13.65 0.24

271.89 20.00 0.37

277.51 25,42 0.49

283.67 21.77 0.49

289.97 38.08 0.61

294, 16 12,56 0.73

297.12 L5.22 0.86

299.77 47.88 0.98

301.52 19.62 1.10

304.99 53.10 1.35

290. 30 63.7L 1.59

262.55 65.94 2.32

244.33 70.75 3.06

221.97 7573 379

204.82 72.70 S5.14

188.52 72.52 6.48

170.43 77-46 7.71

168.84 80.48 9.05

167.80 81.74 10.40

168.99 82.93 11.75

168.86 82.81 12,72

163.10 81.65 13.95

160.31 83.46 15.29

162.03 - 85.18 17.37

172.07 88.31 19.33

RSP AT e YN M = e SR g
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Gedling Sample S.A. Gedling Sample D.O. cont..

P g _%strain P q %strain
50.05 0 0 38.89 23%.59 21.4%
53.43% 3.38 0.12 34.86 23.23 22.68
53.60 8.26 -0.24 33,77 23.16 23.87
5h.37 10.88 0.36 34.09 23.09 25.07
1.8.79 19.43 0.71 35.00 23.54 26.26
44.58 19.34 1.19 35.31 23443 27-46
37.58 20.58 2.38 34.87 23.58 28.65
36.09 21.78 3.57 33.02 21.90 28.89
36,05 22.58 477
35.29 22.66 5.95
35.78 23.07 715

34.83 23446 8.34
34.11 ¢+ 23.16 .53
33.72 23.19 10.72
35.17 23.21 11.91
34.59 23%.55 13.11
34.91 23.87 14.350
33.65 23.54 15. 49
'33.95 23.34 16.68

O

34,22 24,11 17.87
34,48 24.37 19.06
29.57 20. 47 20.02
28.00 18.06 20.02

24.96 17.46 20.02°

Gedling Sample D.O.

P q %strain
51.48 0 o
54.18 5.98 0.48
5%¢%2 9.33 0.60
48.75 12.66 0.84
L4e27 15.59 1.19
41.97 16.98 1.67
3%9.98 18.70 2.39
3%6.00 18.83 3.58
33.79 19.31 he77

32,48 19.%7 -5.97
3h.73 20.92 7.16
33.15 22.03 8.36
33.79 22.08 9.55
23,91 22.12 10.7L
34.37 - 22.49 11.94
3L.80 22.34 13.13
33%.14 22.53 14.352
36.3%2 22.84 15.52
33.55 2%.77 16.71
3,22 23.43  17.91
Z4.49 23.70 19.10

3414 23.35 20.29
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Abernant Sample No. 1

2

234. 49
2%6.93
237.88
239.63
240.03
241.89
242.28
244.29

240. 4Y

239.89
237.71

2%9.08 .

226. 41
206.84
197.05
181.50
171.17
169.97
162.01
165.94
163.59
150.02
159.65
158.80
158.10
158.12
157.55
156.84
156.41
155.56
151.70
150.29
141.74
146.30
151.97
151.07
150.04
149.14
145,74
149.34
149.77
142.71

141.99

141.55

aq

0
2.4
5.69
9.75

17.06
23.52
30.82
39.75
40.51
L. 56
46.99
59.87
67.96
80.60
86.9
89.81
95.61
101.7%2
100.27
104.00
104.15
102.89
102.51
101.67
100.96
100.98
100.42
99.70
99.28
98. 42
96.86
95.45
86.90
93.77
99.44
98.54
9?.5_1
96.61
93.21
96.81
97.24
90,18
89.46
89.02

%strain

0

0.38
0.50
0.63
0.63
0.76
0.76
0.76

" 0.88

oo
oo o
oo 00

1.01

e
L] [ ] L[] [ ] a L]
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L ] L]
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gy ]

10. 47
10.98

. 11.61

11.98
12.74
13.50
14.13
14.26
14.78
15.52
16.27
17.16
17.91
18.54
19.43
20.69
21.19
21.82
22.20

Abernant Sample No. 2

2

241. 140
249.77
248.06
244.61
246.67
248.68
248.37
245.93
249.43
246,21
245.11
24456
243. 45
242,23
238.53
234.92
231.21
229.25

219.47
218.03
212.79
210.37
207.12
217.05
230.56
251.33
245.77
252.66
253.36
250.88
251.51
245, 49
243.33
242.38
235.84
23%.72
229.57
228.81
222.77
227.34
174.71
165.39

a

0

8.37
15.87
21.64
28.30
34.92
41.52
49.00
56. 50
64.70
70.50
74.56

80.36 .

86.06
89.26
G2.57
95.76
100.71
10%.07
107.06
110.22
114.20
116.38
122.35
134.58
146.81
146.3%8
160.82
161.82
161.24
159,87
159.21
157.80
155.64
153.49
149.26
147.13
142.99
142.23
136.18
117.72
100.26
Ol by

)
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Abernant Sample No. 3 Abernant Sample No. 4

P q %strain R q %strain
195.92 0 0] 143,44 0 0]
204.24 8.33 0.25% 138.37 13.36 0.95
210.23 16.61 0.49 132.08 26.69 1.07
211.59 24.89 0.62 : 134.11 33.33 1.19
210.63 23.14 0.74 133,82 29.94 1.31
200. 44 41.38 0.86 . 126.54 46.49 1.54
190.17 49.53 1.11 120.70 61.80 3.56
177.48 57.57 1.48 109.61 61.80 3.56
169.33% 65.55 1.85 111.3%3% 61.04 L.75
160.85 7%.19 2.59 105.64 61.07 5.9%
150.9% 79.39 3,94 108.88 6L4.22 . 7.12
155.61 86.28 5.18 107.03 63.48 8.19
171.36 93.75 6.41 105 .95 63.50 9.26
17%.21 95.60 7.64 106.60 65.26 11.04
174.21 96.61 8.87 106.76 65.42 12.83
175.91 98.31 10.11 107.07 64.62 13.88
178.26 100.66 11.34 107.03 65.70 15.31
179.78 102.18 12.57 107.43 66.09 16.61
181.22 103.62 13.80 105.29 65.15 17.80
182.58 104.97 15.04 106.81. 65.48 . 19.11
183.65 106.24 16.27 111.72 72.69 20.17
187.61 108.81 17.50 124.36 78.24 21.36
188.43 111.94 18.73 129.83 79.02 22.55
191.80 112.91 19.97 134,60 79.09 23.7%
192.3%6 115.78 21.20 1%39.96 -  79.76 25.92
19%.2% 116.56 22.43% 14%.58 80.99 26.1
192.74 115.98 23%.67 145.93% 82.1L 27.29
188.56 114.10 24.90 156.739 83.22 28.48
182.08 112.23 26.13% 165.20 83.92 29.90
177.90 110.36 27.3%0 161.63 82.74 29.90

176.03% 108. 49 28.60 153,57 79.46 29.67




Abernant Sample No. 5

P _a_ %strain
101.46 0 0
102.70 8.15 0.24
106.23 16.28 0.3%6
109.73 24. L0 0.48
110.91 32.49 0.60 -
114.38 40.56 0.72
111.60 47.00 0.84
107.06 49.37 0.96

" 105.63% 52.54 1.08
101..82 55.64 1.32
- 100.32 58.65 1.68
101.55 62.28 2.29
© 101.56 64,59 3.61
101.20 65.34 4.81
104.98 69.12 6.02
104.85 68.99 7.22
106.20 70.34 8.42
106.75 70.90 9.63
108.46 71. 44 10.83
111.57 73,32 12.04
112.66 72.02 13.60
115.32 7%.49 15.16
- 114.85 71.82 17.09
113.28 70.25 18.90
114.6L 70.41 20.22
114.98 69.56 21.18
112.23 66.81 22.87
.308.55 6L.%3% 2h.32
103.92 62.09 25.51
97.13 58.88 26.48
92.88 - 57.02 27.32

~199-

Abernant Sample No. 6

2
101.46
105.06
113.23
102.95

100.27-

96.07
93%.86
92.41
92.08
85.81
91.84
91.48
91.71
95.36
94.52
95.76
95.62
94.62

96,42 .

94.60
96.13
95.23

- 96.18

95. 59
90.57
88.29
91.43
93.33
86.27
85.70
85.42

O le

8.21
16.39
2h.52
31.06
38.37
40.77
43.93
47,01
49.95
53.59
5545
57.89
60.26
61.63
61.68
61.54
62.85
63.37
73.76
6[}.01
64.21
64.27
64.37
61.01
58.91
5744
56,91
56.80
56.14
55. 46

_&strain

0
0
0.24
0.47
0.47
0.59
0.71
0.95
1.30
1.90
2.61
3.55
L. 74
5.92
735
- 8.41
- 9.72
11.02
12.32
13.74
15.28
16.82
18. 48
20.02
21.80
23.70
25.59
27.01
27.96
28.7
29.15
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Abernant Sample No. 7 Abernant Sample No. 8
5_ a %strain f)_ a %strain

52.78 0] 0] 30.56 0 0
56.94 9.72 0.12 30.05 1.35. 0.24
60.17 12.94 0.24 30.90 L.OkL 0.36
61.55 16.18 0.24 32.66 6.73 0.47
62.13 18.60 0.24 33.25 10.10 0.47
62.68 21.01 0.36 33,49 13.11 0.59
6L4.03% 2L.21 0.47 34.05 16.46 0.71
65.28 28.24 0.47 ' 25.64 19.43 0.95
65.66 31.40 0.71 35.67 22.70 1.30
. 66.48 34.5% 0.95 38.39 25.89 1.90
67.20 37.57 1.42 41.46 28.96 2.73
67.68 39.53 2.49 - 46,28 32.39 4.27
68.76 41.45 3.56 50.55 35.73 5.69
. 70.93 43.15 4.98 52.82 37.08 7.11
71.80 44.02 6. 40 54.15 ' 37.94 8.06
70.71 L4L.79 7.94 55.86 39.19 9.48
70.39 45.39 92.72 54.10 39.39 . 10.67
69.61 . 44,61 11.26 55.9. 40.20 11.97
67.54 L4 .5 12.80 56.87 41.13 13.16
69.45 Lo 45 14.34 55.85 10.57 14.34
68.18 L3.77 15.65 56.72 40.98 15.88
67.23 L%.16 16.83 56.62 L1.24 17.42
66.22 42,61 17.90 . 55.51 1,0.69 18.73%
65.3%2 L2.16 18.73 55.5 L0.7% 20.27
" 63.97 41.74 19.56 : 55.73 40. 45 21.33
63.05 39.90 20.62 : 55.06 39.78 22.64
62.98 39.37 21.69 : 55.38 29,17 23.82
64.57 L0.96 23.47 55.17 38.50 25.13
64.86 40.3%2 24.65 53.19 37.45 26.19
- 62.71 39.56 26.08 51.67 75.93 27.26

61.86 38.71 26.55 _ 50.16 35,3, 28. 44
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Abernant Sample No, 9 Abernant Sample No, 10

p q %strain 2 q %strain
47.19 0 Y 5L.34 0 0
50.05 4.29 0.35 58.93 6.4l 0.47
54.74 11.77 0.58 62.38 13.59 0.59
S5he5h 12.48 0.58 65.74 22.50 0.71
58. 44 21.01 0.70 66.35 26.39 0.83
58.88 24,22 0.70 64.75 29.92 0.94
59.16 27.78 0.70 66.43 33.45 1.06
59.90 31.30 ‘0.82 67.74 26.61 - 1.18
61.56 . 34.82 0.93 69.00 38.29 1.42
61.09 %6.20 1.05 69.28 L0, 42 1.42
61.55 . 37.57 1.17 70.18 41,74 1.65
64.13% 2%9.65 1.28 71.67 43.65 2.1%
65. 42 41.02 1.40 73.26 45.65 T 2.36
65.94 42.38 1.52 76.76 48.57 3.54
69.94 46.38 1.63 78.97 49.69 4.72
68.43 45.80 1.75 77.27 49.75 ' 5.90
70.94 47.81 1.98 79.24 51.13% 7.08
74.01 49. 44 2.22 . 77.07 50.81 8.26
7558 51.01 2.57 80.39 52.11 9.45
77.43 52.86 3.03 80.90 5%.04 10.63
77.81 S54. 74 3.38 82.37 53%.92 11.81
81.37 55.79 3.97 81.75 S5L.14 12.99
84.26 56.75 4.67 82.33 5%3.71 . 14.17
85.01 58.42 5.83 82.88 55.10 15.35
85.95 59.36 7.00 83.43 5L.64 16.53
87.18 60.60 8.17 81.10 S54.16 17.71
89.79 61.68 9.33 82.58 55.13 18.89
90.9% 62.90 10.50 82.57 54.62 20.07
92.51 63.99 12.83 81.76 . 5%.81 21.25
02,76 64.15 14.00 80.22 54.12 22.43
.23 64.19 15.17 79.40 52. 47 24.79
Q.74 64.21 16.3%3 81.31 53.78 25.97
95.03% 64.50 17.50 81.88 52.92 27.15
95.21 6L.17 18.67 77.91 51.81 28.34
96.70 63.82 19.83 78.07 51.97 27.52
95.01 63.46 21.00 7451 50.35 30.70
93,98 63.36 22.17
95.29 63.23 23.33
95.37 62.81 24.50
94.94 62.38 25.67
93.58 61.92 26.83

93.09 - 61.95 28.00
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100% Seatearth No. 1 100% Seatearth No. 2

i 9 %strain ﬁ q %strain
51.48 0] 0 .50.05 0] 0
52.99 2. 44 0 54.37 8.02 0.40
55.72 6.09 - 0.13 54.51 11.45 0.53
52.79 10.14 0.26 SL4.61 15.24 0.66
51.58 12.12 0.64 49.09 18.97 1.06
47.85 14445 1.28 45.03% 23.15 2.65
49.82 16.25 2.56 42.85 23.57 3.97
44.95 16.42 3.84 40.16 25.43 " 5.29
LY.51 317.75 5.11 39,77 25.79 6.61
42.34 18.27 6.39 28.05 25.43 7.94
42,00 18.77 7.67 36.46 26.11 9.26
239.79 19.25 8.95 37.20 26.76 10.58
26.8% . 18.98 10.23 34.96 26.36 11.90
35.22 18.71 11.51 34.80 26.63 13.23
37.88 19.86 12.79 ' 34.82 26.22  1h.55
37.17 19.57 14.06 3%.3%9 25.81 15.87
37.35 19.28 15.3%4 33.12 26.05 17.19
34,82 18.65 16.62 33.3%3 26.26 18.52
33.%5 18.70 17.90 32.60 26.45 19.84
33,56 18.40 19.18 .- 3L.7Y 26.31 21.16
32.86 17.79 20. 46 ©31.73 26.15 22.48
2%1.97 17.82 21.74 3h.7% 26.30 23.81
32.10 17.53 23.01 32.28 26.12 25.12
2%.04 17.55 24.29 ' 33.74 27.08 26.45
232.31 18.16 25.57 34.36 27.71 - 27.77
34,23 18.14 26.85 233,351 26.65 29.10
71.69 17.54 28.13 33.38 27.23 0.2
230.23 16.25 28.64 32.87 26.71 31.7h

31.25 24. 84 3254



100% Seatearth No. 3 50 AB/S0SE Mo. 1

i-)_ q %strain f)_ a %strain
L8.62 0.00 0.00 60.06 0 0
51.16 9.10 0.25 61.91. 1.85 0
L8.28 13.62 0.49 62.27 2.21 0
48.16 15.77 1.23 65.55 11.04 0.24
38.30 21.1% 2.47 64.82 15.44 0.36
30.80 20.86 3.70 59.57 19.44 0.66
231.81 23.1% 4.9% 53.80 23.34 1.19
28.40 22.83% 6.16 51.14 25.22 2.38
28. 4l 24.64 7.40 46.88 24.91 3.57
30.60 25.70 8.63 15.82 24.60 L.76
28.41 25.70 9.86 45.17 24.29 5.95
28.06 25.68 11.09 45.72 2l .6% 7.4
28.62 26.66 12.3% L4.99 25.71 8.34L
30.06 27.93 13.56 Lk 57 26.04 9.53
29.05 28.19 14.79 46.31 26.69 10.72
29.97 28.09 16.02 47.10 27.31 11.91
28.11 27.99 17.26 47.68 28.22 13.10
21,17 29.12 18.49 48.60 28.47 14.29
33.%6 29.29 19.72 50.55 29.32 15.48
31.06 28.8L 20.96 52.15 29.83 16.67
30.78 28.98 22.19 53.73 %0.%1 17.86
3%,35 29.11 23.42 51.30 21,07 19.05
29.45 28.07 24.65 55.25 31.49 20.24
31.96 28.73 25.89 57.67 31.89 21.43
31.49 28.26 27.12
70.00 27.7 28.325
29.52 27.30 29.58

24.79 23.75 30.57



« 20

S0AB/50SE No. 2 75 AB/25SE No. 1
i g %strain f)_ q %strain
52.91 0] 0 57.70 0 0
55.08 5.87 _0.47 61.73 6.38 0.93%
52.60 14.99 0.83 64.69 14.89 0.93%
L7.4Y 18.58 1.19 67.62 23.37 1.05
38,22 20.88 2.37 69.28 26.88 1.17
26.07 21.33 3.56 69.09 30.3%9 1.28
37.18 21.77 L. 74 68.88 33%.88 1.40
36.00 21.85 5.93 72.09 37.93 1.86
3%6.00 22.60 7.12 74.38 43.00 2.33%
36.3%0 23%.66 8.30 81.25 48.35 3.50
36.84 24.0% 9.49 82.82 51.18 4.66
37.68 24.70 10.67 84.6Y 52.92 5.8%
38.50 25.35 11.86 86.83 53%.59 6.99
37.86 25.97 13.05 87.39 54,57 8.16
38,41 25.93 14.23 87.25 54.85 9.32
39.26 26.19 15.42 88.51 55.10 10.49
40,72 27.06 16,61 88.32 55.33 C11.65
41.11 27.28 17.79 89.54 55. 5 12.82
40.98 27.48 18.98 89.51 55.51 1%.98
38.89 27.67 20.16 88.73 55.57 15.15
38.57 27.26 21.35 89.58 55.41 16.32
238.66 26.85 22.54 88.98 55.23% 17.48
38.67 27.28 2%.72 88.36 55.03% 18.65
40.17 2'7.68 291 89.16 54.82 19.81
?g'gz 25'79 26.09 88.51. 54.59 20.98
0. .35 27.26 8 ot
! 9.0L 54.62 22.14
39.56 26.90 25. 47 87.85 5, 53.31
38.10 26,145 29.65 -0 2n2 250 2.
37.15 25.50 30.8% g6.07  54.08 24 47
87.77 53.76 25.64
87.20 53.70 26.80
87.04 53.62 27.97
87.10 53.77 29.14

86.70 54.3%8 30.30



75 AB/25 SE No.

2

55.77
58.80

61.64

61.77
61.39
61.90
60.68
60.07
59.71
60.94
60.24
60.3%2
59.88
61.26
61.03
63.94
63.58
63.24
59.70
64.73
64.75
65.72
64.96
65.20
64.76
63.95
65.99
65.14
64.28
65.01.
64.69
63.43

a

0
8.73
15.12
22.65
25.97
29.25
31.65
3L.57
34.97
36.95
36.50
36.83
37.14
37.43
38. 46
40.19
39.66
40.58
L0. 74
4,0.89
LO. 32
41.12
41.20
41,27
40.66
40.69
L0.71
LO.70
40.68
Li.24
41.17
41.08

%strain

FYWNEOOO0000
AT\ - QoA - \N
RCE O NN Ve LRV RNY

'80AB/20SE
P 9
50.05 0
50.58 4.1%
51.80 8.73
55.16 16.73
53.35 26.01
51.95 25.95
51.87 29.91
51.81 30.60
57.28 34.05
56.05 35.00
58.81 35.24
57.86 35.13%
. 56.22 35,34
5774 35.85
59.57 236.67
58.87 36.81
6C.94 36.94
62.17 37.67
60.60 37,45
57.60 37,22
58.79 36.98
58.71 37.32
56.88 37.34
57.75 36.78
57.70 236.22
57.31 36.76
55.5L 35.92
54.09 34,55
Sh.37 33.99
56.14 22,540
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85AB/15SE 100% Shale No. 1
:é q %strain f)_ q %strain

51.48 0 0 48.62 0 0
55.18 L.62 0.23 52.60 8.19 0.25
61.25 13.47 0.59 52.45 17,80 0.6%
62.00 16.99 0.70 47.75 21. 42 1.01
64.40 21.24 0.70 4h.55 22.84 1.26
66.09 24.78 0.70 36.04 24,01 2.52
67.29 26.91 0.70 34.83 24,06 3.78
67.52 - 28.99 0.82 31.76 24.10 5.04
67.80 31.12 0.82 30.96 24.13 6.30
68.25 32.49 0.9 31.57 24,15 7.56
68.52 34.61 0.94 21.75 25.18 8.82
69.67 2%6.69 1.06 31.58 2i1.83% 10.08 -
69.18 38.05 1.17 31.97 25.14 11.34
69. 40 40.12 1.29 31,70 24.79 12.60

- 69.61 42,18 l.41 29.50 24. 4% 13.86
69.06 43,48 1.64 29.1L 2L.07 15.12
72.26 46.18 1.88 20.8 23,34 16.38
7%.71 48.05 2.35 2%0.05 2%.G7 17.64
76.27 50.52 2.94 28.68 23%.61 18.90
78.12 52.28 3.52 28.60 23.53 20.15
78. 43 54.36 4. 70 28.78 22.87 21.41
78.61 54.37 5.87 26.08 21.35 22.67
82.09 56. 3. 7.05 24.70 21.57 23%.9%
82.03 56.61 8.22 25.3%2 21.77 25.19
84.16 53.15 9.39 23.18 19.63 26.45
8L.34 58.67 10.57 26.67 22.12 27.71
84.60 58.84 1l.74 26.28 21.23 . 28.93
85.15 60.23 12.92 27.19 22.13 30.23
85.96 60.03% 14.09 25.11 21.99 31.49
86.15 59.21 15.27 27.14 22.58 32.75
85.27 60.18 16. 44 26.20 22.65 34,01
84.80 59.63 17.61
84.33 59.07 18.79

" 82.55 58.21 19.96
83.04 58.20 21l.14

. 81.67 57.34 22.31
81.08 56.7L ' 23,49
80.12 55.87 24.66
79.16 55.00 25.83%
77.20 54,1% 27.01
77.27 54.28 28.1

74.78 52.3% £9.36



100% Shale No. 2

2

97.24
103.92
106.07
104.51
100. 40

95.14

91.29
" 87.30

71.27

68.19

66.71

65.22

63.39

66.13%

68.20

67.02

67.26

66.33

6L4.62

66.03

65.21

64.18

65.00

61.53

61.18
. 58.15
5666

52.65

51.21

48.53

4,88

S5le il

5373

53.60

53.07

54.97

56.99

57.00

a

0

6.68
16.33
25.94
29.23
33,22
35.35
37.84
38.45
39.40
39.60
29.79
L0.65
L].l . l{'?
L2.26
42.35
L2.42

40.3%2
41.87
41,27
41.28
40.67
40.06
39.54
38.26
37.66
35.93
33.69
32.59
31.51
22.02
32.15
23,02
233,81
34.20
35.09
36.11
37.13

%straiq

VXN NFWL OO c>§5§>c>c
COUVWHFWOUAETNNO~J\WNMN N
S o\ O o \N B0 0 W\ \h

=
[
(@]
N

12.25
15.48
14.70
15.93
17.16
18.38
19.61
20.83%
22.06
23.28
24.51
25.73
26.96
28.18
29.41
30.27
30.63
31.12
31.37
31.51
31.61
31.61
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APPENDIX IV

RESULTS OF CONTROLLED LOAD TESTS

ON FINE DISCARDS

&
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Peckfield Sample No., 12 - Peckfield Sample No. 13
:o_ q %strain f)_ q %strain

47.31 0 0 100.19 0 - 0

50.98 5.6 0.28 ' 104.06 7.45 0.56
53.76 10.91 0.28 105.23 12.19 0.56
58.28 16.32 0.56 : 106. 40 16.93% 0.56
61.04 21.76 0.56 ' 108.96 21.67 0.56
64.69 27.20 0.56 109.38 25.66 0.84
68.03 31.67 0.84 109.42  31.06 0.84
72.68 37.66 1.68 111.37 %6.68 1.12
75.24 40.12 2.24 11%.57 40.95 1.40
75.08 41.64 3.37 112.56 46.19 1.68
74.36 41.81 L. 49 118.06 ' 50.59 2.24
73.62 41.96 5.61 116.35 50.67 3.36
75.00 42.74 6.73% 110.L40 50.08 L.L7
7h. 49 42.23 7.85 106.50 50.14 5.59
76.84 43.58 8.97 103,72 L9.54 6.71
75.91 43.04 10.10 105. 74 51.46 7.83%
75.37 42.50 11.22 1C3%.33 50.84 8.95
74.54 42.57 12.34 98.14 50.21 . 10.07
73.99 42.02 13,46 10%. 40 50.80 11.18
75.12 L2.65 14.58 103,76 50.16 12.3%0
74.16 42.09 15.70 103.61 49.52 13.42
74.60 41.53 16.83 102.08 18.88 14,554
73,60 41.53 17.95 102.51 1,8.81 15.66
2L, 14 40.56 19.07 103.76 48.16 16.78
.57 40.39 20.19 108.3L 48.08 17.9C
72.57 39.29 21.31 110.97 L7, 52 19.01
7he 43 29.26 22. 44 11%.60 46.77 20.13
72.94 38.17 23.56 115.69 45.58 21.25
72.88 37.61 23.56 116.90 LL . LC 22.37
72.88 37.61 24h.68 119.04 43.76 23.49
72.81 26.54 25.80 122.18 43,12 2L.61
74.25 35.99 26.92 125.71 41.98 25.72
74.70 35.L43 28.04 129.25 L0.84 26.8Y
74.66 3. 40 29.17 129.63% L0.22 27,96
75.63% 55357 2%0.29 131.82 38.63 29.08
79.55 31.31 33.65 136.30 37.55 30.20
81.91 28.68 36.L46 146.72 34.84 35.55
84.80 26.59 39.26 154.73% 32.50 36.35
84.48 24.57 L2.07 170.58 30.66 39.15
8L.00 23%.38 L4.87 179,51 29.25 41.94
82.31 21.47 47.68 172.37 27. 47 Liva 7l

70435 19.87 49.92 161.54 23.77 48.65
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Peckfield Sample No. 14 Peckfield Sample No. 15
ﬁ q _%strain 'i q %strain
202.09 o] C 50.09 0 0
203. 48 1.39 0 53.16 %.96 0.28
211.77 9.69 0.56 57.70 11.18 0.56
215.74 15.91 0.56 61.21 15.08 0.84
217.64 20.06 0.56 66.90 20.27 1.12
223,17 25.60 .0.56 71.41 27.46 1.12
222.72 29.66 0.84 76.62 34,46 1.69
225.88 35.18 0.84 81.22 40.84 1.97
228.44 %9.90 1.13 87.28 L6. 41 2.53
229.43 L5. 40 1.13 92.14 52.55 3.09
230.27 50.76 1.4 96.29 56.70 3.65
230.56 55.56 1.41 98.36 58.27 4.21
232.93 60.19 1.69 101.84 61.26 4.50
23%.89 65.66 1.69 101.95 62.78 5.06
234.16 70.45 1.69 105.7% 65.14 6.18
231.96 75.02 1.97 106.78 66.20 7.31
231.32 78.89 2.25 108.82 A8.23 7.87
229.37 82.48 2.81 110.83 70.74 8.43
214.01 80.67 3,38 i12.58 71.99 9.27
212.17 84.38 .50 117.07 75. 48 10.12
206,05 84.70 5.63 116.80 75.71 11.24
211.37 85.63% 6.75 118.16 77.07 12.36
215.05 84.60 7.88 117.99 77.80 13.4L9
215.21 83.57 9.00 116.98 76.99 14.61
215.4% 82.53% 10.1% 15.69 76.89 15.74
211.52 80.88 11.25 119.65 78.07 16.86
211.12 79.25 12.38 117.44 78.64 17.98
211.33 78.23 1%.50 117.97 79.17 19.11
206.05 77.21 14.63% 115.87 78.07 20.23
208.26 76.19 15.75 114.77 76.97 21.36
210.15 ?74.60 16.88 115.07 76.38 22.48
206.31 73,02 13.01 121. 41 80.83 23%.60
206.5) 72.02 19.13 124.11 30.63% 2L.73
206.75 71.01 20.26 122.50 79.92 25.85
208.70 69. 46 21.38 120.79 78.71 26.98
208.93 68.47 22.51 119.56 77.97 28.14
214.37 66.94 23.6% 117,34 76,75 29,22
217.57 65. 43 2L.76 116.58 76 .00 30.35
223.05 63.94 25.88
226.28 62. 46 27.01
228.30 61.00 28.13
228.57 60.04 29.27
231.36 58.12 20.38
246.27 5k.38 33.76
250. 24 51.19 36.57
265.78 48.07 39.39
260.48 45,04 42.20
25%.78 42.85 15.01

213.11 37.02 - 47.83
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Peckfield Sample No. 16. Peckfield Sample No. 17
R a ¥strain b a - %strain
105.75 0 0 : 202.09 0 0
108.18 9.46 - 0.55 201.7 4,17 0.30 .
107.58 16.90 0.55 203,42 10.36 0.71
107.82 18.93 0.55 211.15 24.86 0.91
108.76 2433 0.55 210.77 29.00 0.91
110.06 28.31 0.83 214.54 77.29 0.91
- 109.55 32.27 1.10 213.85 43,39 1.22
111.3%5 234.95 1.10 215.53 49.56 1.22
111.81 38.99 1.10 217.21 55.76 1.22
112.60 41.56 1.38 214.38 61.95 1.22
113.72 43%.57 1.38 211.34 67.94 1.52
115.73 48.26 1.38 208. 48 74,11 1.52
117.37 53%.48 1.65 207.64 80.04 1.82
120.93 58.62 1.65 206.76 85.93% 2.13
124.20 62.48 2.20 203%.58 Gl.78 2.43
128.43 67.61 2.43 195.55 97.29 3.04
132.21 71.38 2.76 201.18 102.72 . 3.65
136.03 73.82 3.03% 192.75 102.08 4.26
140.66 77.55 3.31 198.54 111.37 4.87
150.01 85.11 L.hl 196.82 111.91 6.08
163.57 93.2” 6.06 194,73 114,30 7.3%0
163.92 92.67 6.61 192.88 114,75 8.51
166. 40 91.58 7.72 195.13 117.00 9.73
182.86 107.84 8.82 195. 42 117.28 10.95
192.23% 111.43 9.92 196.07 115.68 12.16
192.86 110.07 11.G2 196.73 114.08 13.7%8
191.41 109.90 12.13 199.64 112.48 14.60
187.17 106. 6 13.23 198.54 109.12 15.61
191.10 108. 31 14.33% 201.66 111.01 17.03
193.43 108.64 15.43 202,97 111.09 18.2%
198.01 106.65 16.54 200,74 111.12 19.46
196.61 103.57 17,64 205.00 109. 44 20.68
198.76 101.63 18.74 202.29 107.77 21.89
200.07 91.16 19.84 203.84 104,41 2h.33
205.37 95.90 22.05 200.78 98.70 27.37
212.42 90.61 24,25 213,24 a4, 56 20. 41
22C.31 84.90 26. 46 219.59 89.04 33,45

241.31 7734 29.776



http://85.ll

=212~ .

Peckfield Sample No. 18

P q %strain
58. 44 0 0
60.81 1.3%7 0.28
63.20 10.91 0.84
64.36 15.63 1.12
65.149 20.3%3 1.40
65.63 2L.94 1.96
66.12 28.90 2.2
69.78 28.56 3.36
69.55 28.23 4o 48
67.93 27.90 5.60
66.21 27.57 6.72
62.73 27.87 7.84
63.18 27.54 8.96
60. 46 27.20 10.08
60.84 28.08 11.20
£1.30 28.33 12.32
63.3%2 27.97 13. 44
62.07 27.60 14.56
50.82 27.24 15.68
62.67 28.60 16.80
62.49 28.21 17.92
62.11 27.83 19.04
61.72 274l 20.15
61.34 27.06 21.27
60.45 26.67 22.39
59.57 26.29 23.51
60.58 25.90 24.63%
61.82 26.5L 25.75
62.13% 26.64 26.87
64.22 25.7L 27.99
63.03 253k 29.11
61.36 2L 46 20.23
62.93 22.82 3%.59
58.95 2l.43 36.39
57.59 20.06 29.19
54.38 18.7L 41.99

51.61 17.08 Ly, 79
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