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ABSTRACT -

Shear Stréngth CharacteristiCs:of_Cértain Colliery

_Discards with respect to Coal Raﬁk.”:: 

This work forms part of the research,brogramme-into
the properties of colliery discards undertaken in Dﬁrham'

since the Aberfan-@isaster of 1966,

The discussion relating to residual strength in the
paper 'Colliery Spoil Tips - after Aberfan' wés suﬁmed up by
the authors, McKechnie Thomson and Rodin, with the words-ﬂTﬁe
information currentiy a;ailable on residual strength poses a
number.pf Questiéns=and further studieé'are-needed:fé clarify
such factors as the effect of n&fmai pfessuré and mggnitude
of strain". : The current.wofk attémpts to clarify some of =

these problems.

large strain (1.5.£o 2.5 metres total displacement)
12-inch shear-box tests havg been undertaken on selected
samples from different National Coal Board coalfield areas.
A supplementary programme of tests in a 60mm shear-box were
used to confirm the results of the large-scale teéts.
Similarly, additional tests have been conducted at normal-
stresses which are generally higher than those customérily

adopted for normal soils testing.

The results show that at low normal stresses (80
kN/mz), shear strength reduction in most discards is limited

(15 - 25 per cent) for a displacement of one metre. The




exception is extreme low rank material from the West Midlands
coalfield, for which a.strength reduction of over 40 per cent
was obtained.

Tests revealed a marked increase in the rate of
shear strength reduction for most dlscards at a normal stress
value between 200 - 300 kN/m . Above 500 kN/m increase in

the rate of breakdown is limited.

Correlation of sheer strength_characteristics with
the rank code number of the associated coal show generally
"negative resuits, the exception being extreme 'low.rank' discard
from collieries in the West Midlands., Statistical treatment
of the results has revesled significant correlations between

the shear strength prorerties and the grading parameters.
In practical terms, vehicular activity is unlikely
to cause shear plahes to develop in the majority of new or-

existing tips during emplacement 6r regrading operations.
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CHAPTER 1

INTRODUCTION

1.1 The background 6f research into colliery discard

~ The failure of Tip No. 7 at Aberfan in 1966. which

caused extensive loss of life, revealed the remarkable lack

of knowledge concerning the fundamental properties of

colliery discard.

It is not conceivable that in ény other aspect of =
civil engineefing would sucﬁ 1argé earthworks be executed
without even 81mple design methods belng utlllsed. Howevef,
colllery tips were commonly constructed by tlpplng materlal
at its angle of repose. It is therefore surprising that so
few of the 2000 tips which have existed in this“country have

given trouble.

There was an awareness in South Waleé.for many
years of the poteﬁtial dangers of the tipé on.the valley
sides (Knox, 1927). The Abercynon'tip failure and flow-slide
preceedéd the Aberfan disaster by nearly thirty yea?s, aﬁd
was potentially as destructive (Bishop gj_gl, 1969). It is
surprising that the Aberc&non failure did not attract more -

attentioﬁ at thé time.

The Aberfan disastér stirred public opinion, which
resulted in Government action through the Mines and Quérries
(Tips) Act (1969). However, it did not remain for this Act

to initiate research into colliery discard. Soon after thei

a,disaster
Aberfaq, “site investigations were 1n1tlated by the Natlonal

Coal Board on what were thought to bejother potentlally

dangerous tips. Such operations, although they answered the
Sy
8 £
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question of the stability of the tips concerned, provided




little information on any timeQdependent changes in colliery
discard. - It was the opinion of Bishop et al (1969) that
some process of weéthering or ﬁydration was necessary to
~ produce the low shear strength of the-Aberfan éhear'plane;:
LSugﬁ;#;mefdepéndent changes could be the caﬁse_of instability
dé&eldpipg-in somé fips. | |

As a result of the'Aberfan disaster, and in the
light of the results from site investigations, the Natiohal
Coal Board (1970) arew up a set of basic design:rules
foi all.tiﬁs.J-it had been ;ecognised that there were
regional variations.in-the mechanical propefties of-colliery'
discard, but these had not been adequately defined for.tip

design to operate on a regional basis.

1.2 Aims of this research

Price (1966) demonstrated a possiblé correlation
betwgen'the-uniéxial strength of somé rocks from the South
Wales coal field and the probable maximﬁm depth of burial of
the rocks. Such a correlation, if proved on a national basis,
would vastly simplify the task of clagsifying colliery
discards by their mechanical properties. The depth of burial
of poal is usually reflected in the coal classification system
known aslcoal rank. (See seétion 1.3).

| A furtherlindication of the possible relation
between the mechanical properties of discard &and coal rank
was first observed about twenty years ago, when it was
noticed that some discards bréke down more readily in the
washeries than others. Further work established a close

correlation between the extént of breakdown and the rank of
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the asepciated coal. (Berkovitch et al, 1959; Teylor and

Spears, 1970).

The difﬁerence between the peak shea? strength
(394°). and fhe ;eeiduai shear strength (180)_fer the Aberfan .
mefefiai'indicetee an exteneive change in shear strenéfh that
'iesulfe} from censiderable_deformation.

. Extensive testinglhes new established the range of -
peak shear strengths to be expected in the Brifish coal fields.
This lies between about 25° and 40°. (McKechnie-Thomson ana.
Rodin, 1972). Far less work has been done concerning residual
shear strengths, and there.is considerable'variafion };E; g
the results which have been qbtaiped. ft was hoped fhat, ’
during this research the order of residual shear strength endl
- the magnitude of the displacemente involved would be more -

accurately determined.

. One of'the possibilities that has been considered in
this research programme concerns the re-adtivation of-pre- |
existing shear surfaces. It is fairly clear that'at-Littlefon
tip regrading operafions caused such a re-activation.* Ie'the
future many tips are likely to be regrdded.and we must. |
therefore consider the fall-off in shear gstrength under the
likely M_-.normel_stresses which may be applicable. For this -
purpose many of the large shear-box tests have been carried: -
out at a normai.stress cofresponding to about 5 metres of

overburden.

* At Littleton the implication was that a small displacement
(0.5 to 1.0 metres) might well reduce the shear strength to
a residual state. (Durham Annual Report to National Coal

Board, 1972).



1.3 Coal Rank

Coal rank is one of-the.meﬁhqu of classifying coal.
The term is essentially.qualitative. jThe classifiéatiog isn.
based on fhe staéés of coéiification.-_Lignite, which is a.
very low ievel'fofﬁ of coal, which has.a'very high-volatile".
content, is known as a‘lo**rank coal. The bituminous coalg'f:
are of médiﬁm'rank, while anthfacite,:which-has a very low
volatile éontent? is the highest rank of coal. The proces#_:
of coalificétion_requires either pressﬁre qnd/or.témﬁeratqre;
which aie.usually the result of burial., . |
| It has been -shown (Teichﬁuller and Teichmuller,1§68),
that there is an aimost linear decrease in-the voiatile -
content of coal as the depfh of burial increases; The same
authors have also shown'that the density of the associated

shales increase with depth of burial.

Unfortunately, a classificatién of coal based only
on the content of volatiles is of little commercial importancé.
In Britain, the coal rank classification system used is based”
both on the volatile content and the caking properties, the
latter being determined by the Gray-King Assay.

The table in Figure 1.1 shows the arrangement of the
British coal rank classificétion system. This shows that
although the rank code numbers do increéSe overall with the
increase in volatiles, there are groups in the rank coding
where' the volatile cbntent remains constant and the coking
properties vary. It should be noted that the rank coding is
inverse in as ﬁuch as anthracite, which is a high rank coal,
has the lowest rankrcode number.

Such a rank coding system hinders attempts to

correlate directly between the rank codes and the mechanical
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properties, as the rank coding is not difectly debendent on

the. volatile content.

1l.4 Shear Strength Characteristics

Most work in soil mechanics concerning peak and
. . _
residual shear strengths has beeniéé??iég;gn'the finer
standard
materials such as qlay aml sand. TheAtesting procedures for
these méchanical properties have consequently been based 6m:
the experience with such materials.

It has beén recognised that colliery discard cannot
be completely satisfactorily teéted_in accordance with Bri;ish
Sta.nda;rd No. 1377 (1967), and the National Coal Board (1969)
has produced a tgchnical memprandum which adapts some of the
- standard testé for usé with colliery discard.

With respect to colliery discard little considerﬁtion,
however, Seems to have been given to the relevance.énd
significance of the standard mechanical tests.

Diained peak shear strength is one parameter which
is relevant. In clays and fine aggregates of sand‘éizes it is
usually well defined in shear-box tests, but with colliery
discards it may be necessary to pro?ide a much larger strain
before peak shear strength is attained. When.reached, this
conditionm may well be marked by no further increase in shear
strength, rather than a significant decrease. |

It is with residual shear stremgth that care needs
to be taken when testing colliery discard. With clay the .
drop in shear strength from peak to residual is commonly very

rapid, and rarely requires strains in excess of a few tens of

percent. In most of the post-Aberfan tip investigations, for




L
which some residual tests were performed, the strains involved
rﬁrely éxceéded one hundred percent.* This resulted in séme
unusual results. Mény of those tests determined that there
was & iimited drop in shear sfrength after such a displacehent,
but to call the final value the "reéidual‘ shear strength"' |

would now be questionable.

It is the writer's opinioﬁ that the use of resiquél
sﬂear strehgth should be reserved for a fully developed sing}é
shear plane, for this ﬁill be the condition of lowest shear

. grained . '
strength. In fineAmaterials such as clays the fully-developed
shear plane requires only a small strain to ensure its full
development, for ail that is required is a slight remoulding
of the components of the existing material. |
It is a well-established fact that shear planes can
-':develop in colliery discard, for speciméns_have been removed
from failed tips. Such shear planes, when tested in the
- laboratory, héve angles of iﬁternal shearing resistance im
the order of 18°-20°. (Bishop et al, 1969;.Taylor, 1973). Yet
most léboratory testé on tip material have given.'"residual"
values well above this.
The probability is that in few of these tests have
thé displacements been sufficient for a shear plane to
"develop, and the "pesidual” shear strength quoted was the

value aﬁ which the shear strength apparently stabilised.

*e,g. National Coal Board internal reports: Wimpey Central
Laboratories site investigation reports:- Sherwood Colliery;
Elsecar Colliery (2); Mynydd Brithwaunydd Colliery; Western

Colliery, Nant-y-Moel.



1.5 Breakdown Mechaﬁisms

For a shear plane to- beceme established, there needs
+(e.g, < 200B:S.) i

to be a zone of flneAmaterlal in which two relatively smooth,
dlscrete surfaces can develop. Colllery dlscard is generally
a well -graded material with the largest partlcles being up to'
about 100 mm across, and often less than ten percent of the
material passes the 75 microﬁ:(B.S.No. 200)~sieve. Further
b:eakdown towards fundamental particle size will need to £;ké
place before a shear plane can develop.l.

When shearing materials such as colllery dlscard
the writer feels that the concept of a sheap "zone" would be |
mofe suitable than the convent;onal shear plane principle.*
This cencept requires that for much of the shearing procese :
there is no discrete shear plane. Instead, movement:will
take place along the weakest path in a zone around the line
of enforced shearing actlon. Further dlsplacement may affect
the material in this zone so that the shear movement may take
place along a more direct ﬁath.

It has been recognised that the reduction of shear .
strength in colliery discards is the result of a comminution
process. (Taylor, 1973). This process probably has two
separate constituents:

(i) Inter-particle attrition due to movement;

(ii) Particle breakdown under stress.

* For the Littleton tip failure in 1970 it was observed that
particles had been rounded in response to the movement for

a distance of up to 4.5 mm either side of the shear plane.

(Taylor ,. 1973)



Pfocess (i) will be basically é function of disélacement,
the rate of_aftrition perhaps increasing as the normal'stress
across the shear zone increases. Process (ii) will bé vef&'
dependent on the stress levels around the éhear zone. For
" a shear-box test this depends on the'vertical loading, whilst
in a tip the height will be the governing factor. |

The final developﬁent of é comple#e shéar plane may
bé preceeded by the eéiablishment of separafe local shear:
planes in parts of the shear zone where sufficient fine .
material has been generated. If these develop, then mucﬁ
greater shear stresses will be éoncéntrated on the intervéning
regions} ﬁhich can'rgsult in rapid breakdqwn (especially by -
process (ii)),_leading to the establishment of a single
complete shear plane. -

' ﬁost shear-box tests are . carried out-in the normal .
stress range below that required for significant breakdown_ég
a-cénsequence of normal stress alone to take place. Thus thé
attrition proéess alone will be available for the generatio#
of fine material(i.e. fragments moving towards fﬁndamentai
pafticle sizes). With the conveﬁtional reversing shear-box
the fine material tends to escape from the shear zone through
the gap.separating the two halves of the shear-box. This can
result in the condition being reached when thé fine material
is lost as rapidly as it is formea,.this equilibrium condition

giving rise to an apparent "residual" shear strength condition.

1.6 Selection of Samples

"The requirement was for a representative selection -

of samples throughout the range of coal rank. The matter 6f



from which region each sample was to be obtained was decided -
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by the National Coal Board.

Rank

"Rank’

Rank

Rank

. Rank

Rank

Rank

101:

301

The samples were as follows:

Cynheidre washery (West Wales area)

material from the Big Vein seam. ' Coal floors and

mudstone roof;

Morrison Busty washery (North Durham area)
material'frém the Harvey Seam (N). 10% roof, 60%
band, 30% floor; - | | h
Bershanm colliery (Nofth.Western area)

material from the Prince and Queen Seams. 75 mm

" band of mudstone and 75mm of fireclay floor;

600:

7005

802:

902:

Easton colliery (Scottish. South area)

material from Wilsontown Main Coal Seam. 200 mm of
di;t'from ﬁqof and bands in seam;

Askern colliery (Doncéster area)

material from the'Warren House,(Barnsléy) Seam. 
Proportions-of roof and floor ﬁot estimated;
Ollerton co}liery (North Nottinghamshire area)
material from the Top Hard Seam. 15% mudstone
seatearth;_zo% dirt bands; .

Blrch Copplce colliery (South Midlands area)

" materlal from the Bench ‘and - Top Bench Seams. 60%

floor, 40% roof.

In addition, during the period of the research,

material from Tip.No.3 at Orgreave colliery  (Seuth Yorkshire

area, Rankfsoz)'ﬁas-tested im connection with engineering

works taking place there. Resultis. from:the tests om thie

material are included as they provide a comﬁarison between

ex-washery and tip material.
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CHAPTER 2

EXPERIMENTAL TECHNIQUES

2.1 Geochémistfy'and.minefaldgy

All samples were subjected to chémical and
mineralogical analyéis. The purpose of this was to identify
any ﬁonstituénts which could affect fhe shear strength |
properties. In addition, the samples could bé doﬁpared witﬁ )
prefious.work on coliiery discards; A small portion of éach:
sample was dried-and ground to a fine powdér'in a'tungsten

carbide.disc mill.

The chemical analyseé vere perfo?mea using a Philips
P 1212 Autométic Sequential Analyser. X-Ray Fl@@rescence (XRF)
machine. Part of éach ground sa@ple was formed iﬁto a small-_
pellet suitable for testiqg by the ﬁachipe, The samplé is f.'
' i;radiated with a monochromatic X-ray beam. The constituent
eiements in the sampie flqbreéce at chafaqteriétic freéuencieé,
and fhe intensity bf this fluorescence permits thg elemental
concentration to be calculated by compaiison with selected
standaidg. These standards have been previously analysed by
wét chemical-methods. The output from the anal&ser is-in-the
fprm of radiation intensities at certain ffequencies. A
cémpuﬁer'program has been developed which reduces this data.
" to élemental concentrations, and also corrects for absorption.w
(Holland and Brindle,1966). The results, except for sulphur,

are expressed in the combined oxide state.

‘Samples for mineralogical analysis were prepared by
mixing 0.45 grams of the ground material with 0.045 grams of
‘boehmite, which was used as an internal standard. A fine

layer of this mixture was then spread onto a small glass plate
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to produce a smearnameunt; For this, acetone was used asfa
dispersing agent, for its high tolatility-inhihited particle
re-orientation.. |

| The samples were theh-examined in a Philiﬁs Pw'113q
kW Xfray"diffractemeter (XRD) machine, using iroh4fi1tered_
cobalt radiation. The results apﬁeared.as a diffraction

chart of counts per second against diffraction engle. In order

to determihe expahdable mixed-layer clay minerals the samples

.were treated with ethylene glycol for 24 hours and then

 re-examined. The basis of this method is that the ethylene

glycol. is absorbed into the basal lattice of the expandable'
clays; thus altering their diffraction properties.

The diffraction traces were'interpreted by measuring

the peak areas of dlagnostlc reflections (d-spa01ngs), p31ng

a polar planlmeter. Us1ng curves previously prepared at Durham,
quant;tlve agsessments were made of mineral by comparing ‘the

peak areas with the area of the peak due to the boehmite 6 114

reflection.

Carbon was determined using the absorption method
(Groves, 1951). :This method involves the decomposition of
any carbonates by orthophosphoric acid and the absohptioh of
the purified 002 on self—indicating sofnolite. The organic
carhon is then oxidised to COz'by orthophoséhohic and chremic

acids, and the gas is again absorbed on sofnolite.

2.2 12-inch shear-box tests

2.2.1 Bex modifications

Large strain shear tests were conducted on samples

passing 'a 37.5mm sieve. A modified Farnell type 305 12 inch
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gheéf4bdX'was used. This sheag%box had been designed for the
évaluatiﬁn of ﬁeak stEenéth 6f aégfegatea; aﬂd had to be R
.extenéively.modified before it-waé Suitablg for'lérée- |
- étraiﬁ shear tesfs. Thgse'modifiqations are bfiefiy descriﬁéd,
and are illustrated in Pigures 2.1 and.2.2. J__.E=f{_ o
" As délivéréd, the drive,ﬁétof of thé-ghéér-bo;_yés_-.

révergible;:but.the thrqsf ram was not:rigidly attaéhed-téithe '
. lowér half.of thelbox. Consequently, the box was not d:aﬁn'7
: back_when:thé motor was reversed. A new thrust ram was g
manﬁfactured with a flange at the end adjacent to the box;-_;
This was firmly attached to the box with high tensile steel
bolts;' The new ram wés<ﬂm designed iﬁﬁofder fo provide & |
longer tr;vel (40mm ‘instead of 25mm). There were.two reasons .
for this: | |

. '.(i) To investigate furthép'thg riging Sﬂééfmforée 1
observed_tbwards the end of rpns_in p;evioﬁs:#ests.f

_(ii) To'inéréase.the OGgrall“displacement.oﬁtained
in a test seriés.. Half of this will be forward travel,
which is m§nitored, | -
The geaiébéx housing the thrust ram had to be
extended to accomodéte the léﬂger ram. This was achieved.j'
by plaéiné a'tubulgr collar én the‘sidg of'theféear-box away
. from thg'tbfuét ram. Th¢ thrﬁst bearing for the provinglrigg'
- was then;mounted-on this collar. "
| In o;ﬁer to obtain sheariné of ﬁhe sample upon

reversal of the box it is necessary to restrain movement of.
the upper half of-the box. To achieve thié, a bracket was
ﬁounted on the structural framework of.the apparafus adjacent .
to the centre of the loading yoke crbsshead. A large steel'

bolt was screwed through this bracket to bear against the

" *Durham Ahnual heﬁort-to N;C.B., 197é-j
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érosshead. This bolt prdﬁidés a means:of setting the proviné
ring to éero before the start of each.ruh.

o Also necessary to ensure sheafing of the sampie;:
when the box was revérsed was soﬁe paékiné befween the ldﬁer
_haif of the shear-box and the side of the wate:éreservoir-ﬁ;_'

away from the,thrust ram.

A.problem resulting frém large strain reversing_
Shéar tests is the escape qf material fhrough the separa£iqn{
between fhe two-ﬁalves oflthé box. Materigllis initially
trapped on thé.flanges at each end of the box dﬁe to the.
reversing action. This. increases the separation'of the_twb
parts of the box, fhrough which a significaﬁt bért of the'
sample.may éscape during the course gf many runs.

An éttemft-has been made-tq minimiée this problem
by the fabrication of a yoke which can be.tighteﬁed down on
the end of the upper half of the Qhear-box away from the |
fhrust ram. This was done:during the reversal of the box, .
when no ieadings were taien._ This eliminated further loss
of material .during ieversal, and also forcibly reduced the
separation ﬁetﬁeen the two halves of the box.. The yoke was -

released before the stért of the forward runs.

Linear variable differenfial transformers (LVDT;s)
were.attached to the dial géuges which méasured the provingJ
ring compression and fhe vertical movemént of the sample. |
These movements wérg thus recorded on a Rikadenki B261 two

channel pen recorder. This enabled the apparatus to be run

without constant supervision.
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2.2.2 Experimental procedure

. In order to reduce the émounf of sample required,.
two 25mm thick.éteel.bars were placed below the lower piaté
of the shear-box. This still left 50mm of material belo-y_ th_e
potential éhear plane, which was considerably greater thén |
the thi&kneés of .any possible shear_zone. Penman (1971).
-states that the maximum particle gize to be tested is betyeén
1/4D.and 1/6D, depending on grading, where D is the smallest
dimension pf-the test specimeh. Using this Criterion,.thé
.testing of material up to 37.5mm in size cannot be justifie&}
“The éieving aﬁélyses"(Figure B.és—;iow that the wéllhgraded natured
of the material tested resulted in no more. than 40 per cent of
any sample being retained on a 10mm sieve. Such a particle size
distribution reduces the possibility of a concentration of large

E material -in the test specimen, which could result in an enhanced

shear strength. -

8% th. v . B fhe slightly reduced sample thickness
décreased the settlement dﬁe to consolidation, thus reducing
the downwards movement of the shear zone during the first
few :ﬁns. |

It was found impossible to satisfactorily compact
séme of the samples to their optimum density without éausing
extensive'breakdowh. McKechnle Thomson and Rodin (1972) have
shown that the effect of initial density on peak shear
strength is very limited. Figure 2.3 relates the increasing_
densify to the shear strength for a series of tests on one
of the samples.

On occasions, samplé congoiidation during the firéﬁ

few runs of a test series was such that further material had
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to be added in ofder to retain a satisfaétory sampie thicknegs.
A pre-loading technique was used for the shear—boi

tests. This involved teéaing one sample at differept normal
stresses, rather thah the testing of separate samples..With
the tiﬁe-availible and the digplacements invelved, the latter
method would have been i@practicable. The method used provides
onl& one point for the estimgtioh-bf peak'strengfh,
but a failure envelope can be prodﬁced for a known diépla@émenx
by perforﬁing successive.runs.at differing ﬁormal stressés.

| It is apparent from the results (e.g. Figure 3.28)
_thaf the material is éapablé of éainihg maxiﬁum shear streﬁgth
during-the run immediately féllowing'an increase in normai-
stress. It was the prabtice to alter the normal stress_ﬁefore
‘the box was revérsed foliowing the;iforwarghrun, Similarly,
it has been foﬁhd that test specimeng qgecgfeggdf froﬁza.
.;eduction'in normallstress in a similar period. An exampié'.
of this is drawn from the 60mm shear-box test results. For
" one sample (Bersham) the normal stress was reduced from 160
to 63.4 kl\T/m2 . Four éuccessive runs then gave shear stress _
values of 39.5, 40.0, 42.6 and 37.2 kN/mz.
| McWilliam (personal cohmﬁnication; also Durham Anmual
-Report.to National Coal Board, 1972), compared 12-inch shear-box

‘and 4-inch triaxial results for material from Isabella spoil heap

in No;thﬁmberlan@. It was found that for low confining

.pfessures (less than 260 kN/mz),-the results were compatible.

Triaxial tests were performed on the two extreme rank sémpigél

of the present series of tests. Linear regression results

gave: | |
Cynheidre: 4'=36° for c¢'=0;

Birch Coppice: d'=34.3° for c¢'=0.
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Corresponding shear-box results for the initial peaks weré

37.30 and 35.30, using the 12-inch shear box.

Once developed, the testing éycle-became: 14 runs
(abouf 1;1_metres total displacement) at a normal stress.of
'80.3 kN/m®; then 7 runs at each of 160.3 and 240.3 kN/m2.
For some samples one run was made at a further increased
normal stress before the unloading cycle commenced. This
" involved one run only at each increment of'unioading. Some
tesfs were discontinued before the full cycle had been
completed because of the loss of material between the two
halves of the box. Those samples with which this-hapbened'
are mentioned in the results.

When the.sample was femovgd from the shear-box,

_sthan :
a portion 1essk10 centimetres thick was removed from the
Centre_of the sample for the particle size distribution test.
This material was selected so that it would include the o
. region where material breakdown as a result of the shearing

.should be present. This sample was also inspected for any

evidence of shear plane or shear zone development.

Since a permanent record of the results was produced
by the pen recorder, complete runs could be made without o
"supervision. One feature of the shear-box as suppiied by
the manufactuier was a micro-switch mounted adjacent to the
thrgst ram. This micro-switch stopped the drive motor when
the thrust ram reached the end of its travel in either -Jf;

‘allowed |

direction.. This facility “%(T overnight runs to be made without
fear of damage to the shear-box. By the rapid reversal of'the

gshear-box after the forward runs, it was possible to make

two complete testing cycles in a 24-hour period. During the
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day afforwerd-run was made at.a strain rate of 0 lmm/mlnute.
This was fcllowed.py:rapid reversal of the ‘box at the hlghest
pcssfblelspeed (2mm/min). Another forward run was then_made
overnight at a strain rate of 0.0smm/rirute.

During sdne'of the-tests a pore-pressure monitorirg
system was arranged. - This consisted ef a. 'pressure transddcer-
sﬁich was connected to a pressure sensor which was placed in
the sample.clcse to the anticipated shear zone at'the time of
loading the shear box. The errangement is shbwﬁ diagramatfcally
in Figure 2.4(a). The pressure transducer was calibratedl
w1th a- standard pressure gauge. The calibration curve is'
illustrated in'Figure 2.4(b). It can be seen that the response
-of the pressure transducer is - . linear, The maximum
'resolutfon cf'the'digital voltmeter used was 0.1 millivolts,
whlch meant that pressure variations of greater than 2kN/m
could be detected. This was less than 5 per cent of the
iowest normai stress most-frequently used for testlng, and’
was thus capeble of indicating any moderate pore-pressure
buildup. |

| Tests showed that 1ong-term drift was a greater
problem than ary short-term changes in pore-preSSure. it_.
‘was found that even at the high straim rates present durihg
the reversal cf the box the pore-pressure{buildup was very
limitedX It was concluded that'at the strain rates used
durlng the forward runs the effect of any limited pore-
pressure development on the shear strength would be

-using

negligible. The practice ofAtwo distinctly different strain
rates for the forward runs provided an overall method of
monitoring the pore pressure. During no test series was

any variation in shear strength corresponding to the

~'#¥Less than the drift
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different strain rates observed.

The cnart outputifron the pen recorder was used
to provide data input'for a specially—developed.computer |
program which plotted stress-displacement curves for a
'Icomplete series of tests.." .- .. The ratio (shear stress/
normal stress) is plctted instead j%fi%ress so that runs
at different normal stresses can be plotted on the same :;
graph for compsrison. | | _

The program (Appendix 1) is provided with the
‘coordinates of'points at regular intervals along the'stress
line plotted by. the pen recorder, and elso with conversion
Ifactors relating the coordinate system to'the shear forcef-
and the displacement. Sets of date for.each run are used.
Ito prov1de a complete set of results. In order to make the
resulting plot as compact as poss1ble, the gaps in the
'stress-displacement curve due to the reverssls are'left out’
(i.e. forward travels only are plotted).

No correction has been made in the calculations
for changes in area. The ratio shear stress/ normal stress
is independent of area changes as these would be applied*to
both quantities. However, Petley(1966) has shown tnat for
even a one-third.reduction in area, only a 5 per cent :
correction to the-shesr strength would be in order.

Tt is felt that the other unknowns in shear-box.
tests; especially the interaction of the trailing edge df”
the box with the sample, outweigh®any benefits derived from
an area correction. It is incidental that the above effect-
seems to provide an apparent increase in strength, whichn-

is balanced by the decreasing area of sanple being sheared;
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2.2.3 Use of a load cell for shear force measurement.

Fleiure of the proving ring means that the stress
record plotfed:by the ben recorder is nof a true stress -
Sstrain.curve. - The difference is only pronounced at the stéft
-of eééh run when MOstuof'the applied displacement is takeﬂ
‘up by compression of the proving riﬁg as the shear gtress_'
builds up.

If compression:of the,proViﬁg'ring cquld be
eliminated, then the pen recorder would produce a true stfess--
strain curve. Such a.condition cannot-be easil& fulfillea..
However, a load cell of a suitable range would only require
a éompression of about an order of magnitude lower than the
equivalent proving ring. '

Such a load cell was obtained (Transducers (CEL)
 Ltd type CM48 LR). This was suﬁstitufed_for'thé proving -
'fing after modifications tc the mountings:. Ag immediate r
result was an apparentlincrease in the shear strengfﬁ of the
material being tested. Tests using the load cell and then a
provihg'ring on successive. runs established that the load
cell was producing results about 50 per cent too high (Figure

3.12). |

| Tests in a Denison compression machine proved the
-ioad cell to be véry accurate in the verticai position. It.
was concluded that the design of the load §e11 resulted in
incorrect'readings in the horizontal mode. The device was
returned to the manufacturers, who agreed to modify it.

After return from the manufacturers, the load cell
Qas again fitted to tﬁe shear-box. The results are shown_inl

EBigure %.8. It was apparent that not only was the load cell
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'81ill providing over-estimations of shear strength, but'algo‘that

the magnitude of the error varied with the stress-level.

'involved. The load cell was therefore removed pending

further consultations with the manufacturers, who are still

:attemptiné to account for the phenomenon.

2.3 60mm shear-box tests

These tests were performed in a standard 60mm -

‘reversing shear-box.

" The strain rate used was 0.06mm/minute, which was
compatible with the lower strain rate used for the large

shear-box tests. No automatic récOrding was fitted to the
buts.

. small shear-boi;ZT§ey manual readings were taken, however, as

the main boint_of interest was the shear strength at the end

of each run.

The material used for these tests was sieved froﬁ the
main sample such that only material passing a 1200 micron-
(No. 14 BS), but retéined on a 600 micron (No. 25 BS)_sieye_
was used. This-made the breakdown of material more noticeaﬁle.
For all samples at least 30 runs (giving a total displacemegﬁ
of about 0;5 metres) were performed at a normal stress of

133.7 kN/mz. Further runs then took.place at increased

" ‘normal stress, and finally an unloading cycle took place in

a similar manner to that described for the 12-inch shear;box.
A portion of the sample was retained for the

sieving analyses. The entire thickness of the sample was qsed

for tﬂis test. At the same time #he sample was inspected -

for shear plane and shear zone development.
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When the_basic series‘of tests had been performed on
511 the sampleé, further experiments were conducted on
selected sahplés to investigatg thé effect of'ﬁormal st#esﬁ
on the ;ate of reductioh of éhéarlétfength. Thé maferial
:uéed fof these tests was of tHe éaﬁe-narrowﬂsiie range as

for the earlier tests.

Also-pefformea were spme.tests'to establish tﬁe-.
. ghear Strengfh of intécf.pieces of shalg. For thgse testsz
selected small pieces of shale were cléaned. A'specia1 .
mould 60mm eqﬁére and 25mm deep waé manufactured. Also ﬁ
block 60mm square and 12.5mm thick was obtained. The blo'ck' _
Qas pla;ed in the bottom of the mould, and then half of the
piece of shale was cast'into a 12.5mm thick layer of dentall
;piaster placed over the block. . When this had set, the block
.was removed and the upper surface of the plaster was coéted
“with greasé. A further layef of plastgr_was then cast
over this. This method successfully held the shéle sample .
between the two piecés 6f plaster, while leaving a-distihct
sﬁear plane iﬁ the plaster. .

These samples'we:e shear tested at a strain of
O.5mm/minute. This permitted_a'large number of tests to-be E
- performed in a'short time. Samples were sheared beyon@’;l
faiiuré so that an indication of the order of the residual -

shear strength could be established;

2.4 Classification and fundamental properties

The following tests were performed in accordance
with British Standard 1377:1967, amended where ﬁecessary byﬁn
the National Coal Board Technical Memorandum (1969).

(i) Moisture content
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(ii) Specific gravity

(111) Atserberg Limits

2.5 Other tests

2.5.1 Weathering test

A portion of each of the seven main samples was

- placed in a specially-made wooden box, which was then placed

on the roof of the Engineering Geology laboratory. The

contents of the box were photographed at intervals (Plateéj

.3.1 and 3.2).

This simple weathering experiment indicated.thé
styles of weathering which the various 'ranked' samples have
undergone, and also proyide& an indication of the specific

rock types which are susceptible to atmospheric'(climatic)

degradation.
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CHAPTER 3

'DISCUSSION. OF .RESULTS-

3,1 Chemistry and mineralogy

. The results of the mineralogical analyses are listed
in Table 3.l. These results, however, should only be regarded

as semi-quantitative, for variations in crystallinity can

_significantly.affect X-ray diffraction analyses. The chemistry

of the samples is controlled by the mineralogical comﬁonents,
and. embody a much higher degree of accuracy. For this reason,

these -results (Table 3.2) will be considered first.

The alumina can be aimost_entirely attributed to the
clay minerals, together with K, Na, and part of the Fe, -
ﬂg and Cay-. For this reason, it is usefﬁl to exﬁress the
chemical analyses as oxide/alumina ratios (Table 3.3).

Table 3.1 has been normglised to 100 per cent, and
from this it can be seen that the 'as received' discard from

Birch Coppice contains about 25 per cent organic-carbon

.(mainly coal). In contrast, the sample from Ollerton contains

only 5 per cent.organic carbon. Previous work (Taylor and
Spears,1970) has implied that a high percentage of the mineral
pyrite (FeSz) originates from coal, and also that carbonates
aré commonly found on the faces of the coal cleats. The

trace pyrite and ankerite-(Table 3.1) are frequently froﬁ.this
source. The high sulphur content of tﬁe Birch Coppice sample
undoubtably reflects the high coal content. |

The total Si0, figure in Table 3.2 comprises_bofh

2

free silica (quartz) and that combined largely in the clay

minerals. The combined silica/alumina ratio provides a guide
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to clay mineral type.*

Tne combined silica/alnnina ratios reveal tnat the
samples from Easton, Morrison Buety and Birch-Coppice should
‘be Kaolinite—rich. ‘'The Bersham and Ollerton‘sambles also-
‘have a moderate kaolinite‘content. The sllghtly higher ratlos

~ for the Cynheldre, Askern and Orgreave samnlee suggest a
domlnance of the illitic mlnerals. The ratio. for the Cynheidre
sample is not as high as the mlneralogy would suggest, but . |
this could be a result of the semi-quantltatlve determlnatlon

u for the quartz. -

.A‘better.indication'oflthe:micaceoue-(illitic)
minerale_is'the wholly chemicai'KZO/alumina ratio, for
potassium is an innortant_interlayer cation in these minerals.
 This ratio reveals that the Cynheidre, Askern and Orgreave
samples are.rich in illite, while the very iow ratios for_tne
Morrlson Busty, Baston and Blrch Coppice samples 1nfer a

.domlnance of the other maln clay m1nera1 kaollnlte. .

By plottlng the peak area ratlos (Flgure 3 1) it is
.possible to compare the current X-ray data with the known )
clay mineral variations already found for the Brltlsh -
coalfields (Taylor and Speare, 1970). These results, whlch
do not inclnde any correction for crystallinity, subsiantiate-
the conclueions.drawn from the chemical data. The clay |
mineral'contents show a generaliy higher nroportion of mired-
layer claj compared_ﬁith previous.work. This is most likelyr

the result of a slightly differing experimental technique, in

*Kaolinite has a theorétical combined gsilica/alumina ratio'of'-
1.2, while illites like the reference Fithian illite (whlch

includes mixed- layer clay) have ratios of around 1.98.
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whicﬂ the sample is deposited onto a porous-disé ins£ead of'
the current smear mount technique. The former méfhod ephances
preferred orientation, which reduces the efféct of the
expapdable clayﬂmingrals when the sample_is:glycolated. .in
..ptﬁer words, the émaller élay platelets such ‘as mixed-layer
-clay arelsucked into the pores. With the smear mountgléomé
sedimentation must take place, soithat the smaller platélets
are.preferentially'scanqed.‘"

The presence of_a high kéolinite content is,belie%ed-

to precludé immediate slaking (Taylor and Spears, 1970). It .
has also been shown that a hlgh mlxed -layer- clay contént
promotes slaklng in water. All the samples with the exceptlon
of Easton (4”per cent), have mixed-layer clay contents between
18 and.22 pexr. cent. The figures-for Morrison_Busty and Birch
Coppice are slightly higher than the others. _Previous erg
Taylor and Spears, 1970) has revealed mixed-layer clay contents
of 21 and 23 per cent for the Park floor and the Brooch
‘seatearth respectively, so the 22 per cent content of the
Birch Coppice sample.(whicﬁ“cpﬁfains 61'pér”eént-floor
material) is not altogether unexpected. The Morrison Busty
"washery handles material from the Harvey seam. Pearson and
Wade (1967) have previously reported :that—at Fishburn colliery
. the Harvey seam floor contains at least 30 ?er cent mixed-
layer mica-montmorillonite. Thus the high mixed-layer clay
coﬁtent of the washery_discard is not surprising.

The high kaolinite content of the Birch Coppice
sample was surprising. To investigate this further, a piece
of roof material was selected, and this was subjected to a
separate qualitativé XRD examination. This material contained

a dominance of illitic minerals. The high kaolinite content
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of the.bulk sample therefore reflects on a kaolinite-rich
floor material. | | | |

The mineralogical analyses of Table 3.1 and Figure
3. 1 reveal the- distinct regional varlatlons in mlneralogy.
Care should be taken, however, in the consideration of the'
subsidiary clay minerals, because of pos31b1e variations in.
'the distribution among the material.

Shear-box tests on the sccttish discard revealed'a
small quantity of exceptionall& resistant mateiial. This'sas
subjected.to a'separate'qualitative XRD analysis. The results
indicated that-the material was a clay~-ironstone (Siderite,
FeCO ), which was concentrated 1nto gravel-slzed fragments.
:ln no other samples were such concentrations observed, yet
" the chemical analyses (Table-3;2) show that the overall fron
content of this sample was not exceptionally high.

‘The iron content of the sample from the tip at -
OrgreaVe_was noficeasly,higher than for any of the ex-washery
samples;. This high iron content had no sigmificant effect
on.the mechanical properties. It is possible that this iron
-Qas mainly in the form of limomite, a less durable.form of
iron oxide, as a result.of weathering. | _

The kzo/alumina ratio.is_high for Orgreave, and the
shape factors (Table 3.3) imply that it may be marginally,
more crystalline than other samples. This would in fact
suggest that leaching out of Kt and other readily extractible

ions is not significant in the Orgfeave material.
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3.2 Weathering tests

The photographs in Plates 3.1 and 3.2 reveal the:

dqndition of the samples after certain periods of exposure to

- the weather.* The.first photograph in the sequence was taken

threé'weeks affef:the samples had been put out. Tﬂis was
“after rainfall had cleaned the samples, removing fines'from

the lafger ffagmen%s, but before significant breakdown had
taken place. - The samples were initially exposed in mid-autumn
(27th October). The photographs were taken on 17th November,
19th December, 3rd May and 14th Augﬁst. After the final
photograph in the sequence, the samples were carefully examined
in. order that material prominent in the photographs could.be

accurately identified. The observations are recorded below.

Sample 1 (Cynheidre)

Little identifiéble breakdown todk place between the
first and second. photographs. After the winter, however, some
breakdown was becoming widespread, and this became very
extensive during the last few months of the test. Inspection
revealed that coal and some ironstone nodules had been liftle
affected. Pieces of_carbonaceous-shalé‘#ere starting fo
disintegrate along the laminations. The seatearth material

had extensively broken down.

Sample 2 (Morrison Busty)

In this sample initial breakdown was limited, but by
the time of the third photograph the floor material had
extensively disintegrated. The inspection revegled that some

siltstone material was also starting to break down along

*-Boxes'left on the roof of Engineering Geology Laboratories,

Durham.
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laminations, while pieces of coal, coaly shale and sandstone

remained unaffected.

Sample 3 (Bersham).

Agaln, little detectable breakdown took ‘place betweenl-
- the flrst and second photographs, but by the time of the thlrd
photograph, howevgr; extensive disintegration of some materialg
had occufred. This -had increaséd.further by the time theﬂfihal
photogréph.was taken. Identified as resistant material were
small pleces of sandstone and some coaly shale, although the
latter ‘was beglnnlng to split in places. The seatearth

-material had extensively disintegrated.

Sample 4 (Easton)

This sample proved the most resistanf of those
tested. In the process of disintegration at the end of tﬁe.
‘test were pieces of roof material and siity mudstone.

- Apparently unaffected by the weather, however, were pieces of

sandstone, éoal, coaly shale and clay-ironstone.

Sample 5 (Askern)

Breékdown was observed with this material during
the first féw weeks of'expoéure, By'the_end of the winter
a considerable amouht-of material had extensively disintegfated.
'.Furthér weathering left a small number of pieces of resistapt'
material among a large amount of fines. There was littlg.
sandstbne in the sample, and the .resistant material was a
coaly shale, which was starting to breakdown by the end of

the test.

Sample 6 (Ollerton)
Weathering had rapid effect on this sample, which

resulted in an eafly reduction of general particle size.
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By the end of the test period a considerable amount of fhé
material had exténsively-disintegrated. .Intact at fhe end of -
the tegt were small pieceslof coaly shale, ironstone and fine

sandstone. " -

Sample 7 (Birch Coppice)

It took a considerable time for the weather to
remove the fines and. the separate the pieces. For this reason
any early breakdown has been difficult to detect. By the time
of the final phbtogrgph much of the-samfle had broken down
into fine material, A surprising amount of laige maferiél '
.still remained. This was identified as being mainly coalr
(the sample contained ébout-ZS per cent-organic carbon). There
was also some ironstone...Pieces of dark shale were splitiing
'along the'1aminations, while the seatearth mﬁterial had .

extensively disintegrated.

3.2.1 Summary of visual observations

The visual observations agree well yith the
‘behaviour predictable froﬁ the mineralogical analyses. The
samﬁle which had by far the lowesf mixed-layer clay conteﬁt,
Easton, showed less breakdown than any other sample. The
other samples, containing about the same propdrtions of miied-
layer clay, generally showed similar breakdown patterns. It
is not'possible to identify a delayed breakdown in thé'
kaolinite-rich samples. It will be recalled that in the cése;
of the Birehveoppiﬁe;samplé'thé Iatter~mdteriﬁi*is'conceﬁtratéd
in the floor debris whiéh“in ahy case is subject to breakdown
along slickensides.

The extent of the resistant material generally

correlated well with the carbon contents of the samples. This
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i3 especially meaningful when comp#ring the.011erton'and

Birch Coppice saﬁpleé.-.The former, with a very low carbon:

} cdntent, éohtained'few.ffeces of larger material at the -end L
of the weatﬁering tqét. In the latter sample; much of'the_ 

Isurviving large material could be attributed to the high ::

carbon content.

This simple-sequence of exposure to the elements
clearly shows that coal and highly-carbonaéeous shales are
pérticularly'resisfant 16 weathering. ' These materials and_
ironstone were also found.to_be highly resistént in the

Yorkshire Main investigation (Spears et al, 1971).

%.3 Shear-box tests

3,%3.1 12=-inch shear-box results

~For the 12-inch shear;box tests at a normal stress
of 80.3 kN/mz, vériations in peak shear stress were from a
minimum of 56.8 kﬂ/m2 (Birch Coppice) to a maximum of 72.7
' kN/m2 (Morrison Busty). These peak Values_are.shown in Figure
3.3(&). No distinct correlation with rank is apparent. More
interesting is the shear strength reduction during one”métre.
of'd15p1acement'(Figure'3.3(b)).' The Birch Coppice sample
show§ a much greater drop in strength (42 per cent) than any
of the other samﬁles,'which'range from13.5 f&'ZB'peg“cent _
reduction from peak strength,

Figure 3.4 shows the failure envelopes at the end of
the 12~inch shearfbox tests on the different samples. The
values used for the production of the enveiopes are contained

in Appendix 2. . It is difficult to compare these results
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-because of the different displacements involved. Material
loss céﬁsed the prematqré termination of the three shortést
rﬁns; Howe&er, it seems reasonable to observe that the

. material ffom Easton:pro§ed most durable, and that from Birch
'Cofpice fhe.least durable. The ‘latter sémple was the oﬁly |
onelwhich appeared to reach residual shear strength during
the test series (re-orientation peakﬂ‘were detected on the
stress-displacement qurveé of the'lést few runs). |

Ingpection of samples after testing revealed that

a well-deve;oped'shear~plane haﬁ formed in the Birch Coppipg
‘sample, and also that small parts of the Askern and Ollerton'

. samples were slickensided, but no continuous shear planés had
developed. With the higher rank matérials'shearing had
caused the development of a zone_of broken-down ﬁaterial
throuéh the sample, but no evidence of any slickensides couid

be detected.

' 3.3;2 60nm shear-box results

The initial period qf testing was performed at a
normal stress of 1}3.7 kN/mz. The peak shear;streéses_(Figure
3.5(a)) show a much greater degree of uniformity than the
large shear-box rgsults. The peak stress of the Birch Coppice
material (85.7 kN/mz)_was.noticeably lower than the others;“
which rangéd between 93 and 104.6 kN/mz. This uniformity
of peak stress suggests a dependence of peak strength on |

grading. For the 12-inch shear-box tests the material was

* Prévious work suggésted that such a-peak could imply the
formafion of a discrete shear plane (Durham Annual Report to

National Coal Board, 1972). The current work confirms this

view.
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féstéd_with_the gradiﬁg 'as delivered', whereas the small
shear;bo¥_tesfs'were performed on material Af'a particular
size range (betweén 0.6 and 1.2mm).

The réduction_in'shear stress duriné.the small shear-
box tests was générally larger'than for the large shear-box.
There areltwo possible reasons for this: |

(1) The tests were performed-at a higher normal stress.
(ii) The smaller size of the material tested.
It will be shown later (Section 3.9) that the normal stress is
a dominapt factor iﬁ the rate of reduction of shear strength.
Statistical c§rrelatiops (Séction 3.7) reveal a dépendgncy of
shear strength on particle gize and its distribution. |

The sample from Easton showed very little shear
stréss reduction.(7.6 per cent), whilst. the éame'displaqement
was sufficient to reduce the Birch Coppiée material to the
residual shear strength condition. Also showing an'exténsiVe
reduction-in shear strength at this normal stress was thé
Orgreave tip material (39.5 per cent). -

Apart from the samﬁlés already mentioned, the othepé
'~ were reasonably consistent in the extent of bfeakdown in the

two different shear-box tests.

3,4 Results of sieving anélyses

The fange.of particle size distributions for all
samples as delivered is shown in Figure 3.2. Figure 3.6_
shows the range of the size distributions after the 12-inch
shear-box tests. It can be seen that some reduction in
particle size has taken place with all sémples.

Table 3.4 lists the median diameter, Trask sorfiﬁg

coefficient (/@75/P25)) and the fraction smaller than T5
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.microns.for before and after the lééinch shear box tests,:amd
for after the 60mm shear-box tests. fhe,standard:Uniformity .
Coefficienf was not used since it'was not feasible to
-'determine the 10 per cent passing size for certain samples
"(Figures 3 2, 3 6 and 3 7) The Table demonstrates that the
three different parameters used for describing particle size '
distribution do not all vary similarly. It seems possible.-
fhat the'percentage of material passing the B. S: No 200 sieve
(75 microns) may have a greater effect on ‘the shear strength
properties than either of the other two parameters listed.:
:(Seution 3.7 discusses the correlations) All samples.
exhibited e decrease in the median diameter and an increase in.
" the Trask sorting coefficiemt and.the.percentage passiné the |
fNo. ZOO'sieve.' No sysﬁemafic change. in these parameters-mas
recorded; | |

| The:range of particle_Size;distributions-at'the.emd
of the 60mm shear-box.tests is showh in Figure 3.7 These'
results can be eaSily compared since all tests started Wlth the
same particle Size distribution. The sample which showed very
little reduction in shear strength,. Easton (Figure 3.25), also
shoWs very little material breakdown. Similarly,'the Birch .
'Qoppice sample, mhich revéaled the greatest reduction in1.
shear strength; also shows the éreatest'breakdown of material.

| An observation concerning the 12einch'shear-box' t
results shows thatlthose samples which contained the greatesf
.fraction smaller than 75 microns after the shear test (Figure

3. 6) all showed well defined peaks during the first run. .
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3.5 Summary of properties for each.sample.z

Thé results of the various sfandard tests performéd
but not alréady discussed are contéined in Table 3%.5. Aléo '
Iincluded in the table is a summary of the shéaf strength
chéracteristics:for each samfle, -The moistufe_content figures
are for the ex-washery samples as_recéived. These figures can
be regarded more as a méasﬁre of the effectiveness of the.
sealihg_of the samples, rather than és an accurate indicatibn
of the ex-washery moisture content. The two lowest ranking
samples, however, contained a surprising amount of moisture,
despife a dry appearahce.

| a Diagrams showing the stress-displagement curves for-
thé large and small shear-box_tests'foi each sample, also '
the failure envglopes at the end bf the tests and the
correéponding siéving results, are contained_in figures 3.7 -
3.39.

In order to compress the stress;displacement curves
to a reasonable length, without losing detail from the
individual runs, only the forward runs have beeﬂ plotted.

The equal displacements corresponding to the reverse runs h#ve
been omitted. For a complete set of runs (forward and reverée)
however, total displacement will therefore be equivalentftoi
twice the forward displacement. Forfthe 60mm shear-box reéuits,
only the fihdl point for each run has been plotted. It is
.apparent|f;§m'these results that several runs may be required
for the maéérial to reach peak strength. This is a result of
the uniform grading of the material being tested, which hés a
high'void.ratio at the start of the test. As the test

progresses, breakdown will fill many of the voids, thus
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[L2-inch- shear~box|60mm shear- | moisture plésticit§ |
_ . . o 8.G. -
'sample ppeak g#'|res ' |box res.g' |content index
Cynheidre| 37° | 28° | 28.5° 10.3% | 2.13 | m2s - |
. 'o ‘ o] ‘ 0. } ) L
Morrison | 42 310 . 36 11.6% 2,28 T7.48
Busty . : . . :
Bersham | 40° | 29.5° 32° 8.8% |2.31 | 7.20
_ Orgreave' 399 ' 24o 17° 10;7% 2.13 ;'10,84
Easton | 39° | 35° 35°° | 12.2% 2,15 | 4,63
Askern | 35° | 22° 17.5° 9.1% |2.09 | 9.47
Ollerton | 37° | 26° 20° # 13.8% |2.25 | 13.02
Birch o . o ' o
Coppice| 35 15.5 15 14.7% 2.04 11.89. -

note: All shear strength results are for c'=0, except where .
othéfwisé indicated.

* TFor c'= 30 kN/m2

Table 23-5
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increasiné'the_densitf and the shear strength. Although it

has been shown earlier that for the lé-inch shear~box thé_

initial density had little effect on shegr strength, for the
small_shéar-box tests the ihcrease in density ﬁas sﬁch that --
ah'iﬁcréase in shéér stréngth did result. Many of the'éﬁéll
shear-box tests started fo show an increase in shear stﬁength
after about 0.5 metres total displaéement. This is thought “
to be an effect due to the mechanics of the reversing shear-

box, which has already been discussed in Section 1.5.(Matq5£§l"}9§§l;"

3.5.1 Cynheidre discard

Figure 3.8 shows the streés—displacement_curve for
_the'large shéar-box test on this ﬁaterial. Thé reéult_incluaed
is for the third test on thig méterial._ The first two tests
ﬁere performed using the load cell for the shear force
measurement, and are therefore unreliable. In Figure 3.8,-
the-féur runs ‘showing enhanced values were performed using the
load cell. These show the dégree of over-estimation of sheéf
strength by the load cell. The diagram shows a_poorly.defihed
peak and a slow,'gradugl reduction in shear strength with
increasing'dispiacement. The 60mm shear-box test shows a
more rapid reduction in shear strepgth once the peak st;ength
had been achieved (Figure 3.9). "However, after about 0.6
metres total displacement, no further drop in shear. strength
was observed. |

Figure 3.10 shows the failure envelopes at the end
of the two separate tests. The results are réasbnably similar

in view of the differences in testing techniques and
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displacements. Figure 3.11 demonstrates that for this material
the greatest particle siée redudtioﬁ has taken place in the
medium size range (i.e. generaily less than medium gravel

sizes).

3.5.2 'Morrison Busty discard

~ The 12-inch sHear-box stress-displacement curve for
this sample (Figure 3.12) ig difficult té interpret because
it Contéihs a ﬁixture of résultslusing either the proving ring
or the load cell for shear force measuremeént. The difference
in the résulfs obtéined by theée'twojdifferent methods ié |
very distinct. The proving ring results do show a small,
'grédual reduction in shear strength. The small sheér-box .
results (Figure 3.13) show a similar'frend; but the results of
this test series were variable. The gréding of the material
after this teét (Fiéure 3.7)'shoﬁs that very little breakdown -
.had_taken place. Figure 3.15 confirms a simiiar behaviour
for the'large sample. |

The overall failure envelopes (Figure 3.14) show

that.the two different.sﬁear-box tests give compatible results.
Some degree of curvature is evident, but this shogld be treated
with caution, for the points used.fér defininé the envelopes
were obtained at significantly different disp}acemeﬁts. Theée
‘points were the final résult at each ioad increment. Material
loss prevented the'usugl unloading sequence being adopted at |

the end of the tests.

3¢5.3 Bersham discard

The 12-inch shear-box stress-displacement curve

(Figure 3.16) shows a steady reduction in shear strength with
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increased displacement. A similar result occurred with the

60mm shear-box (Figure 3.17);'although this result contains

the puzzling phenomenon of a disfinct_suddgn increase in
shear strength after aBout 0;5 metres total displacement.

This is most likelylcaused-by the éhear-bbx;'rather-than being '

~a true property of the matérial,

When the failure envelopes fér the two tests are
compared (Figure 3.18), they show general agreement, Thé
large shear-box test, which was carried to the reasonably high

normal stress of 347.1 kN/mz, shows slight curvature. The

small shear-box tests- gives slightly loyer'strength valueé;

which.is probably a result of the material size, but could
possibly rgflect_iﬁgffdifferent mineralogipal_compogition of
the material tgsted.

Figure 3.19 shows that_there was an overall reduction

in material size during the 12-inch shear-box test. There was

'a similar reduction in the material size during the small

shear-box test (Figure 3.7).

3.5.4 Orgreave discard

This ex-tip material shdwed a much better defined -
peak in.the large shear-box test (Figure 3.20) than for ény of
the materials so far discussed. After-ihé;initial rapid drop

from peak-strength, further reduction in shear strength wés

s LI
i P A .

gradual;) == -. Increases in normal stress, however, did cause
{2 - { .

‘further reduction in shear strength. The small shear-box

stress-displacement curve (Figure 3.21) shows a similar
behaviour in this(éggpggjl{
The failure envelopes (Figure 3.22) show greater.

curvature for the small test sample. At very low normal



stresses (less than 100 kN/m ), the results are compatlble.
The s1ev1ng analyses (Figures 3 23 and 3 7) show an “overall

reduction in particle gize as a result of the:shear.tests.

36445 Easton discard

Figure 3;24.sh6ws that in the large shear-box test-.
the shear strength of this material fallsoff“verv little
from the peak strength, even at 1ncreased normal stress levels.
‘A similar deduction can be made from the small shear-box
results (Flgure 3. 25)

The two tests prov1de very close results for the
shear strength propertles. In addltlon, the extent of materlal
.breakdown for the two tests was very 11m1ted (Flgures 3 27 and
},7).: Thls would suggest that material breakdown is a prlme

factor in shear strength reduotion.

3.4.6 Askern discard

The large shear-box test on-this material shows a
steadv reduction of shear strength-with_increased disnlacement.
(Figure B.ée); ' The small shear-box results (Figure 3.29) d.
indicate a simllar'trend. This“figure, however, reveals that,
although the shear strength had v1rtually stablllsed at the _
1n1t1a1 normal stress value, an increase in normal stress
‘caused anfurther rapid decrease in shear-strength.

| It was Erggahly-thls period of testing at higher;:,-
‘in the small box
than—normal stresseskwhlch reduced the shear strength of the
small sample to the near-residual value for_ﬂ'_of 18_ |
(Fi_gure 3.3'0),. which is mut:h_—lower than tué result for the
large sample.. |

Material breakdown was considerable with both test“-
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specimens (Figures 3.3l and 3.7). Both spécimens contained
nearly 20 per cent material smaller than 75 microns in size

after the tests wefé.completed.

3.,5.7 Ollerton discard

A very well defined peak was reached on.tﬁe fifsf.run
of the 12-inch shear-box test (Figure 3.32) After the iﬁit;al
drop from peak strength, further reduction in shear gtreﬁgﬁh
took place at a very low rate.  The increases in normal stregs
had very little effect. The peak of the small shear-box test
(Figure 3.33) is very poorly defined, for.there geens . to be
a double peak beforé'fhe main reduction in shear strength tbok
place. This main feduétién-was rather more consistent thanl
occurred with many of thé samples. - |

The final failure envelopes (Figure 3.34) are of'
interest. For the large éhea;-box result, some curving of thé
enyelope is necessary at low stress ievels if it is to pass
through the origin. For the small shear-box, the failure
envelope shown was obtained by -successive small decreases in
normal stress. The results give an almost linear envelope
with a very definite éoheéion. Thé shearing angle of fhe
envelope is only 206. This result will be considered mofe
fully in Section 4.2.2.

| The particle size distribution test results (Figures
3.35 and 3.7), show that for the 12-inch specimen most
breakdown took place among the smaller material. The small

shear-box test gave a more general size reduction.

- 3.5.8 Birch Coppice discard

A'well-defined peak followed by a steady reduction



-52-

in shear strength summarises the 12-inch shear-box_test on_this_

‘material (Figure 3.36).' As mentioned earlier,'this sample.'

appeared to reach res1dual strength by the end of the test._

The main ev1dence for -this was the appearance of re-orlentatlon-

peaks. It has been mentloned earlier (Sect10n‘3 3. l)'that

- earlier work has assoclated the appearance of these peaks with
the development of a shear plane. " The present.work has ép

'conflrmed thls.

'In the small shear-box test (Flgure 3 37) a total l
aisplaoement of about 0.6 metres was_required to reduce this
sample to the residual condition. Of.considerable interest'in
thls result is the sudden drop irn shear strength after a :

dlsplacement of 0.35 metres. This may +"  -be the result of

shear_plane:development,'and is further discussed in Section -

4}2.2,

'- 5Flgure'3 38'hrings out'a point of special notee Thls_
is the closeness of the failure envelopes for the two shear-
box tests. This suggests that the residual strength_parameter.f

is a property of the mineralogical composition, rather than of

~the grading of the material. ‘Also of significance is the ;pg

linearity of the failure'envelopesn _ _

The grading curves (Fignres 3.39 and 3.7) show that
for_the residual:condition{ about 25 per cent of the]material.
is less.than 75 microns in size. It should be remembered:that
the samples used for these siéving analyses were about 50 to_"
100 mm thick'(12-inch:shear-box) and abéﬁﬁ 20 mm thick_(oonn-
shear-box). lt can be expected_that the concentration of fine
materiallclose to the shear plane will be muoh greater. The,
small shear-box test specimen showed more breahdown than for_:

any other material tested.
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3.6 Comparison of ;esults with.exisfing-information

. A summary of the majof ﬁarf of.récent research into
the mechanlcal propertles of colllery discard has been. |
produced by Wlmpey Laboratories (Natlonal Coal Board, 1972)
Among the materlals mentloned in this report were samples
from Agkern, Birch Coppice and Orgreave.

Much of the work was condﬁcted-on peak strengths,-'

" determined by triaxial tests,-mainly using-f£esh washery
discaid. For the iower normal stress_rahge,-ﬂl was found to
'vary:between about 34 and 38° for the Askérn material, depending
on_tﬁg_initial density. For.the Birch Coppice matgrial,.¢'

was fouﬁd td'be about 300, and virtually independent of-denéity.
The Orgreave material (ex-tip) gave a #' of about 320 close
to the origin,

The Askern figures agree wel; with the initial 12~
inéh shear-box peak (340). The shear-box work of the curfeht
tests gave significantly higher results for Orgrea&e (380)
and Birch Coppice (350). For the latter material subsequent
triaxial tests shéwed a 8" of 34.30. These differenges could
possibly ieflect variations in the materials tested.

0f special note is the Wimpey“residual"test on
material from Askern. This was performed in a small shear-box
using material which passed a B.S. No. 14 sieve (1.2 mm).
The‘residuél"failure énvelope, obtained from four separafe_
tests,-up to a normal stress of 1000 kN/mz, is distinetly
_curved;_ At the highest normal stress, ¢"is down to only
9°._ This contrastg with the failure envelope at the end of the
corresponding test in the present series (Figure 3.30), which

is virtually linear over the stress.range tested.
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3.7 Correlation of results

. The'resu;ts were compared-by a cofrelation ﬁatrix
progrém. Table 3.6 contains the correlation matr;x-only fof
thosé:pfopertieﬁ'fbr which soﬁe correlétion was dgtected.'.
Origihally,-25 different variables were compared. -No |
correlgtion was observed bétWeen any of the‘properties and the
coal rank code:number. Alsq, no depend@nce cpuld be detected
betweep the'shear strenéth propefties tested .and the
mineralogiqal-composition; Results whicﬂ.shéﬁed signifiéénf
correlations are discussed below.

| Outstanding is the extent of the correlations befween
tﬁe shear strquth properties and.the_grading parameters.

Sﬁme confusion may result from the correlations between the
results from the large shear-box tesfs and the gradiné =
pafameﬁers for the small shear-box tests.. These correlations’
suggest tﬁat the behaviour bf small material is similar to the
behavioﬁr of the large material, and consequeptly_matérial
breakdown is an importantifactor_in the shear strength
p;oper%ies. Two méin dependencies appear.

A close:correlation was‘found between the peak
strength achieved in the largé'éhear-bok test and the median_'
diameter of the material aftef testing in the small shear;box,
A1l the émall shear-box tests started with the same median
diameter, so this correlation sﬁggests a relationship between
shear strength and haterial breakdown.
| The .'extent of_shear strength reduction in the léé
inch shear-box test correlatea closely with the pgrcentage

of material less than 75 microns in size before the test..

The suggestion behind this is that the extent of fine material
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controls the aevelopment of shearlplanes. .A similéf conclusiqn
.can be drawn from the corrélation between the extent of shear
strength reduction during the small shear-box test and the
TraSk'sartiné coefficient for the correqunding sample after-
.ﬁhé iérge shear-box test. .This péssibly_indicates that |
partidle distribution can-affect shear pléne_devélopment.

The'Plasticity'Index pré&ided several.significant )
corrélations, all witﬁ the grading parametefs. The most |
significant of these was the correlation between the Plgéticity
Index and the percentagé bf material smaller than 75 microns
after the large shear-box test. The Plasticify Index reflects
the clay content of the material, énd it is such matérial_which
yill break down to the finer sizes during the shear tgsts,

Two additional correlation matrices wefe formed. One
of fﬁese neglected fhe results for the ex-tip material
(Orgreave).  The other.did not include the results for the
. ﬁirch_Coppice-material. The purpbsglof fhese additional
matrices was to reveal any further correlations which maf
have been concealed by different charactefistics of either of

the two materials mentioned.
\ .

3,8 The shale tests

. Forty diffeiént sbecimens from two different.sgﬁp{es,
Cynheidre-énd Ollerton, were tested. ' The shear and.normél
stresses on each specimen wéré calcuiated by using the area.
of the specimen at thé_place of failure, measured after the
test. |

"~ The results are shown ih Figure 3.40. There is

considerable scafter, but it appears that the Cynheidre
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material has the slightly higher shear strength. This is

" to be éxpeéted,-both from the results of the normal shear

tests on aggregate materiél, and also from an&'poséible'rank'

"dependericy. For the two.materials tested, the rank contrast

. should have been adequate to bring out any felatibhship

between rank and strength.

It appe;rs that fhe fundamental difference betweén-
the.tWB samples is'that fhe.higher ranking material, Cynheidre,
éhowsla higher cohesion. ihe shgariﬂé anéle for the tﬁo
t&peé appéar té be about the same.. |

- Residual vélueé down to about 25 per cent of peak 1
strength Qere 6bserved.after displacementé of less than 10 mm,

It should be noted, however, that at this displacement, much -

" of the contact was between the shale and plaster, and no -

correction has been made for this.

3.9 Shear tests at increased normal stress

.To study further the pfocess of shear strength
reduétion; it was.decided to perform additional 60_mm sheér-;
box tests at higher-than-usﬁai nérmal étresseé.

-bﬁring the time available it was p&ssible to perfbrm
alseries"of tests at normal stress values of ﬁp fo 1500 kN/m?_
oﬂ materiai from Olleiton Washe;&. Iﬁ addition,'tests'at.

350 and 550 kN/mz oniy'were performed on certain'other samples.

'The material tested was of the same size range as for the-

previous 60 mm sheai-box tests. This enabled material
breakdown to. be easily monitored.

An additional 12-inch shear-box test was_pérformed

in order that the rate of shear strength reduction in the
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'two.different'shear-boxes oould7be oohpared.

" 3,9.1 Tests at different normal stresseg

étress-displacement curves for the tests at differeht
' normal stresses are shown in Figure 3 41° The materiai used
.for these tests was crushed from the main sample in order
to obtaln sufflclent material of sultable size., It is
possible, therefore, that the material for the 1nd1v1dua1 tests
was not cons1stent in compos1t10n. |

The general trend of results is very evident from :
Figure 3.41; As the normal stress is 1ncreased, the peak and
Ifinal stress values are lower. Pressure of time meant that
tests had to be discontinued as soon as the reduction in
shear strength-ceased to be rapid. The.aopearanoe that -
residual strength tends to drop_with norual stress'should be
partially accredited to the shear-box, as discussed in
Sectlon 1.5 - |

It is reasonable to assume that 1f the dlsplacement
could be exten51ve, without materlal 1oss taking place, all’
the stress-displacehent curves would converge onto the same{
fundamental'-residual va}ue, which would be a_proberty of "the
material comp091t10n. |

| Most notable about these results is the vast

dlfference between the stress-dlsplacement curue at a normal
stress of 133.7 kN/m and that at 350 kN/m . With reference.to
the breakdown mechanlsms discussed in Sectlon 1.9, then it-
would be reasonable to suppose that breakdown of partlcles
under stress 1s taklng place at the latter stress level, but

not at the former. The increase in the normal stress beyond
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thé 1a£ter value results.in comparafively little change in
the rate of breakdown. . | |

| Figure 3.42 illustrates the peak and the final
strength failure.ehjelopes for the series of tests on the
Olierton-méterial. The peak envelope shows slight curvature.
At lpw.normal stresses 4' is about 370, but by a normal stress
of 300-kN/h2, #' has dropped to 31°, The peak envelope is
virtuall& linear thereaftep, Z' still being only reducedlfo
300 fdi the sample teéted at the highest normal stress.

The'&eéidual"envelope_also shows curvature, ﬁut to
a mucﬁ greafer éxtent.' This reveals a similai trend to fhé
Askern mate;ial tested in the Wimpey laboratories (National
Coal Board, 1972).

_ The sample tested at 500 ki/n” was unloaded in two :
stages so that a failure envelope for the shear plane
developed in this parficular test could be determined. This
envelqpe-is illustrated in Figure 3;43, This shows the same
linear characteristic found in the case of Birch Coppice.
Also éhown on this diagram is the result for an additiénal
test on Bersham material. This was reduced to a"residuai"
value at a hormal stress of 1150 kN/m2 and then unloaded in
three sfages. This-fesult shows slight cur?ature.

The results of the sieving.analyses on the various
sheared samples of Ollerton material are shown in Figure
3.44. This demonstrates the general increase in the overall
breakdown aé the nérmal stress is increased. The rate of
breakdown is much diminshed at thevery}dgh'values of normali

stress.
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3.,9.2 Tests on different materials

Figure 3.45 shows the stress-dlsplacement curves.'f
for tests on dlfferent discards. The results'are rather |
confuslng. As has already been observed for the Ollerton ,
material, the r991dual strength is reduced as the normal
- stress 1s increased. |

The most surpr1s1ng feature is the extremely low :
residual values obtained. The accuracy of the shear-box

" must be questioned. However, the proving ring has been checked

and found correct. It is pos31ble that at high normal stresses_

an area correctlon should be applled. It should be noted that
the tests on the Cynheidre, Morrison Busty and Orgreave
discards were performed us1ng one shear-box, whllst another
box was used for the remalnder of the tests of this serles,
and also for the prev1ous series of tests at lower normal
stresses. Thus, some results are comparable among themselves,
and these illustrate that the Morrlson Busty material has

'sllghtly more durable properties than the Cynheldre material.

3.9.3 Comparison between the large and Small shear-box results

The stress-dlsplacement curve for the 12-inch shear-
- box test on Bersham discard: at a normal stress of 347.1 kN/m

is shown in Figure 3.46. Thls should be compared with the
correspondlng small shear-box result (Flgure 3.45). . It is
apparent that a displacement of only 0.3 metres was required
in the small shear-box test for the“residuar'state to be
reached. The equivalent value in the large shear-box was about

1.8 metres total displacement.
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Particle size distrihution

all main samples as received
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124inch shear-bdx' resul-ts'
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Peak Shear Stress

60mm shear-box results

Normal Stress = 133 7 kN/m2
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H\RTICLE SIZE DISTRIBUTION AFTER
e0mm SHEAR-BOX TESTS
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Particle size distributions

Cynheidre discard
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Morrison Busty discard

60mm shear-box test
stress.displacement curve

Wd:juauwadn|dsip pJomdio4

OW o€ N.m 8¢ ¥2 02 91 ¢4 8

1

=l

NC.._\th.Mm_. = S$5939Jd3}s |[pwJaou

o

90

JA¢)

$5S9Jd1S |pwJou

L 80

' S$S943}5 JDaYS

Figure 3-13



Morrison Busty discard |

failure envelopes

o9¢

,gW/NY ¢ $S2J41S |DWJON
oz . 082 _ OvZ . 002 1

g€ 0%e L Qe | L ogr . o8 _oF¥

X0Q -JD3YS WWO
XOQ-JD3ays ydsui-Zi

STOHNAS

]
®|®

o
o

tOCl

091

looe

ZW/NY :SS®41S JD3YS

Figure 314"



partlelo olze dlstributions

Morrison Busty discard

N\

WYl * 2240 BBissed

02 o A 9°0 0 000
ager A O e T e R e T
{ .
- =0 b
INCY
o - . = - SO%
<t - + =07
P2A12334 SO 1521 X0Q-JD2YS 42340
- - S ~OS
T Log
B VR
S— | toe
b —— - - - —~=08
< S ] =V v T =\ v 7 \r 2 TOO?
WG WwWuog wuwor wwg L w1 . Ge rA4 ] 001 00¢

S2ZIS 2AD|S PJDPUDIS YSIidg

Figure3-15

Buissod 2803u23404



12 INCH SHERR BOX TEST

DISCARD FROM BERSHAM COLLIERY, N. WALES. (RANK 500!

51.0 ]
m\u S, N
e T———— normal stress =\ 80:3kN/m -
= M n.s.=160-3 kN/m?2 _
-+
w g8 T T+ + _ n mn.lrlvw.J <LK1'/)
. - e
O = + a4 ) ™V ]
T A - " n.s=240-3 [ns=347.%
— - + + ++ -+ F o ) e -
M -+ + + + 4+ Ln..Tr Luuml | H—.Mwl mow
2
—.l oC -+ -+ A -+ g 4 ++T '
) + + + + 4 + + 4+ +F ot Eans +,.1 S + e !
) + + + + + + + + + + A A [+
. + .+ + + +
5 m T * * + + + + + + + + - + +
a g’ o + + + + + +
’ +- + +
F‘ln\_ o A . + + + + + F F + n
oy . . .
] + i +
FH_.HL > iia . + + L o N + + + r +. + + + “
S ] + + .
< - N . - ,_ +
- + + ade b
+ + ‘ )
: ] . | )
0 +—— -+ + bt A — —t -t — + ~+—+: +——t——+ — H +——— 1+ . “
.00 05 15 20 £5 .30 .35 L4 .45 .50 - .35 .60 .63 .70 .15 30 .85 | .wo.__ .95 . i.00
. e . - _. S .. . "

9IE 84nb4

‘ ]

FORWARD DISPLACEMENT IN METRES




Bersham discard

6omm shear-box test
stress-displacement curve
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pParticle size dikributions
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Particle size distributions
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Particle size distributions
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Particle size distributions
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stress-displacement curve
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- particle size distribution after
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CHAPTER 4
CONCLUSIONS - -

4.1 Shear strength.and coal rank o

Apart'from the possibility of the low rank Weet';l-
Midlands material there seems to be ‘no epecific correlation :
between the shear etrength characterietice of the diecarde_"“ - : ';
tested and the aesooiated coal rank oode numbere. That suoh | \
a relationship doee not exist hae not been proven by thie
research, but it can be etated that other properties_are; .
more. dominant. | . | .

" There are twe main faotore maekiné any dependenop |
on coal rank: | ' d
| (i) Variatins in the type of material tested H:__-,:i

(proportions of roof, floor, coal and eandstone);

(ii) The regional mineralogical.variatigng.

| ‘The material which proved. to have the most durable..
shear_etrength propertiee-wae'the medium rank material from -
Easton Colliery, Scotland. This material vas found to have a
very low expandable mixed—layer clay component, and also a .
. high kaolinite content: Both of these propertiee enhance the
resistance of the material to 1nter-part1cle breakdown. -ln
addition, the sample tested included a small number of very

durable 1ronstone nodules, and also contained a high

S gy mtine

proportion of quartz and.carbon (34 per cent).

It is not_possible.to apply the converse_to_the-.-
material which showed greatest reduction of shear -strength-
during the ehear tests. This material, from Birch Coppioez o
Colliery, also contained 34 peri:cent quartsz and.carbom,zof :

which all but 9 per cemt was carbon. The expandable:mixed-f




-52=

1ayer'clay'content was the highest of those samples.tested".
(22 per-cent),.hut-most-of the other samples were within 3 or
' 4 per cent of this value. This sample had'a much greater
.content of fine materlal in the ‘as recelved' condition when
compared wlth the other-samples. In this case it is feaslble
~ that coal rank 1is a_doninant factor in so far as the low’

shear strength'properties of this material are concerned.¥

The three‘highest ranking-ex-washery'samples all':
showed reasonably simllar shear ltrength characterlstics, w1th
peak values for ¢' varying from 38 to 42 , and the values for
g1 at the end of the tests varylng between 31.5 and 35°
(Flgures 3.3 and 3.4). Wlth all, the extent of material.-
breakdown was llmlted (Flgures 3.6 and 3. 7)

| The samples from Askern and Ollerton proved. to have"
similar shear strength characteristics.. For the Askern |
material g' dropped from 35 4o 22° during the test, and the
correspondlng range with the Ollerton dlscard was from 37 to
2§° during the 12-inch shear-box test. With these samples
should be lncluded theisample from Orgreave tip (Fignre 3.4);
Although the rank coding of the Orgreave sample should placeé
it ;_'Ln'the high rank group, the mechanical behaviour implies
that this sample should be grouped with Askern and Ollerton,
- to Pwhich it is regionally and mineralogically close. There
are two possible explanatlons for this. One is'that the rank
factor is- insignificant, and geographical: factors (hence |
mineralogical composition) are more influentlal. Alternatinely,

its shear strength properties were reduced during the period

Previous work on 'fine grained' in situ spoil from Littleton
spoil heap favours this suggested rank dependence pos91pility

for the low rank West Midlands spoils.
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of burial in the heap. The effect of burial in a tip has
already been investigated (Téyléf and Spears, 1972), and from
'thquinvestigation‘it can be concluded thaf’once maﬁerial is
.deeply'buried in a tip, then breakdown is very'limited. It
thus seems reasonable to assume that in this case the regional

factors are more dominant than coal ranky .

4.2 Shear strength characteristics

This series of tests has prought to attention
several pertinent. features.
. (i)' The peak strengths show a much gréater'degree:of-
unifdrmity thaﬁ the regional variations of McKechnie Thomson
" and Rodin (1972) could be expected to producé (4 varying fr;m
25 to 40°). | |

-(ii) Particle size and grading are significant factors

affecting the shear strength properties.

_ McKechnie Thomson and Rodin (1972) show a reasonable
correlation between the peak strength and the proportion of
the material passing the B.S. No. 200 sieve (75 microns) at.
the end of the test. For the current test sefiés, such a
correlation is possible (95 per cent confidence level), but
statistically, this confidence level is not high. Figure .
4.1 (a) shows a.gfaph of peak strength against percentage
passing the No. 200 sieve. The statistical correlation
(Table 3.6)‘gave a highly significant (99.9 per cent confidence
level) corrélation between the degree of shear strength
reduction after one metre displacement in the large shear;bbx
and the content of fine material before the test started. This

is illustrated in Figure 4.1(b).
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Statistical analyses revealed that other grading-
’ parameters, espec1a11y the Trask sorting coefficient,
_correlate closely w1th the shear strength properties (Table
3.6). | |

o "It has been nentioned earlier. (Seetion'3.4) that'
those samples which contalned the greatest proportion of flne
materlal after the tests all exhibited an 1n1t1a1 rapld post-.
peak drop in strength after a dlsplacement of only a few tens
of millimetres. It is feit that a material.with a high fines
content will enable small local shear planes to form. This
early formation of small areas of shear plane results in an -
early drop in shear strength. Further shear strength_reduetion,

however, depends on the breakdown of the intervening regions.

4.2.1 Shear strength reduction

A critical factor in shear strength reductﬁon rs.the1
nornal stress used in the test. It is apparent from Figure
'3.41 that for the material tested there is a transition in_the
rate of breakdown at a normal stress between 133,7 and 350 kN/m2.
Further increases in normal stress cause little further
increase in the rate of breakdown, but instead cause lower
values for shear strength through the reduction of the initial
peak strength. It is possible that the degree of strengthf
reduction may not have been fully realised due to disturbance
of the speclmen in a revers1ng shear-box. o

Nevertheless, it is reasonable to suppose that
somewhere in the normal stress range of 200 - 300 kN/m ’
material breakdown due to the stresses produced by the

shearing action is becoming significant. A few of the earlier '

& .-:' ‘.,.. °
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smali shear-box tests revealed an increased rate of stréngth'
‘reduction at the higher stress levels then used (e.g; Figﬁre‘_
3.29), but by the stage in the test when.such stress levels
were reached much of the-initial breﬁkdown had already taken
place.

At tﬁe normal stress levels used for most of the.-
initial small shear-box tests, which were mainly below 266
kN/mz, the.principle'agent producing material breakdown Qaé
inter-particle attrition; An exception to this was the Birch _
Coppiée material, with which extensive shear sfrgngth
~reduction took_place, even at the_lower normal stress levels.
It appears that this material is generally mechanically |
weaker, and major breakdown can take place under -normal '

stresses of only about 100 kN/mz, or even lower.

The shape of the stress-displacement curves of -
Pigure 3.41 suggest that it may be possible to closely
approximate to these curwes by an exponential equation of

the form:

kD

_nP
(SSP-SSR).e +SSR

shear stress

whére: SSP = peak shear strength
SSR = residual shear strength
k = a constant |
D = the displacement
= a constant

P
It is possible that either k and/or p may .be normal streés-_
. dependent.. Further work may show that a baéic set of normél
Istress-dependent constants can be derived for a given
‘material. Further expansion of fhe basic equation would be

‘to allow for -
needed, however,kthe variation of peak stress with normal . "
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étres#. Figure 4.2 shﬁws the_efféct.bf varying fhe value of

k in the above eqﬁafion. The Figure shows that the curves are -
lof fhe same bagic shape, but are of different'gmblitudeb

along fhé displacement axis. - Figure 4.3 illustrétes the’
effect ﬁf-variations iﬁ the.vélue of p; ‘The shépe-of.the 
curve is.altered. 'Observdtions sugges% that a falue.of P .

of between 1 and 2 would be of the correct order.

4.2.2 Shear plane deveiopment'

The fange of test results obtained have provided
gome indication of the proéesses involved ‘in shear plane-';
developmenf. _ - :
| Thé'evidehcé suggests that the first stage is the
fofmation of alshear'zone, in which the .shearing movementé-gnd
the stressés involved cause material'bieakdown. In this zone
wiii.occur'minor ‘fiédal':shearslas_occurred with Morgenstern
| and Tchalenko (1967), although the nature of their work wasj-
somewhat different to the present investigation. The riedgl
shears may well develop in zones where sufficieht'fine materiél
has been concentrated. As these minor.shear planes devel§p-
it is pregupposed that the overéll shear streﬂgth will &rop.
Ianeased stresses should consequgntly be'p;aced on the
, iﬁtervening-regions, sﬁch that these will breakdown and
enable the formatibn of a single shear plane. The final
breakdown may be a sudden process, as is possibly demonstrated
by Figure 3.37.. |

The result of the sméll shear-box test oﬁ the

Ollerton material (Figure 3.33) suggest that other additional
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mechanisms may be involved in shear plaﬁe development. This
sample showed a much higher cohesion'than'any other'of thase -
_tésted.* For this sample it is thought that shear plape. |

_ estabiishment.was,taking place, but was not complete wheq-the
test was terminated. - The intervening zones, which wbuldi'
contain a considerablé amount of clay material resulting from
breakdown (predominantiy inter-particle attrition in this “
test), could well be responsible for this cohesion. Further

Ishearing would break through these zones, lowering the
cohesidn, but little further reduction in the value of ¢§ 

,would be expected.

4.2.3 Residual shear strength

Tests in a reversing shear-box are unlikely to ever
reduce aimaterial to.its lowest possiblé.sheér strength. &he
effécts of the shear-box itself are most significant at low
normal stresses. At very high normal stresses the shear-box
effects are proportionally much reduced, and thus much lower
“residual” values have been obtained than for tests at. the
léwer stfess-vdlues. Observations on sheared samples have
‘revealed that for a distance at either_end of the sample
approximately equal to the displacement, no shear plane had
developed due to the disturbance by the boi, even though a
well-developed shear -plane existed in the centre of the sample.'

It is expected that with a suitable shear-box (e.g.

The general order of this intercept is not dissimilar to
some of the Yorkshire Main values (Taylor and Spears, 1972),

and is too high to be ignored.
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 a ring-shear apperatﬁs), the disturbaﬁce effects would be
much reduced. Theh, with sufficient diéplacement; the sheer
strengths for any value of normal sfress should finally |
vconverge onto the same re81dua1 value. An-indication of this _"
:15 a test on Aberfan material by Blshop (1n press)” u51ng a
ring shear apparatus. In this test, at & normal stress of .
100 kN/mz, the shear etrength of material passing a No. 7 .
B.S. sieve (2.4 mm) had been reduced to give a g ef.ZOQ

after a displacement of one-sixth.of a mile (270'metres);,ahd
was stili dropping when the test was terminated. The.writer
feels that the breakdown in.this test would be due to attritloﬁ
_ only, and a three- or fourfold increase in the normal stress
would reduce the dlsplacement required by. at 1east an order -

| of magnltude. In the present serles of tests values of d"'
below 20° have been attained w1th displacements of less than
'0.25 metres, although the material in this case had an

initial maximum size of 1.2 mm.

The limited number of tests performed suggest that a
given shear plane will provide a linear failure envelope
(Figures 3.38 and 3.43). This is a comple%ggg'rorﬁltlon from\
the formation of a curved failure envelope by tests on
different_samples. In the latter case, each test in a
reversing shear-box will reach its equilibrium cgndition.(see.
Section 1.5).when sample disturbance caused by’ the reversing
‘shear-box will counterbalance any further'reductions in
shear-strength. The linear.failure envelofes have been
obtained by forming a shear plane at a high stress level and
then testing at redueed stress levels, where further reduction

in the strength of the shear plene is unlikely to take plaee.
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.If.the shear plane is tested at a higher normal stress ‘than .
‘that at which it was formed, then further reduction in shear?
strength may'occur.as the increased stress levels cause
'further materlal breakdown around the shear plane.

' The suggestlon behlnd this is that ‘the laws of
simple mechanlcs can be applled to a fully developed shear -
" plane, which can be treated as the 1nterface between two L

 'sliding bodles.

4.3 Implications of the results in tip'desggn and constrﬁction

For most discerds the current series cf tests have
ghown that at 1oner normal stress levels a reduction in sheer
strength is likely to be limdted, even for moderste
- displacements (e.g.'l_metre).f The implication of this 1s.thet
vehicular activity during emﬁlacement-or'reérading operations
is nct likely'to'cause the development of shear planes in.the
'majority of new or existing tips.

However, the extreme low rank material deserves :
gpecial care, for the shear gtrength characteristics of such'-
materials stand out as being especially poor (e;g. Birch
Coppice, Figures 5:3,3+4 and 3. 5).

_ More s1gn1flcant from the design aspect however, .
is the effect of normal stress on the rate of reduction of 5:
shear strength. The few tests performed et the higher
normal.stress levels indicate that displacenents of only a.:
few metres are required to reduce shear strength considerably”'
at the stress levels involved in the body of the tip. (e;ggz

at o' values above about 300 kN/m ). . It may prove possible
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to relate the reduction in shear strength to the_nofmal stress
and the displacement involved, but,this will requife a_fﬁrther :
research pr&gramme. However, if such a relationship did
emergé, it would énable shear strength to be estimated within

reasonablé.limits for a given displacement.

Perhaps it should ﬁe reiterated that'the discards
and tips (such as Littieton) in the West.Midlahds do present
their own special problems, and even limited regreding -~
operations may be sufficient to initiate a'fully-developed .
gshear plane with g' tending to 'a low fesidual value (15.5 17°).
Moreover, if future 'tipping' of thesefﬁgiiyégiBif_?-
rank @iscards is contemplated on a large scale there may Bel

gsome merit in attempting to ascertain more precisely the

‘weaker. components from the stronger ones.
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APPENDIX 1

Computer program used for plotting 12-inch shear-box

results

| TRIS. FEOGRAM PLOTS SHEAR BOX RESULTS USING MTS & 113C PLOTTER

OVL = ORIGINAL VERTICAL LGADING
(JSSR = DRIGINAL STRTSS READING

"(JSNR = {RIGINAL STRAIN REACING

SSK STRESS READING

SNR = -STRAIN REACING

AA CONTROLS ZERD SHIFT FQOR £ACH SET 0OF READINGS
PFNMARR REQUIRES -DOUBLE PRECISION
REAL%3 QQ '
PEAL%®R RR
TREAL®S K1,K2,K3,Ké
CREAL #3 ITLE(T)
FEADIS 2V UITLE(L) 3y I=1,7)
EORMAT(7A8) _
WEITE(S3)ITLECD),I=1,7)
FOPMAT('2" ,T7AB)
AA=D
UM, MMM CONTROL LDCATIOM IN STORAGE ARRAYS
MM =
MMM =
DIMENSION X{60G),YI&S0) o _
X,¥Y ARF STORAGE AFRAYS CUNTAINING PLOTTING CATA
SET THF ARRAYS TC ZERD
ne 1o L=l,600
X(1.)="
Y{L)=}
COUNTINUE
N 15 THE MUMBER GF SETS CF READINGS
REAG(5523) N '
FORMAT(12)
OO 93 I=1,4N
M IS THZ NUMBER DF READINGS IN ZACH S
NEAC(b,Z!’)M,DVLQDSSR,OSNR'KIQKZQKJ' K4
FORMAT{I2¢3F8.144FT.2)
WRITE( 6426 )M,0VL 0SSR, OSNF
FORMAT(LHO,I3¢3F7.1) '
D0 51 Js1.M :
MM=MMM 4+ J
READ(5,25)5S5SRySNR
FORMAT(2F5.1)
A = STRAIN IN McETRFS
A=(SNR-CSNR)*K1/K2%]1,.58=03
Al=A
A = EFFLCTIVE AREA OF BUX IN SO METRES
E‘=:~:“-3‘3‘:" E"-:\‘.3,4E
C = LOAD IN KM
C=(35SR-0SSR)*K3/Ke
p=C/8

(g 4]
oy
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0 = SHELR FCRCE (LCAC 7/ AELA)
=Vl .
' E = VERTICAL LOADING .
I=C/t
A PLOT QF D/E DDES NOT NORNALLY EXC&EH GNf

-PHIR=ATAN(Z)
PHI=PHIR*180/3.141562
WR'T"(h,IOQ)SNR,SSR'A,Z,P PHI _ ’

FORMAT(Y ¢ 3PSNR = 9 F12.294Xe'SSR = "4F12.204X%A = 3F12,504X,

1 U/“ -'QFIZoJ'QXQ'D "'F12 5'3XQ'PHI ='|F8e3) L )

=A+AA . L
X(“M)=ﬁ
Y{MM]) =2
COGNTINUE

SHIFT GRIGIN BY DISTANCE RBCX HAS FRAVELLFD
AA=AA+AL '
MMM=MMM+M
CUNTIMNUE

PAXIS(ABS XU, ABS YO, TITLZy NCHAR, AXLTH, THETA, XMIN,

5C FACT, D MARKS) : : '
PLTOFS{ (X0, X SC-FACT, YOy Y SC FACT, XC ABS, YC ABS)
PSYMB(X SYMR ABS, Y SYMB ABS, HGHT,; WORD,THETA,NCHAR)
PLINE (XARKAY, YARRAY, NDATA, SPAC, PLCTTYPE,SET COORD TYPE)

XX=FLGAT (N)%5,8
KG=IFLX(XX)

PL=FLOAT(K9)+1.

XW=PL/2e-3:5

X2=PL/2.-2a

CALL PLTXMX(PL)

PLOT X-AXIS .

CALL PAXIS(2.092e%e" V=1 3PLyl o0 yCaliglei62540.8)
PLOT Y=-aXI1S

CALL pAXIS(ZoGOZO{\J" "1"-"'70")19&0 ‘Je‘)"'o?)’)ol?'
YY=1.9

LR=Ngi -

ng €32 Jd=1,46 _

CALL PFNMBRI1o3yYYColGyRRyUSTyIF2.I%"41.0G)
YY=YY+},R

FR=RR+J,2

CONT INUE _

DEFIMZ PLOTTING SYSTEM

CALL PLTOFS(C oy (re0€259Ce(95e25920t92601)

CALL P5YMBU1.093409=0e2y'STRESS RATID,90.2,12)
CALL PSYMBU1.542.59-06s15," (SHEAR STRESS/NORMAL STRESS)*,90.0,281
CALL PSYMB(XWyle29=0o2y *FORWARD DISPLACEMENT IN METRES? 4047,37)
caLL P‘;YMR(XHQ-IQS'-OaZZQITLEO“-‘O”QSéﬁ’

CALL PSYMB(XZ98aely=0e279'12 INCH SHEAR BCX TEST' U.09221

CALL PSYMB{9.095+59=0425,'DGL13"4(.Cy5)
PLOT POINTS

CALL PLINE(X, Y,M”,l.‘l C3,1.0)

CALL PLTEND

caLL ExXIT

END
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APPENDIX 2

Shear-box test results

Note: The first pair of values in each set are the initial

~ peak readings.

The values fhe:eafter are. the final

shear étress;resdlfsfo:'théfndrmalfstressTreﬁofded;

12-inch shear-box

60mm shear-box

sample normal stress|shear stresé normal stress [shear stress
Cynheidre 80.3 I61.3_ 133.7 95.6
| 240.3 - 130.2 200.1 - 106.2
162.3 89.3 128.7 78.6
80.3 4244 61.3 42.3
Morrison | 80.3 12,7 133.7 93,2
Busty '

- 80.3 62.4 188.7 107.4
1160.3 109.7 133.7 79.8
267.1 169.1 87.8 59.1
| 18.2 8.1
Bersham 80.3 66.7 133.7 104.3
160.3 100.2 160.5 87.8
. 53.6 35.7 133.7 73.4
240.3 136.6 - 39.6 25.8

347.1 180.3 -

80.3 49.2

| Orgreave 80.3 64.5 133.7° 104.3
26?.1 108.7 188,17 751
160.3 76.2 133.7 59.2
80.3 43.7 87.8 44.1
35.6 21.1
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12-inch shear box

60mm shear-box

Sample_ normal stress |[shear stressinormal stress |[shear stress
Easton . 80.3% 64.6 133.7 104.6
| 240.3 166.6 133.7 96.2
:160.3. '112.2 87.8 54.1
0.3 |52 o AR
Askern 80.3 57.9 133.7 95.2
320.4 127.9 302.5 93.1
240.3 192.8 225.7 72.3
160.3 65.2 110.1 30,2
80.3 34.9 | |
53.6 24.6
‘0llerton 80.3 61.4 133.7 98.7
| 320.4 141.6 285.4 142.3
240.3 109.9 236.8 116.2 |
160.3 T4.7 212.2 103.9
80.3 42.9 188.7 94.5
| 160.5 . 84.1
133.7 76.8
61.3 36.9
3546 47.2
17.0 36.7
Birch 80.3 56.8 133.7 98.7
Coppice
- 320.4 85.3 285.4 4.3
240.3 66.0 236.8 63.2
160.3 43.5 200.1 52,1
80.3 21.7 133.7 37.3
53.6 15.6




