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CHAPTER 1 INTRODUCTION

The first part of this Report 1s devoted to =z summary of the
mineralogical, geochemical and technical properties of certain British
and N.fimerican clay shales that have been studied by the writers.

The former two can be considered as intrinsic material properties which
influence the geotechnical response of the shale and which therefore merit
quite détailed laboratory and subsequent statistical analysis. It is
true, however, that evidence as to the material stability is largely
derived from samples that are small compared with the scale of the prablem
material en masse. As the size of the sample increases, the material
stability parameters become more realistic and representative with respect
to the problem on account of the increasing presence of macroscopic
discontinuities which pervade such shales and which present to the rock
mass its lower limiting strength. In any comprehensive stability
investigation, therefore, the 'intact' mechanical strength parameters
must be considered in the light of additional information concerning the
spacial and orientation density distyibution of the larger scale discont-
inuities. This point is also considered in the Report.

Subsequent Chapters are devoted to analyses of specific ¢lay shale
situations in Britain, the Unhited States and Central dmerica, the locations
being visited by the writers during 1972,

1.1. Definition and nomenclature of wemkly-bonded shales

Up to the present time it has proved extremely difficult to provide
a comprehensive classification of soils that is acceptable to both the
Geologist and to the Engingering Geologist. In fact it has proved im-
possible to group soils satisfactorily solely on the basis of their
geotechnical properties.

Terzaghi (1936)7was the first to attempt a classification for

A
]



clay soils and he proposed a three-fold division: i) Bsoft intact clays
which are free from joints and fissures, ii) stiff intact clays also

free from joints and fissures, iii) stiff fissured clays. A con-
sideration of the genetic and compositionzl characteristics of clays

leads to Underwood's (1967) classification. Underwcod pointed cut that

his two major groups of, 'soil-like shale' and 'rock -like shale' were not
precise enough for Engineering Geclogical purposes. Thus he developed

a table based on geotechnical properties in order that any clay {or clay-
shale) could be evaluated. Bjerrum (1567) based hie threefold classification
on bhond-strength, which he defined az follows: i) overconsolidated clays
(i.e. overconsolidated plastic clays with weak or no bonds), ii) clay
shales (i.e, overconsolidated plastic clays with well-developed diagenetic
bonds) and, iii) shales (i.e. overconsolidated plastic clays with strongly
dewloped diasgenetic bonds)e In his Rankine lecture (1967), Bjerrum
described the Bearpaw shale {one of the North American examples studied in
the current work) as, 'a highly overconsolidated clsy with strong diagenetic
bonds'.

Other terms often encountered in the literature which mean virtually

the same as 'weakly bonded shale' are: overconsolidated clay shale

(Scott and Brooker 1968), clay shale {(Johnson, 1969; Fleming, Spencer and
Banks, 1970) and stiff fissured clay (Chandler 1970). Scott and Brooker
define an.overconsolidated clay shale as: 'A sedimentary deposit composed
primarily of silt - and clay-sized particles dominated by members of the
montmorillonite group of clay minerals, and these deposits have been sub-
Jjected to consolidation loads in excess of those provided by present over-
burden’. A similsr definition was proposed by Fleming, Spe: :sr and Banks
(1970).  They described clay shales as: 'materials of sedimentary origin
composed largely of silt- and clay-sized particles, which may or may not

be slightly cemented by foreign agents, such as iron oxide, calcite or
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gilica, and which have been subjected to consolidation loads greatly in

excess of their present overburden loads'. However, they go further in
explaining the effect of slaking and grain size on these rocks, such
that: 'The mzterial is composed prinecipaily of clay minerals and pieces
of intact material tending to slake when exposed to cyclic wetting and
drying'. ¥aterials cemented to the extent that they do not slake when
exposed to cyclic wetting and drying are termed siltstone or claystone, dep-
ending on particle gradation.

In the nhsence of a truly definitive classification, the term
'weakly~bonded shale' may be taken to mean an overconsolidated stiff
fissured c¢lay with a high proportion of constituent clay minerals.

Tals Congolidation and disgeneticconsiderations

In the speciality session No. 10, Mexico City 1969, held to discuss
the meaning of the term ‘clay-shale’, Johnson rightly concluded that in
this rather nebulous field, the only feature common to all definitions
was the high degree of overconselidation and all the other chemical and
physical alterations which a sediment undergoes after burial. Bjerrum
stressed the Importance of diagenesis in the development of interparticle
5onds within the sediments, and thus it is probably useful at this stage
to consider the function that diagenesis plays in the development of a
weakly-bonded shale.

The vertical loading of a sediment, as it becomes buried deeper in
a sedimentary basin,; causes a reduction in pore space which is accompanied
by decrease in water content. At the same time, platy minerals begin to
re-orientate themselves at right angles to the major principal (vertical)
stress. A useful graphical representation of consolidatior is provided
by Fleming, Spencer and Banks (1970) who have combined graphs by Skempton
{1564} and Bjerrum (1967).

Bjerrum's {(1967) presentation inecluded the formation of diagenetic
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bonds which form during the period from which consolidation has been
completed and to when erosion has not yet begun. The time lag between
consolidation and erasion may be considerable, minerals having time to re-
crystallize under suiteble {emperature gradients, zdhesion to be set up,
or, for a cementing material to be precipitated in the intergranular
spaces. Haturally, the stronger the bonds, the smaller the increase
in water content on unloading, because the clay is unable to expand,

A quantitative assesement of the amount of energy teken up by the
sediment during consolidation, was given by Brooker (1957). His
procedure was to consolidate five remoulded samples of natural clay in
a one=dimensionsl consolidation apparafus. He suggested that the stored
énergy had three components; i} work expended in consnlidation
{partially recoverable), ii) elastic deformation {recoverable on release
of constraint), iii) work in the formatiom of diagenetic bonds {partially
recoverable depending on the strength of bonds).

The loss in overconsolidation may be complicated by subsequent
geological events. In Britain, Jurassic clay-shales are commeonly affected
by glacial phenomena (Chandler, 1970,1972), the importance of which have
probably been under-estimated in the past. in Upper Jurassic clay-shale
thch is thought to belong to the Ampthill Clay facies of Corallian age
has been investigated in detail in a 60 m deep clay pit of some 14 years
standing at Melton {British Grid Ref., SE 973 277%; Figure 131).

In common with the other Jurassic clays it was deposited under marine
conditions and was subject to uplift and erosion at the end of the
Kimmeridgian {(De Boer et al, 1958). 1In Albizn times, the area was again
submerged and remained so until the end of the Cretaceous. i second phase
of erosion initiated in Tertiary times has continued until the present

day = erocion has thus calsed the clay-shale to outcrop under reduced cover,
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4 total original cover of about 720 m is probably a realistic estimate.

Within the clay-pit excavation, the strata are irregularly folded,
the fold amplitudes varying from about 0.5 to 20 m (Plate 1.1.}. The
irregular distribution of the sharp folds tends to discount a tectonic
origin; Kimmeridgian folds are very gentle flexurss (De Boer et sl
1958). Valley bulging, initiated during the Fleistocene, is a more
reasonable cause.

The loss in over-consclidation may well be due in this case to three
interacting factors, a) rebound or volume expansion on removal of load
{recoverable strain energy), which will also give rise to jointing and fiss~
uring,b) valley bulging, which has certain features in common with
Peterson's (1958), 'time rebound', and c¢) the affinity of certain expand-
able mixed-layer clay compcnents for wster.

The contention which ari:ss from workers such as Bjerrum (1367) and
Brooker (1967) is to expand in the vertical direction, the changes in
effective vertical stress are larger than those for the effective hori-
zontal stress. Further, clays with strong bonds present considerable
expansion; thus the horizontal effective stresses are less than those
for weakly-bonded clays. The destructior of bonds, brought abeut by
weathering processes will, therefore, lead to the development of high
herizontal stresses in the weathered zone.

In the case of overconsolidated clays, Peterson {195h) shows that
in situ horizontal stresses may be 1,5 times the vertical stresses, whilst
Skempton (1361}, working on the London clay found this ratio to increase
from 1.5 at a depth of 100 ft.to 2.5 at 10 ft. Brooker (1967) concluded
that clays with lower plasticity gave higher horizontal stresses than those
clays with high plasticity.

It should be made clear that the absorption of large amounts of strain
energy does not necessarily lead to the formation of strong diagenetic
bonds. Bond formation appears to be a function of load duration, miner-

alogy, and no doubt it will also be under the influence of temperature.
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The degree of overconsolidation can best be determined from one-
dimensions] consoiidation tests. Three such tests were performed on
specimens from the Melton brick-pit:

Test 1, Sample B.% from 9.715 m below ground level

Test 2, Sample U3 from 18.% m below ground level

Test 3, as & but with bedding vertical,

i pre-consolidation load of 4,0 kg/cm2 (392.h kN/he) was determined for
sample BL and 0.82 kg/cm2 (8o.h kN/he) for sample U3, The pre-consoli-
dation load equivalent to €10 m of missing Cretaceous is of the order of
12,800 kN/’mP. Sixty feet (18.2 m) of Ampthill Clay (2.08 Mg/m3 bulk |
density) represents a normal stress of some 375 kNﬂmE. Very clearly
this material has lost the greater part of its overconsolidation during
its complex unloading history. The other specimen from 20 ft (9.15 m
i.e. Figure 1.2} is overconsolidated with respect to its present dépth
within the excavation, but it may well have lost about 577 of its
original pre-cbnsolidation load.

It is pertinent to note that the virgin consclidation curves of the
two specimens shown on Figure 1.2. run parallel to one another although
their bedding planes are at right angles to each other. In line with
Fleming, Spencer and Banks (1970) it may well be that the material is
beginning tc behave isotropically at the higher consoclidation pressures,
a feature which must be borne in mind when considering anisotropy of

¢' and £' shear strength paremeters (comsidered later).

l.3. Anisotropy and shear strength of weskly-bonded sholes.

1.%2.,7. Influence and character of discontinuities.

Fissures, joints and other planar discontinuities are undoubtedly
important in the response of these depozits to internal and external
Agents. Often they serve as pathways and cencenirators for water per-
colating through the deposit, and thus accelerzte the process of weath-
ering snd bond destructicn. Peterson (1558} coneluded that swelling

in the Bearpaw shale at damsites in Western Canada was most probably
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related to ths intensity of slickensides within the depcsit.

Skempton (1961) sugzested that planar discontinuities acted zs
stress concentrators within a materisl, with the possible result of
overstressing, =nd also pointed out that these planes of weakness could
well have strengths at or near residual. Probably then, these planes
could play & determining role in the progressive failure concept, but
Bjerrum(19567) should be noted to the effect that potential failure by
a progressive mechanism is not totally dependent on the presence of
Joints and fissures.

Up to the present time, experimental data hag supported the con-
tention that fissures influence peak strength. Skempton and IaRochelle
(j965) roncluded that peak strength in the London clay could be reduced

by up to 307 by the presence of fissures. Both Peterson et al (196C)
snd Bishop (1566) found that the peak strength in large samples could be
as much as 80% lower than the peak strength of small samples, on account
of the greater number of figsures present in the former. Fleming,
Spencer and Banks (1970) also obtained similsr results for large and
small samples from stratigraphic equivalents of the Bearpaw in America.

Skempton and Petley (1967) attempted a tentative classification
of planar discontinuities and produced a four fold division; 1) Principle
displacement shears 2} Relative shear displacements %) Minor shears,
and &) Joint surfaces.

Group one consisted of landslides, faults and bedding-plare slips
where strengths were st or very near residual. Group two were shear
surfaces where more than 10 cm. of displacement had taken plazce. Minor
shears made up group three, the criterion being displacement less than
one centimetre; in this group the strength can be appreciably higher
than residual. Joint surfaces cowrrised the last group. These features
displayed a "brittle-fracture' texture with little or no relative shear

movement. Experimental data on this gr~up iaplied that verfical joint
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formation destroyed cohesion whilst reducing the friction angle g' by

only a small amount. However, movements up to 5 mm. ir distance were
sufficient to produce residual strength conditions and to polish the
Joints.

large scale planar discontinuities, as encountered in the field,
include bedding planes, faults, unconformities and macrojoint patterns.
These well-defined zones of structural weakness in weakly-bonded shale
formations may be orientated in such a manner as to control the location
of failure surfaces. Fleming, Spencer and Banks (1970) cite numerous
examples where these major discontinuities have, in all probability,
influenced slope failures in the Upper Cretaceous and Tertiary form-
ations in America.

The diractional strength properties of a clay shale are compounded

from two physical phenomena. Intrinsic anisotropy is predominantly

é function of the platy clay mineral orientation density distribution ‘
and by definition a fundamental requirement is that this distribution
shall be concentrated in some preferred direction. Natural sedimentafion
processes satisfy this condition, but in laminated shales a natural
figsility may be more a function of fine alternations of mineral specigs
due to cyclic sedimentological regimes. A strein energy approach to

the mechanical stability of intrinsically anisotropic fine-grained rocks
has been proposed by Attewell and Sandfordr(1971) and a detailed evalu-
ation of anisctropy with respect to laminae alternations has also been
performed in these labormtories. But, undoubtedly more important in

the context of mass stability are the terminated macroscopic discontinuities
which create planes of mechanical weakness in the mass through their

lower shear strength pararnieters when the mess is required to respond

te compressive stresses. Under tensile strear, .the weakness of the

mass is enhanced.

8



In any practical analysis, the intrinsic anisoctropy prbblem
will tend to be outweighed by the directional significance of the mass
discontinuities even when any final failure plane passes through solid
rock material, It will therefore be assumed that the discentinuities
poge the dominant problem for the purposes of the discussion in this

section.

l.%7.2. Analysis of orientation density distribution of discontinuities

Rock mass stability becomes a problem issue in several areas of
ground engineering. The moet studied field concerns the atability of
natural slopes and cuttings associated with read, river and canal
transportation and with open pit workings. Attention here has either
Eeen directed towards the physical modelling of rather simplified
disenntinuous rock situations (for ssmple, Muller and Hofmann, 1970;
Ergun, 1970; Rosenblad, 1970; Brown, 1970), or to theoretical analyses
(including finite dement - see, for example, Pariseau et _al, 1970;

Heuze et al 1971; Mahtab and Goodman, 197C; Bhattacharyya and Boshkov,
1970, which either zcknowledge or ignore the discontinuocus character of
the mass, or to geometricai analyses using the sterographic projection
{John, 1968, 1970 a, 1970 b; Kuznecov,1970; Brawner, 1970; Londe et al,
1965), or to the comstruction of design charts which are based at least
in part on an investigation of past failures (Hoek,1970).

The stability of discontinuous rock in the vicinity of tunnel

workings and deep excavations has been only sketchily investigated. In
a sgomewhat similar manner, the competence ¢of dam foundations in such
rock - clearly a very important matter - has never been examined system-
atically; only when a problem has been anticipated has some form of
analysie been attempted.

There is therefore a strong cese for attempiing to develop an

analytical technique of universal applicability which, in a numerical way,
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assesses the possibility of failure in such rocks and which éives
full weighting to the apparent weakmess of the discentinuity planes
with respect to shear (and the solid elements, which terminate dis-
continuities, with respect to both shear and temsicn - ses Jennings,
1970). The technique should make no a priori assumptions as to the
spacial and orientatinn density distribution of the discontinuities -
any stability analysis must operate on discontinuity data acquired
from a geological survey of the rock structure. Furthermore, the
technique must acknowledge the essential three-dimensional character
of most ground stability situations. This rarely produces a relativelj
simple three-dimensional failure wedge such as has been popularly
analysed by several workers.

i basic requirement involves the geclogical mapping of dis-
continuities in terms of their spatial orientation and lengths (for
useful contributions on these points see Robertson, 1970; FPiteau, 1670),
an estimation of the principsl stress amplitudes and directions so that
the stresses can be resolved normal and parallel to the discontinuities,
and an assessment of the shear strength parameters that control the
stability. - If all this information is available, then it is possible to
analyse for stability on the basis of Coulomb-Navier-Mohr theory {see
Jaeger and Cook, 1968} provided that date acquired with respect to globsl
space 1s tronsformed to principal etress space through a knowledge of
the directions in which the principsl stresses sact. Since there sre
several variavles, the magnitude of none of which is kuown with any
degree of certainty, it has been necessary to program the analysis for a
digitel computer and, in so doing, it is possible to incremew® each
variable 2nd {c explore the sensitivity of each input parameter with
negligible effort.

A fundamental recuirement is the detziled acquisiiisn of joint

orientation dzta, This is laborious and must be done by hand [ an appraisal

40
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of more esoteric, ster oscopic technigues incorpeorating Fourier transform
and spacial filtering methods for the isolation of orientation,linear

data tends to rule them out on grounds of expense and information clarity:
and inevitably a somewhat pessimistic picture is generated because many

¢f the features are ‘'excavation induced’' and are not likely to be present
in the body of the rock where major instability might cccur. Yet borehole
exploratory methods (for example, see Ruth Terzaghi, 1965) become unreliable
for orientations parallel or sub-parallel to the borehole axis. The least
unsatisfactory approach would seem to be to measure at available exposures
~and necessarily taking in induced fractures on the basis of building-in

a factor of safety for the discontinuities at depth.

The detziled concepts behind the analysis of discontinuity density
distributions and the information presentation in fabric form have heen
cutlined in s paper by Attewell and Woodman (1972).  In this paper, it is
shown that the standard hand-contcuring method is inaccurate and it also
indicates a means whereby the shear strain energy input te a rock mass sub-
jected to triaxial stress can be computed and used ss s deformability index
narsneler,

A problem lies in the estimation ¢f the relevant principal stress
amplitudes ab points of interest. Where the loading 1s z1lmost entirely
generabed through externsl constraints tre estimates are seemingly a litile
more certszin than they zre when a self loading (e.g. slope or man-made emhank-
ment} situstion is to be evaluated. Also, when the discontinuities are true
Joints, and are conseguently continuous, the inherent problem is eased.

The Monsr Dum (arch dam founded on psammitic granulities in Inverness-ghire,
3cotland) meets these requirements and has been studied gquite extensifely
in this manner; some of the detzils and analytical procedures having been
cutlined in the Interim Report. These analyses are not reproduced in this

Final Report. s A
I 11
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Where discontinuities are terminated by solid clements {viz, a lack
of continuity}, have a non-uniform distribution, and when a pore water
pressure component, should be written into the analysis (for example, in
the case of a dam foundation), the choice of input parameters becomes much
more 4ifficult. 3atisfactory specification of the operative stress field
is particularly difficult in the case of earth and rockfill dams on such
foundations 4 this problem being considered in a little more detail later
in this Report.

Linear measurements in discontinuous rock masses.

Jenning's {197C) approach assumes a prior knowledge of the potential
failure plane inciination. He expresses his joint continuity along this
plane (line) in terms of the total lengths of discontinuities $ a and the
total length of solid element interceptors'ib. The total line length is

clearly 7 a +Z b and he expresses a coefficient of continuity of the joints

k as:
k = 5 a
sa+ b
A coefficient of discontinuity, representative of the s0lid element inter-

ceptors is:
(1-kl= b
la +2b

If the overall shear strength parameters (composite joint and solid) are
defined as c, @, then

¢ + { Y o= 3
£ blc, + o ten ﬁi) +Zia\cj +a tan ﬁj/ (5 a+&b) (c+ o tan o

Thus, ¢ + o tan @ = (1L =~ k)(ci + dn tan Qi) + k(cj +o tan Qj)
(subseripts 1 and j refer respectively to intact elements and joints). If,
with Jennings, we assume the strength of the intact elements to be acquired

mainly through the intrinsic cohesion, we can replace the term {c. + o tan Qi)

1
‘with the parameter Be

Regrouping terms,

c + Un tan @ = El - k) Bi + kc:_j] + kﬁn tan QJ 12



It follows from thils that the operative cohesive parameter
¢ = (1 = k)si + kcj and the friction parameter tan @ = k tan ﬂj.

In his analysis of specific joint intercept patterns, Jennings
introduces the concept of temnsile failure to supplement planar shear.
Thics required the introduction of shear and tensile continuity co-
efficients to supplement the earlier coefficients. Such complication
may well be justified in the case of relatively simple, well-defined joint
intercepting sets, but in situations where the factors possess a guasi-
randomness in both orientation and length, the additional sophistication
would be largely irrelevant. If we wish to retain the generality of the
approach for ground engineering situations other than slopes, and in a
three-dimensional setting, orthogonal line scans of fracture spacing would
probably be adequate as a first approximation for allocating the most
suitable shear strength parameters to the problem in hand. This approach

has been adopted for slope situations in clay shales.

1+3.3%. Dam foundations in weak and non-continuously jointed material.

Most analytical procedures are directed to the stability of the
embankment proper, and although there is usually a guite detailed geological
and geotechnical appraisal of the foundation quelity during the initial
investigation stage, omly very rarely in the case of an earth or rockfill
epbankment is the stability of the foundation investigated directly.”

It is assumed that the strength of the foundation material will not bve
exceeded by the applied shear stress and it is further tacitly assumed
that a s0il foundation remains within an elastic behavioural regime during
deformation.+ If localised failure should occur - perhaps at points of

stress concentration associated with discontinuities - the excessive strain

* Finite element analyses of foundation stresses have Leen performed by
Clough and Woodward (1967). 13

+ Degree of deformation does not affect the vertical pressure; horizontal
pressures reduce with increasing foundation flexibility but they do increase

near the toe of the embankment as a result of foundati i (results
of finite element analyses = Clough and Woodward,i95732n deformations ‘r'e
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in such zones will raise a plastic condition and some load~shedding to
other adjacent aress that were originally less highly stressed. In
theory, therefore, the plastic zones within which limiting shear strength
had teen achieved could be specified by an iterative numerical technigue,
and those zones remaining elastically deformed could be determined by
difference.

Tnfortunately there is no practically acceptable method of plastic
analysis applied to this problem, although numerical techniques in continuum
nechanics can be used to investigate possible conditions of limiting
equilibrium into the plastic state. On the understanding that earth,
rockfill gravity dem foundations are unlikely to be over-stressed, the
foundation mechanics can be investigated as an elastic problem.

Sherrard et al (1963) have traced some of the earlier attempts at
elastic enelysis and have pointed out the deficiencies in the approaches.
411 the analyses have approximated a dam to a triangular elastic wedge on
s horizontal foundation, and this was the configuration (with Z=" side
slopes) adopted by Bishop (19%2) 2nd analysed by relaxation methods.

Figure 1.3 reproduces this sojution in terms of the distribution of major
principal stress and maximmshear stress in the dam itself and in both dam
and foundation respectively. The distribution of major principal stress,
plotted in terms of the percentage of the overiying embankment weight,
indicates that there is littile error involved in assuming that the major
principal stress is vertical and equal to the embankment weight, ihe error
only increasing directly under the crest of the dam and at the toe. Thus,
although there are errors in accepting this latter assumption, in order to
avoid computational complexity, it seems reasonable to approximate the two-
dimensional principal stress situation zcting on any foundation discontinuity
28 9, vertical and 02 acting in a horizontal plane normal to the axis of the

dam. Ir. a three-dimensicnal analysis of discontinuity stability, o, would

44
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still be taken as acting vertically and its amplitude would be the product
of the embankment height and the density of the placed fill. At the
foundation contact with the fill, the minor principal stress could bhe
approxinated tv the impounded water pressure and the intermediate principal
stress acting along the dam axis could be approximated in amplitude by the
summation of the cther two principal stresses modified by some constant
multiplying factor in order t¢ preserve & plane strain coandition within
the o,, ¢, plane {Clough and Woodward, 1967).*

& conditieon of stability or instability - is not directly dependent
upon the absolute magnitude of the principal stresses but is a function of
principal stress and cchesion ratic. However, if a cohesion parameter 1is
to be used in the analysis, the absolute value of cohesion must be normalised
to the absclute magnitude of the major principal stress. With respect te this
latter, the problem then arises as to what value of density to take into the
JH product. On the upstream side of the dam, a buoyant density should be
tsken for a height up to top-water-level with the addition of a bulk (dry)
density component from top-water-level to crest of the dam. The result of
accepting these values would be to create a more nearly hydrostatic state of
stress at the base of the dam with little deviatoric component to induce
shearing. Cn the downgtream side of the dam a saturated density below top
water level could be taken and this together with a dry density up to crest-
height would create a strong deviatoric component of stress at the foundation
interface. This argument will be used subsequently in this Report for a

simple analytical look at Chatfield dam foundation.

_Te3.he Anisotropic shear strength parameters.

In terms of peak strength, planar anisotropy with respest to laminated

rocks has been reviewed and investigated by the present writers (Attewell

15

* Note than any analysis should strictly take account of incremental stress

balances during the construction process during progress towards the final

equilibrium stage.
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and Taylor, 1971)+  The peak effective strength of weakly-bonded shales
such as the Oxford Clay (Parry, 1972) was shown to be as low ag @' = 21.50,
c'p= 20kN7h2 when laminations were parallel to the plane of the ahear box,
or as high as @' = 30, cé = 10 kNﬁma when the laminations were at right
angles to the direction of motion of the box. Slightly lower peak streﬁgths
have been obtained for sub-horizontal samples of Oxford Clay from Milton
Keyries new town in this laboratory {Table 1.7,) and a similar range (though
with generally higher cohesions) was obtained for the Ampthill Clay (visually
very eimilar tc the Cuford *) from Melton clay pit (Figure 1.1).

Anisatropy of ¢’ and @' for clay-shales is considered to be a macroscale
rather than s microscale phenomenon (for example Barden, 1573). Perhaps
the most marked feature of Table l.1 is the fact that ﬁﬁ falls from values of
over 300 to certain extreme values which are approaching residual. In essence,
this behaviour is partly a function of the degree of degradation or uea£her-
ing (Tsble 1,1}, in that on a weathering scheme such as that of Chandler (19723
all the samples shown on Table 1.1 would fall within Zones II or III. In
other words, the clay-shele is fissured and jointed =t the best and comprises

lithorelicts in an argillaceous matrix at the worst. For the brecciated

-
5,

Zone 11 Wothorpe borehole material Chandler quotes a Qﬁ of 21° (cé = 1L kN,m"},
but other samples tested in this laboratory (Table 1.2) imply that that peak

g' of other Wothorpe samples can range from 190 to 510. The Ampthill

samples from areas in the clay pit where over-consolidation has largely

been lost (U2 = U2), and where the shale has weathered to flakey particles,
give ﬁé values as high as }20, but with zero cohesion. In the shear-hox,

this material is behaving very much as a fragmental material {or an

aggregate), which is not at variance with its visual deseription.

* Tiquid limit = 70 {Cxford Clay) 16
Liguid Timit

33=79; mean = 771 (Ampthill Clay).
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Triaxial test varameters {Table 1.%) for the impthill clay-shale

show that the cohesion intercept is largely lost in this type of test.
Yeasuremente made on fsiled specimens demonstrated that the failure nlane
was invariably coincident with 2 preferred bedding plane.*

If we sre to consider the Ampthill strength en masse it is reasonably
clear that the maximum preak @' is within the range ??_320 with a miniﬁum
peal ¢' af 14.5 to T?O. More typical values within the range 20 to 22.50
cen ressonably be expected. Because of the orientation of the bedding in
response 10 flexuring it would be unwise to consider c¢' as a viable paraﬁeter.

It is ef interest to record that for shallow Kimmeridge clay-shale samples

from Pickering the following peak parameters (trisxial) were obtained.

Depth N [

ft. degrees kﬁ?hf
5 -6 1k 176
¢~ 11.5 215 67
5 - 1€ 23 62

Kere again, the Zone Il type msterial gives reasonably consistent shear
sfrength varameters, whilst the material at shallow depth which has attained
a more fundamental grain size has a @' value which is probably no more than
1° higher ihan residusl (Table 1.2).

For the /mpthill clay-shale and the Oxford {Table l.1), ﬁ; values in the

vy
!
-

o , . .
Tange to 15 are typical; and such values are in accord with Parry £1972..
I't will be noted however, that two values are only 10°, Tntil recently

Q; has been considered to be a constant strength parameter (compare horizontal

The bedding plane orientations are partly a feature of perwafrost effects,
mentioned later in the text. The lack of dilation could suggest that some
movement might already have taken place in the field during the valley jl:’

bulging stage.



18-

and vertical samples in Table l.le for example). In the shear-box, the
impthill samples did not always approach a residual state due to the presence
of projections (hard intact fragments of shale) on the slickensided failure
rlane. These accretion steps which have been discussed by Norris and
Barron {196%), Gay (1970}, tended to oppose motion on the shear surface.
When such a phencmenon occurred the projections were removed after two of
three reversals and the specimen allowed fo consolidate.

In reality,particle size and shape is a major control on geotechnical
behaviour. Grim (1562} pointed out the influence of grain size on Atterberg
limits, in that with a decrease in particle size, the difference between the
liquid limit and plagtic limit increased. Thils is reasonable, because it
would be expected that smaller paurticles, having a greater surface area, could
retain a greater amount of water. TFor magsive minerals, Kenney (1967)
concluded thzt particle size had little influence on residual strength, but
thet particle shape did tend to have some effect. Aggregates of rounded
particles produced smaller 9; values than aggregates of sharp edged particles.
Kerney concluded that most massive minerals behaved similarly, with ﬁ;

varying from 290 to }50. dependent on particle shape but independent of

s

particle size.
With clay-shales however, we are considering aggregates of massive and
platy minerals, and it is only when these aggregates breskdown to fundamental
grains enabling reorientation, that a true residual is attained. This
reasoning will be further developed in Chapter b in the context of the work
by Mesri and Gibala (1971) who found that Q; for certain Pennsylvanian
shales was only 11° for completely disaggregzied samples and cut specimens,
whilst ﬁ; attained by shear displacement of the intact material was 190.
Development of a fundamental particle state in nature is very debatable in
highly lithified shales (Taylor and Spears, 1970), but there is some evidence

from work on the Ampthill Clay { reported in this Chapter) that in weakly -

i8
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bonded types this state may be more readily attained,

We attempt to show throughout this Report that mineralogy has a very
important role in influencing residual strength paremeters. Mineralogy
can vary dramatically (both vertically and laterslly) and such changes may
have a2 major effect on both peak and residual shear strength. Hutchinsoun
{1969) shows that the Lower Gault Clay from Folkestone Warren has peak
strength parameters of @' = 330, c'= 18 lbﬁin? and residusl parameters of
G; = 120, c'= 0. In comparison,the Upper Gault which is lower in wmont-
morillonite but higher in kaolinite,has peak parzsmeters of 5‘33'530.
c'dh:?lb/inz, with ﬂ; being 190 (c; = 0). A block sample of Lower Gault
from the same site has been subsequently analysed in Durham,. Unlike the
original analyses, no free phase montmorillonite was detected (Table 1.4).
Thie may well be caused by variation within the block sample itself. In
sb far as the Aimpthill results are coancerned it is significant to record
that the sample with a ﬂ; of 10 degrees is from the upper part of the

sequence where quartz is present in low concentration (Table 1.5).

From the above discussion based on experience with British clay-shales
it is obvious that shear strength is a function of innumerable variables.
However, the influence of mineral components on the short-term and long-
term product of degradation will be illustrated by means of the Ampthil

clay-shale at Melton clay pit.

1el., Mineralogical and geochemical aspects in relationship to geotechnical

Erogerties.

A simple two-fold division can effectively be applied to the mireralogy
of the weakly-bonded shales under consideration., The dominant group
comprises the clay minerals with the second group, the massive minerals,
usually not exceeding 0% of the total. The latter comprises the non-

clay minerals, the most common of which are the quartz, carbonates and feldspar.

19
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There appears to be general agreement that mineralogy does have
some role to play in influencing a meterial's geotechnical properties.
However, there is some disagreement over its actual importance.

Grim {1962) noted that pure montmorillonites give the highest liquid .
limit values and Kenney's data (1967), with values for montmorillonites
ranging from £20% to 19955 support this. Even within the montmorillenite
group it appears that the exchangeable cation, held within the sheet
structure, is significant. ITithium and sodium montmorillonites have
greater liguid limits than have calcium ar magnesium montmorillonites.

A further obmervation by Grim was that introducing a second mineral, such
as kaolinite, into the system in a concentration of 255 greatly reduced =
montmorillonite's liquid limit, whilst the introduction of relatively small
amounts of montmorillonite into a natural soil raised its ligquid limit
significantly.

For natural soils (Tourtelot,1962; Kenney, 1967) there appears to be 3
genersal increase in ligquid 1imit as the montmorillonite centent in the soil
increases (sse Figure 1.h.)

The fActivity Ratio of a soil, being the ratio of the plasticity index
to the clay fraction (as a per cent weight of particles less than 2 mm in
size), is a useful method for measuring the tendency of a soil to slake.
Extremely fine sands have very low activity ratios (0.05). (Clays very rich
in kesolinite usually have an activity ratio between 0.20 and 0.10 whilst the
value for illitic c¢lays usuelly approzches l.0. Bentonites have the highest
activity ratio and Kenney {1967) quotes values between 5.8 and 12.C.
S5imilarly, as with ligquid limit, the exchangeable cation aopears to be
importsnt, with sodium montmorillonite giving the highest values. With all
the other factors constant, tke tendency to slake, or disintegrate, iucreases
as the activity ratio increases,.

The a%ility of a materisl to absorb strain energy into its bonds is

closgly related to the degree of slaking that it undergoes on submersion.
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Brooker and Irveland (1G65) concluded that disintegration, as indicated

by sleking, was a funcbion of absorbed strain energy, and they suggested
that strain energy was dependent upon clay mineralogy. Replotting their
axial strain results against first, the ratio of quartz to total clay
minerals, and second the ratio of montmorillonite to messive minerals
leads to a tentative conclusion regarding the role of montmorillonite.

It would appear that above 107 of the total mineral content, mont-
morillonite plays an important role in the absorption of strain energy.
Further, it is useful to note that montmorillonite has a high capacity for
abtsorbing great amounts of water with the result that montmorillonitic
materials expand appreciably upon submersion in water.

Work by Kenney (1967) strongly supports the contention that mineralogy
influences the residual shear strength of natural soils. He examined =
great variety of monomineralic and multi-mineral component materials, together
with a geod cross-section of natural soils, including weakly-bonded shales.
As mentioned earlier, he obtained ﬁ; values vanging from 290 to 350 for the
massive minerals. There 1s a general trend, from high Q; in the massive
minerals, through illite * (g! = 16° to 26°) and kaolinite (8 = 15°) to
the montmorillonites (ﬁ; less than 15°), which is very similar to trends
obtained for variation of ligquid limit and activity ratio with mineralogy.
From his work on mineral mixtures, Kenney also showed an interesting relation-~
ship between ﬁ; and mineral 'A' content in a mixture of 'A' and guartiz. Two
different stetes for illite and montmorillonite arise from the effect of a
sodium chloride pore solutiom. High concentration leads to flocculation,

a phenomenon which seems to increase ﬁ; appreclably when the percentage of
quartz is low. The guartz/unflocculated illite and gquartz/kaolinite curves

are approximately symmetrical whilst the quartz/montmorillonite znd guartz/

>4
These may well be hydrowmuscovites, strictly speaking. fu i

*
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flocrulated i1lite curves are strongly asymmetricals Fenrney concludes
th=t the flocculation phenomenon is most probably related to an apparent
increase in the ratio of wet ¢lay minerals which fiocculste to wel massive
minerals, ss opposed to the ratios of the two dry welghts. On the other
nord, the ratio of quartz/keolinite and quartz/unfloceulated illite are
simeat egual to their dry retio weights. Plotting three ewmmples of
weakly-bonded shales on the graph - the Bearpaw, rfierre; snd Cucarachs -
shows that these at least tie in quite well with a gquartz/sodium mont-
morillonite mixture indicating that sodium-montmorillonite has a great

influence on their strength characteristics.

1.5, Influence of mireralogy on short-term and joeng-term breakdown.

This aspect has heen considered by Taylor and 3Spears (1970}, 2ad in
more detail by the present writers (Atiewell and Taylor, 1%74).  However,
the rocks previously under investigetion were largely highly indurated
shales of Csrboniferous age. The conclusions reached, however, were that
the freguency of small-scale sedimentary structures such as bedding planes,
laminations and other existing or potential discontinuities constituted
one important control on immedixte breakdowns The other two major contrels
were considered to be air :breskage (i.e. capillary pressures developed on
desiceation and saturation), and the content of expandable clay-minerals.

™n the Ampthill clay-shale, valley bulging has produced superficial
folds with consequent bedding plane separation, as well as promoting the
opering-up and production of more discontinuities in the vertical plane.
Fragmental material (sample CF, Flate 1l.2.) with a mineralogy that is not
unlike the less weathered parental materials (Table 1.5) is readily formed.
Grice (1969, notes that many shales and mudstones disintegrate through a
brittle stage into a silty clay. He also states that disintegration can

take place at depth due to gentle flexing by tectonism ( in this case, ;323

valley bulging).
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The slaking bhehaviour of the - /4 in, + 3716 in B.3. fraction (Taylor
and 3pears, 1970) helps in the further understanding of the processes
involved. The test restlts (Table 1.6} imply that, as in the Coal
Measures shales, the percentage retention in vaccuo is greater than the
precentage retained in air, Air breskage {(capillarity) is obviously an
important control on the immediate breakdown of these weakly-bonded shales.

Breakdown is not completely arrested however, which raises the question

as to what other mechanism (or mechanisms) are invelved. Kennard el al

(1957} concluded that solution of calcite cement was the principal ceuse of

disintegration of shales at the Balderhead damsite. Recomputing their

-~
Pal

cat values as calcite suggests that only about Z.4% is present in un-
weathered material, and only U.hf in their slightly weathered shales.
Calcite determinations on material used in the slaking tests (Table 1.6)
shows no systematic relationship with the degree of breakdowi.

Cn considering the expandable portion of the mixed-layer clay in the
slaking test samples it is reasonably clear that this componentis a factor
which cannot be ignored - the two samples with the highest percentage
show the greatest breakdown, the other two showing e much more restricted
breakdown behsviour.

The exchangeable cations in the Anpthill material voint to Na© snd KT
being minor contributors (Table 5.2, Chapter 5. Comparison with Na-mont-
morillonite suggests thet possibly about 9.0 to 9.5% montmorillonite may
e present in the mixed-lsyer clay component of sample U7, Moreover the
figure is unlikely to be more than 2.0 or 2.0 ¥ in Bh and CF.

With respect to the 7wo end-products of westhering {samples CF and €L}
it is significant tc note that the latter sample contadins virtually no calcite
and no pyrite {(Table 1.5J. Caleite is & very soluble carbonate, and more-
aover, reacts with the sulphuric acid produced by low temperature oxidation

of pyrite. The c¢lay-type end-product (CI, Plate %)} was customarily found

<3
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in parts of the pit subject to seepages from the overlying Red Chalk.

The inference drawn is that unlike the older, indurated shales of the
Coal Measures, oxidation of pyrite and solution of calcite with the for-
mation of gypsum may well be a much shorter 'long-term’ chemical process.
Given sufficient time, therefore, it is not unreasonable to suppose

that the initial fragmented clay-shale will ultimately be reduced to a
fundamental state comprising a soft plastic claye.

On a comparative basis, hand-vane Cu values show that the fully
weathered material beyond the liquid limit (£ to CL) are about 21b/in2,
whereas the more resistant flaky breakdown stage (CF) have Cu values
within the range 3 te¢ & lb/in2 (Table 1.7)s Using remoulded values as
a guide to sensitivity implies that the very wet clay has a sensitivity

of 1, compared with about 5 for the clay-shale itself.

1.6+ Comparative geochemical and mineralogical investigations (Gt.Britain

and N. Americal

1.547. Introduction.

In order to demonstrate the salient features which differ in British
and North Americen shales investigated by us to date, and before consider-
ing specific locations, particularly in the U.S.A., the data contained in
Final Report DA-FERG-591-72-G0006 (Attewell and Taylcr, 1973), will be
drawn upon.

For this project a total of 60 samples (40 from sites in the U.S5.4.
and 20 from Britain), were analysed for 1l major elements. Geochemical
analyses were performed with a Philips PW 1212 Automatic Sequential
Ainalyser X-ray Fluorescence {XRF) machine. Apart from 1 sample from Chat-
field Damsite ~ the clay seam material which is referred to in Chapter 3 -
all the remaining N. American samples are detailed in Velume 2, Fleming,
Spencer and Banks (1970). 0f the British samples it is important to record

that unlike the majority of those from N. America the former zre generally

3
from shallow depth, and hence are partially weathered in many cases. ﬁ&fl
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They are, however, representative of foundation materials frequently
referred to in the geotechnical literature and there is merit in con-
sidering the major, important differences between the clay-shales from
the two countries. Suffice it to say that minor differences may well

be a function of weathering.

Rew data of XEF analyses were processed by standard programs with
an IBM 3%60/67 computer which listed elemental compositions in the
combined acide state {apart frem sulphur).

Semi-quuantitative mineralogical analyses were oblained using a
Philips DW 1130 X-Ray diffractometer (XRD) and in all, 83 samples were
examined. The total was made up of 29 N.imerican and 21 Briiish samples
examined in the normal state, and 28 N.American and 5 British samples
examined after treatment with Ethylene Glycol solution, a technigue used
in the identification of expandable clay minerals.

19602+ Investigations znd results of the N..merican samples.

Major element concentrations are given in Table 1.8. whilst Table 1.9
gives mean values and standard deviations for each element. Table 1.10
contains data on the ratios of six relevant oxides to alumina, a technique
used in an attempt to reveal trends which can be assigned to clsy minerals
{e.g. Spears, Taylor =nd Till, 1971). T'or this purpose, free quartz as
determined by BD methods is subtracted from the total silice content
as ohtained by XRT analysis. Ratios of titanium oxide, sulphur,phosphorus
pentoxide and mangsnese oxide against alumina are not included, since Ehese
elements are either deemed to he unimportant in clzy minerals, or present
in such low quantities as tc ve ineffective with respect to the trends.
Tabla 1.1 and 1,12 comprise the results of semi-quantitative mineralecgical
analysis, and the mean value and standard deviation for each mineral

identified.

Total silica content, excluding two extremely carbonaceous ssmples

(ranges given in this Section automatically exclude these samples), range

bJ 9]
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from a minimum of 55.73 per cent to z maximum of 72.02 per cent

(Table 1«8).  Undoubtedly, free quartz within the sample exerts

a great influence on total silica content, but nevertheless, the total
silica values show a high degree of correlalion with alumina content,
which varies from 12.4% to 19,86 per cent (Teble 1.8). The co-
efficient of masitive correlation (r) (Table 1.9) between total

silica and =2luminz equals 0.626C, (where r = 0,186 for 99.G per cent
confidence level - highly significant) reflecting their combinaticn
in the sheet silicate minerals.

Totel iran oxide (which includes both ferrous and ferric states)
varies from Z.3& to 6.93% per cent in all but two carbonaceous samples.

Its positive correlation with sulphur, which exceeds the 95 per cent
(probably significant) level suggests that most of this iron may be
present in the reduced ferrous state, combined with sulphur in the
mineral pyrite.

The X-ray identification of pyrite in a number of samples, even
though usually in very low concentrations, supports this contention. Most
nf the samples are from below the depth at which weathering can be
expected, so it is unlikely that sulphate minerals play a signilicent
part in geochemical considerations. No sulphates were detected by X-ray
diffraction methods.

The calcium and magnesium oxide contents range fram 0.26 to h,32 per
cent, and from 1.62 to Z./6 per cent respectively. The highly significant
positive correlstion between these two elements {r = 0.5950) is reflected
in the occurrence of carbonate minerals. Valuss for sodium oxide range
from 0.t5 to 1.88 per cent, and those for potassium oxide from 0,25 to
%+91 per cent. These two elemenits show a high degree of nsguiive correlatlion
{r equalling &,0’5??7} and excecding 9%.% per cent significance, which can
be explained bty their presence in two importznt elay minerals, montmoril-

lonite and illite. Potassium is fixed by 1lliles, whereas the most 2



~27=

orobable site for most of the Na is in montmorillonite. It is pertinent
to note that although the degree of correlation is just below the 95 per
cent level for these two clay minerals, it is in fact a negative one

(r = 0.%739 for 28 samples, Table 1.9).

Titanium oxide,attributable to the mineral rutile, varies only
slightly in concentration which ranges from 0.33 to Q.87 per cent. The
majority of manganese oxide concentrations show little variation and all
values are less than 0.05 per cent. Phosphorus pentoxide, is probably
combined with calcium in the mineral apatite but is present in negligible
concentrations reaching a msximum of only O.Z22 per cent.

Examination of the data in Tables 1.1l and 1.12 revezls that variation
in major elemenl contenl, and in particular variaticn in oxide to alumina
ratios (Table 1.70) is reflected by a great variation in mineralogy.

Of the massive minerals, guartz varies from zero to I3 per cent;
although it was not detecled in only two samples. Being the most abundant
non~clay mineral it shows high negative correlations {both times exceeding
the 98 per cent significance level), with the combined silica to alumina
ratios and tetal clay mineral content. Calcite, a non-detrital mineral
by definition, cnly cccurs in four samples,; and its measurably high
concentration in one Fort Union sample suggests that this is a result of
fossil remzins. The only other carbonate minerals detected were dolomite
and siderite, both showing very low concentrations such that only the former
exceeds 1.0 per cent. Fyrite occurs in the Bearpsw formation, but never
in high concentraticns; in other formations it is relatively rare and in
the Fierre samples was not even detected. X-ray diffraction background
levels often preclude the detection of pyrite when it is an insignificant
conatituent.

The name ‘shale' implies that clay minerals shculd be dominant over
massive minerals, and this is true for all except one sample. The mean
total c¢lay mineral content at 7h.?! per cent comprises approximately three-

quarters of the total mineral content. In two samples, only clay minerals
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vere in fact detected whilst another seven contain more than 924 clay
minerals. Monmorillonite is the dominant clay mineral present having

z mean value of 36,24 per cent and standard deviation of 35.42, the high
deviation being accounted for by the fact that the mineral is absent

in seven samples whilst exceeding 92.0 per cent of the total in four
others. It shows a highly significant correlation, exceeding 38 per
cent, with the scdium-to-zlumina ratios, whilst having = significant
negative correlation with the corresponding potassium ratio (Table 1.12),
This suggests that the mineral species igs dominantly sodium montmorillenite
and the geochemical considerations concerning the Nz and K negative
correlations for the W0 samples previously discussed would appear to be

17

a logical interpretation. With a mean value of 23%.25 per cent, mixed-
layer illite-montmorillonite is the second most important clay mineral. Tts
high negative correlation with montmorillonite (exceeding 99.9 per cent
significsncel, whilst having no correlation of significance to illite,could
suggest that 1t owes 1ts origin tc the weathering of montmorillonite at
some stage in the latter's history (for example Spears, 1971).
In the Claggett, Pierre and Bearpasw formations, illite is present
in minor concentrations and does not exceed 2.0 per cent. However, in
the Colorade znd Fort Union groups it replaces mixed-layer clay as the
most sbundant clay mineral,. COverail it has & mean of 11.64 and shows
a negative correlation, exceeding 95.0 per cent significance, with the
sodium oxide to alumina ratio suggesting that sodium is dominantly associated
with montmorillonite. Unlike the other tnree clay minerals, kaolinitg
never attains great importance in any one sample, even though it is present
in all but six samples. It is absent in five out of six of the Pierre samplies.
Overzll it has = mean value of 2.90 per cent and standard deviation
of 2.25. It shows z highly significant positive correlation with illite
(exceeding the 92.9;. confidence level) and it is interesting to note that

<8

they occur together in all except sesven cases.
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To summarise the mineralogy of the :mericzn group it may be said:
i) The ssmples contain a high proportion of ¢lay minerals, Lhe major
part of which comprises the montmorillonite and mixed-layer illite-
montmorillonite.
i1) TIllite and kazolinite occur together but usually only in minor
concentrations.
iii} Quartz is the major massive mineral present and may be accompanied
by non-detrital carbonate minerals or pyrite, both of which make up only
& very smoll part of the total content.

1.6.3. Investigations and results of the British samples.

XRF analyses of the Dritish samples are given in Table 7.13, with.
1.1h giving the mean and standard devistion for each element or element
oxide. Ratios for the relevant six oxides to alumina are given in Table
1.15 whilst Tables 1.4 and 1.16 provide data on the mineralogical analysis
and the mean values and standard deviations fer each mineral, together with
correlzticn data.

Ixcluding somples with extremely high calcium concentrations, Lolal
silica varies from 45.72 to 55.5% per cent, The good, even digtribution
is reflected by a mean value of 50.85 per ceat, very close to the median
valtue.

Total silica shows no marked positive correlation with alumina but does
correlate well with tctal iron oxide (r = 0./582; greater than S5 per cent,
probably-significent level), Again, excluding semples with a high calcium
content, alumins varies from 15.66 to 2%.20 per cent, the mean at 19.87 per
cenl reflecling uniform distribution, Calcium displays a highly significant
negative correlstion with alumina and total irom oxide {(r equalling - 0.670!
and - 0,599 respectively; Table 1.7h) . The former most probably reflects
the role of calcite and secondary gypsum {calcium sulphate) as massive
minersls reducing the clay minersl content, (e.g. Toble 1,76, Ja Calcium

o

oxide varies from 1.03 to 16.17 per cent. Despite the common occurrence

a

Micaceous minerals (illite plus mixed-layer clay) are shown under the general
hezding of illite.
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of pyrite in the British samples, there is no significant correlation
between total iron and sulphur, as was found in the case of the N.American
samples.

This is nct necessarily surprising in view of the presence of secondary
gypsum in the Oxford Clay zmd Ampthill samples. This secondary mineral
can be precipitated from groundwaters at depth (e.g. on the faces of coal
cleat: Spears, Taylor and Till, 1971). Chandler (1972) has recently..
éommented on its presence in Upper Lias material at depths which exceed
the general depth of weatheringe. In other words, it may well be trans-
ported in advance of weathering and hence will mask geochemical relation-
ships which are a function of primary minerals.

Total iron content ranges from 2,40 to 6,78 per cent, whilst sulphur
is only present in relatively low concentrations between 0.65 and 2.80
per cent, the higher concentrations of the latter being related to the
occurrence of gypsum (rather than pyrite) in several Oxford Clay and
Ampthill samples.

A highly significant negative correlation, r = -0.5608, exists
between the sodium and potassium oxides, but the correlation, although
negative, is well bhelow the lower confidence level when thé results are
rationalised in terms of clay minerals (ice. A].EO3 as denominator).
Sodium oxide content varies from 0.10 to 0.68 per cent (Table 1.16) and
potassium oxide from 2.53 to 4.15 per cent. There is thus a marked contrast
with the imerican samples (Takles 1.8 snd 1.9} where the much higher
NaEO values are = reflection of montmorillonite content.  Titanium oxide,
which is attributable to the mineral rutile, only just exceeds 1.07 per
cent as a maximum, and phosphorus pentoxide, atiributable mainly to apatite,
ranges from C,.06 10 0.2h per cent.

Mineralogical invesligalions revealed that quartz was present in all
of the 20 samples examined, the maximum content being 26.C per cent, the

minimum being %.5 per cent and the mean value being equal to 13.93 per cent.

3D
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It is the dominant massive mineral, usually being accompanied in

much lower concentrations by carbonate minerals and pyrite. Calcite
occurs in all but four samples, and in its highest cencentrations reaching
23 per cent. It is controlled in the British sediments by the fossil
content. Siderite was detected in only three samples, all from the Lias
Clay, and in each case was present in low concentrations not exceeding

5«0 per cent. The Oxford Clay and its variation, the Ampthill Cléy, were
the only deposits containing gypsum, reaching a maximum content of 8.5'
per cent. Pyrite occurs in 1L out of the 20 samples, but again is always
an accessory mineral. However, in one of the Kimmeridge Clay samples

it does reach a maximum of 11.0 per cent which is high even for marine
shales,

| The potassium oxide-to-alumina ratio (Table 3,16) displays a highly
significant negative correlation, r = 0.7515, with the total clay mineral
content, suggesting that potassic-rich clay minerals (micaceous types) are
only present when the total clay mineral content is low, This contention
is further supported by the highly significant pesitive correlation between
the sodium-to-potassium ratios and total c¢lay mineral content. Thus it
can be inferred that when the clay mineral content is high, scdium is more
common in the interlayer positions of the clay sheet silicate structures.
I1lite displays highly significant negative correlations with both
magnesium oxide and total iron oxide ratios to alumina. The strong
correlaticn between magnesium and iron partly explains this. It will be
geen from Table l.4 that vermiculite, which is an Mg-rich c¢lay mineral
{often with Fe substitution) has been identified in the Lias and Speeton
sémplcs. Parry (1972) records vermiculite in the Oxford Clay from near
Bedford. However, in a shallow sample (PAR) from the latter author's
collection, there is no obvious vermiculite present. Because this sample

is from less than 3 m in depth, the mineral may well have been decomposed :}j{

during weathering. Vermiculite and expandable smectites (wmontmorillonites)
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are variously recorded in a wide spectrum of British Jurassic and
Cretaceous caly-shales (see collation by Perrin, 1971).

It is important to record that mixed-layer c¢clay, which appears
as & tail on the low 26 side of the 10 % mica reflection, was recorded
in all the samples studied in the current work. It accounts for a
considerable proportion of the Gault specimen, the Ampthill materials
(see Attewell and Taylor, 1972) and samples B6OL and B626 (Oxford Clay).
Apzrt from the Ampthill material, very little expansion occurred when
the other samples were subjected to glycolation. This could be due to
the technique used, but the more likely explanation is that non-expaﬁdablé
mixed-layer clay is not uncommon in these Jurassic and Cretaceous sedimcnts.
Brown (1961, p.230) shows that chloritic minerals (Mg-Fe clay minerals)
may be a component of mixed-layer species. This particular aspect requires
further consideration, and improvement in glycolation techniques are
currently being investigated. It is of interest to note that glycoelation
wasg succesful with the N.imerican samples and both montmorillonites and
mixed-layer mica-montmorillonites were identified and quantitatively
differentiated with little trouble from 10 R mica (illite) - see Table 1.11.

The following conclusions can be drawn with respect to the mineralogy
of the British samplesa.
(1}  Total clay content comprises very nearly three-quarters of the total
sample.
(2) Tllite first and then kaolinite make up the bulk of the clay mineral
content, with expandable clay and mixed-layered clay (with the exception of
the Lias =nd Ampthill Clays respectively) being rare.
(3) GQuartz is almost always the major massive mineral but may share
its importance with calcite in one or two cases.
(L) Siderite and gypsum are absent in all except the Lias and Oxford
Clays respectively, whilst pyrite is commen in all samples, generally at

low concentrations. 3
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l.6.4. Comparison of geochemical means.

Because of the precision of X.R.F. geochemistry it is more realistic
to use major elemenis and not mineralogy for a direct 'mass' comparison
of the composition of British and North American weakly-honded shales.

It is pertinent to compare LO of the latter samples {(i.e. selected samples
fromw Fleming et al., 1970 Vol. 2 and Chatfield damsite) with the 20
British samples (Table 1.18).

Although a t~test 1s simply a comparison of means this type of
statistical exercise helps to elucidate major differences which, with the
aid of previous mineralogical discussions lends considerable weight to
tentative conclusions which have already been drawn.

The higher total silica in the North American sediments is a function
of high quartz content, and the Dawson samples (see Chapter 3) included
in this current analysis are also high in quartze. If total silica is
higher in the North American samples then it is not surprising that alumina
(clay minerals) will be lower {Table 1.18). MgO, which has hoth carbonate
and clay-mineral affinities is probably significantly higher in the Upper
Cretaceous/Tertiary rocks of N.America, but the other major carbonate
oxide (CaQ) is higher in the British rocks. The large standard deviation
of Ca0 in the latter case is an expression of its nen-uniform distribution
in these clay-shales and this i1s itself a reflection of recrystallised
fossil tests in the marine sediments.

Apart from a very small feldspar contribution both NaEO and Kgo are
useful indicators of e¢lay-mineral type. Sodium is at a significantly
higher level in the N.American clay-shales whilst KZO is at a higher level
in the British material. However, a more meaningful picture is obtained

by rationalizing in terms of Al (clay-mineral ingex) as denominator.

203

In this case the NaZO/AlﬁO ratio is still higher in the N.fAmerican samples
[

3

(0,08 as opposed to 0.02), but the KQO/A1203 ratio is virtually the same

(0,16 N, smerica; 0.17 Gt. Britain). This would suggest that the mont-

33
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morillonite component in the American shales is responsible for the

greater participation of Na' in the clay mineral components of these
rocks. In contrast, the K20 ratios suggest that 1llitic minerals
(including mixed-layer clay) are important in both clay-shale groups,
their importance not being restricted to the British shales alone.
Tioz is commonly found as rutile inclusions in clay-minerals (see
Taylor, 1971) and hence this oxide may well be following clay-mineral
content (as shown by A1203 in Table 1.18).
Sulphur is present as both pyrite and gypsum in the British
Sediments, whilst the previously mentioned good correlation with FeéO3
in the N. American clay-shales implies that it is combined as pyrite
{albeit at a very low concentration) in these rocks. It is important
to reiterate the fact that secendary gypsum may be precipitated well
ahead of the zone of oxidation (weathering) and hence is not necessarily
in direct relationship to the clay-shale in which it is found.
In the above analyses the X.K.F. data used are corrected for absorption

and neormalized to 100 per cent.

1.6.5+ General conclusions on comparisons between N.American and British

samples.

Detailed examination of Tables le.8 and 1.16 reveal that apparently
minor wvariations in geochemistry are reflected in comparatively major
variations in mineralogy especially within the clay mineral composition
between the British and American groups.

The mean value for silica in the N,American group (28 samples)
is almost 10,0 per cent higher than the British value. Horeover, the
standard deviation of the former is 7.93 and 6.14 for the¢ latter (i.e.
for 15 samples). The explanation for this is given by comparing the
relative content of free guartz in each group. The difference between

the two mean values for free quartz is almost identical to the difference

L s
i

between the two mean values for total silica content; the mean values for
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free quartz being 23,19 and 13,93 per cent for N.Aﬁerican and British

groups respectively. The inference of this is that approximately the

Same ahounts of combined silica for both groups is being used in the

silicate structure of the clay minerals.

Alumips content in the British and N.American groups shows -a
significant variation. The mean values are 19,87 and 15.06 for Britisgh
and N. American respectively, both having relatively low standard de-
viations (Tables 1.16 and 1.9). The result is a considerable difference
in the mean values of the silica to alumina ratios, which equals 1.856 for
the British and 2.45 for the American., Since total clay contents in both
groups are very close to three-guarters of the whole, it follows that there
should® a considerable difference in clay mineralogy, as is indeed con-
firmed by the results of the mineralogical investigation.

Whereas in the American group montmorillonite is the dominant clay
mineral, it is replaced in the British group by illite*, which also appears to
be more widespread. Kaoclinite is the second major clay mineral species
in the British group and occurs in much higher concentrations, and is more
widespread then in the American group, whilst kaolinite shows a highly
significant positive correlation with illite indicating their occurresnce
together in the American group. Its role in the British group as a mineral
replacing illite is reflected in a highly significant negative correlatiom.
It is algo important to note that vermiculite in the British group replaces
montmorillonite as the expanding clay mineral type, and further it has a
more limited distribution than montmorillonite, being restricted almost
entirely to the Lias clay, in the samples investigated.

Quartz is the dominant massive mineral in botk the British and
NeAmerican groups, although, &s already mentioned, it is present in con-

siderably higher concentrations in the latter. This may be partially

* including relatively non-expandable mixed-layer clay. as
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explained by increased distribution and imcreased importamee of calcite
in the British group, possibly a reflection of fossil remains. The other
carbonate minerals never achlieve any real importance, and in both groups
are relatively rare, dolomite not even being detected in the British
samples. Pyrite is present in both groups but if anything is more common
in the British samples.

The basic differences in the mineralogy of the British and American
groups aoppear to be restricted to the occurrence and importance of different
clay minerals in each group. It is well within order, on the basis of
Kenney's work (1967, to assume that these variations could result in a
difference in behaviour between those two groups in response to geotechnical
experimentation.

1«7, Geotechnical investigations of weakly-bonded shales.

Te7ets N. American material.

With one exception, all geotechnical testing carried out on the
American material was performed by the V.S. Army Corps of Engineers in
the United States. {only one American sample, from the Dawson formation,
was tested in Britain by the writers who determined peak and residual
shear stremgths, together with Atterberg limitsj. Table 1.17 shows some
geotechnical test results derived by the U.S. Army Corps of Engineers
together with results for the appropriate samples which have been analysed
for mineralogy and geochemistry at Durham.

Whereas most of the tests were carried ocut on a restricted number of
samples, Atterberg limits were determined for all the 28 samples which have
been analysed for mineralogy and geochemistry. Data for Atterberg limits
have been supplemented by -the results of Tourtelot {1962) and Scott and
Brooker (1967), both of whom carried out their own mineralogical determinations.

4 total of 19 samples were tested for residual shear strength but use

has only been made of 7 results for, as already mentioned, Table .17 only
g
(B
includes results for which mineralogical and geochemical data are available,

However, as the mean value of ﬁ; for 7 samples is 5.1&0 and the mean value



-_3?-

for 18 tests excluding one Fort Union sample is 5.320 it would appear
that the 7 chosen are fairly representative of the whole. The range of
ﬁ; for the 7 samples is 3.050 to 6.850, which compared to Kenney's results
for 'clay-shales' is rather low. His values range from a minimum of
6° to a very high maximum of 280, and even his pure sodium and caleium
montmorillonites ghow values of ﬁ; up to 100, the lowest being 1°.

The liguid limit values display an extremely large range, from a
minimum of 38 to a maximum of 204, Even within each formation there is
a considerable range, and even the most consistent set of values (for the
Claggett) has a difference of 15 between its maximum and minimum. The
mean value of liquid limit for zll 28 samples is 93, with a standard
deviation of W1.0. As would be expected, the plastic limits are much
lower‘than the liguid limit values but do, nevertheless, show considerable
variation for this property, ranging from a minimum of 19 to a maximum of
3k, The mean value is 22.5 with a standard deviation of 2. Ligquid
and plastic limits display a highly significant (exceeding 99.5 per cent
confidence level) positive correlation with each other indicating that
samples with a high liquid limit usually have a high plastic limit alsoc.

1.?.2. British Material.

Data on peak and residual shear strength for a total of 16 British
sanples (Table 1.2) have been collated and, of these, 8 were determined
in Durham, the remaining & being either extracted from the literature
or obtained by personal communication with other workers.

Shear strength determinations were carried out in a 6 cm. sguare
shear box at loads of 10, 25 and 4O 1bs/in2 at a displacement rate of
.000L8 in/min. The four Lias Clay samples, the Kimmeridge Clay sample
13/2, the Oxford Clay sample 0.C. and the Speeton Clay samples 1 and 2,
were all tested in Durham. Further, the twe Oxford €lay samples B&2h

and B60L, the Ampthill Clay samples Bl4,U7, and B10, and the Kimmeridge 3'7
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Clay samples were all tested in the same shear boxes under similar loads.
Testing of the Oxford Clay sample, g.c. was tested by Hutchinson(1969).

Peak shear strengths for the British material range from a minimum
of 190 to a maximum of 3}0. whereas residual angles range from 5.00 to
18.1°, the latter having a mean value of 12.360 and a standard deviation
© of 3.h2c. ill of the values for the Lias Clay are below the mean value,
the maximum for that material being ll.jo. Most of the other clay-shales
have ﬁ; values somewhat above the mean.

Values for Qé show a considerable dégree of variation ranging from
2 minimm of 16° to a maximum of 33° with a mean value of 26,8°.  With
the exception of three samples, values of ¢§ are considerably higher than
the corresponding Q;, inferring that the materiél is overconsolidated,
The exceptions are: the Oxford Clay sample PAR, the Ampthill Clay sample
Bi, and the Kimmeridge Clay sample 13/2, the latter having less than 1°
between peak and residual values.

Liguid and plastic limit results are only available for 8 samples,
comprising 4 lias Clay, one Ampthill Clay, one Kimmeridge Clay and two
Speeton Clay samples. With the exception of the Ampthill Clay sample,
all values of liquid limit do not exceed 60. The Ampthill c¢lay has a
liguid limit of 79 and all other values lie within the range of 49 and 57.
The mean value for all liguid limit data is 56.5 with a standeard devi-
ation of 8.%. Valueé for plastic limit range from & minimum of 21 to
a maximum of 30 with a mean value of 24 and a standard deviation of 2.7.

Values of t/0 (residual conditions) range from a minimum of C.087

to a maximum of 0.%33.

4,743, Discussion of the results for the British and N.American materizl.

Comparison of the data on the residual shea r strength properties for
both the British and American material (Tables 1.17 and 1.2) lezds to 36
U

two important conclusioms. First, excluding one result ohtained for a
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Fort Union sample, the range of Q; values obtained for the British
material is far greater than the range of ﬂ; values obtained for all

of the American material. The range for the American samples is {rom-
3.05° to 9.7°, excluding the unusual maximum of 2u.4°, vhilst that for
the British materials is from 5,00 to 1B,h°¢ The second conclugiou is .
that the mean value of ﬁ; for the British material is more than twice
that value obtained for both the 7 American results and also nineteen
of the American results. The mean value for all Britigh results is
12,36° whilst it is 5.14° for the 7 Americar samples and only 6.68° for
all results, including the Fort Union value.

Similar conclusions may also be drawn Trom comparisons of t/@
residual values obtained from British and American matérial. The
ranges are from 0,087 to 0.333 with a mean value of 05252
whilst the American values (for all except one resuli) range from 0905h 
to {0,171 with a mean ¥alue for all results of 0.117%,

Values of Qﬁ for the British and American groups reflect to a
lesser extent the conclusions drewn from data on Q;, The range for
all of the American results, excluding the one Fort Union sample which
has a peak value of 29,50‘ ig from a minimum of 6.9° to a maximum of
19,0°, whereas the British material ranges from a minimum of 16° to a
maximum of 3500 3imilarly, the mean vzlue of ;251') for the British material
is.almost double that of the Americsn material, |

Comparison of data on the liguid and plastic limits of the British
and American groups reveals considerable déifferences between the two.
The mean value for the liquid limit of the fAmerican material is 9}‘whilst
that for the British abt 60 is approximately two-thirds of the American
value. Furbher, the American values display a far grester range, from
a minimum of %8 to a maximum of 20b compared with the British group's
.range of L9 to 79, These differences between the ligquid 1imits:of the

two groups are also reflected, to a leaser extent, by the plagtic limits.

39
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The plastic limits of the American group range from a minimum of 19

to a maximum of 3h with a mean value of 22.5. The British material
ranges from a minimum of 2% to a maximum of 30 with a mean value of 24
which in this case is higher than the equivalent value for the American
group.

1.8. Correlation and discussion ¢f geological and geotechnical data,

Earlier in the Chapter, a brief summary of the state of knowledge
of weakly~bonded shales, from the rocsearches of some other workers, was
presented. It has become evident that clay minerals could well play
an important role in influencing certain geotechnical parameters, and it
particular, the work of Kenney (1967), Scott and Brooker (1968) and
Tourtelot (1962) suggested that clay mineral content type almost certainly
influenced residual shear strength properties and the liguid limit of
natural soils.

In this present Section the contentions held by the authors mentionéd
above will be tested against the results obtained for the British and
American material. In addition, where data are available in the
literature, the inifluence of clay mineralogy on other geotechnical
properties, such as axial strain energy take-up and swell pressure, will
be tested.

Figure 1.0 displays a plet of liguid limit against the percentage
of total c¢clay mineral content in the American samples. The points show
a great deal of scaltering from what appears to be a general increase in
liguid limit =s the total c¢lay mineral content increase. Degpite this
general trend it would be extremely unwise to attempt any linear re-
gression procedure as any 'best-fit' line would be totally unrepresentative
of the extreme cases.

By plotting liquid limit against montmorillonite content (Fig.1.6)
in the sample the trend is more convincing and although there are fewer 40

points the amount of scatter is reduced. The Figure 1.6 plots can compare
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with those in Figure 1.b4.  These two graphs clearly confirm that as the
proportion of montmorillonite increases the liquid limit tends to increase
also. Examination of Figure 1.7, a plot of liquid limit against the
ratio of montmorillonite content to the massive mineral content, reveals
another interesting point. It would appear that the ilncrease in liguid
limit is a function of the occurrence of montmorillonite at the expense
of the massive minerals in the sample.

Kenney (1967) has already strongly stressed the importance of clay
mineral content and clay mineral type on the residual shear strength
of both mineral mixtures and natural soils. Figure 1.8 displays a plot
of Q; against the perceﬁtage total clay mineral content for a total of
12 Aimerican samples, @ll of which contain more than 50 per cent clay

minerals (sensu stricto). From the field of points a general trend can

be inferred, such that. an increase in clay mineral content af approximately
10 per cent could well lead to a reduction of ﬂ; of one degree., On the
basis of this trend, a minimum value of ﬂ; for American samples would be

in the range of 30 to ho, when the sample is composed entirely of clay
minerals.

The equivalent plot for the British data is given by Figure 1.9
which also displays a similar trend. It is interesting teo note that
although all 14 points suggest the trend of an increase in totzl clay
mineral content leading to a decrease in Q;, two Lias samples do not appear
to lie within the field of points. Further, all of the Lias samples fall
within the same region of high clay mineral and low ﬁ;.

Figures 1.10 and 1l.11 are both plots combining the British and
American data. In Figure 1.10, ﬁ; values are plotted against the per-
centage total clay mineral content whilst in Figure 1.11, Q} values are
plotted against the ratio of total cley mineral content {logarithmic scale)
to massive mineral content. From the first plot, it can be inferred that
two trends are present, one lying above the other with a slightly steeper {ij{

gradient, Both trends suggest that an increase in clay mineral content
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leads to a decrease in ﬂ;, the amount of decrease being subject'to
the trend to which the mineral belongs. The Lias material, (denoted
by the symbob‘bF&gure 1.10) appears to span the two fields, with two
points plotting with the steeper trend, composed entirely of British
material, whilst the other two plot within the lower gradient trend which
contains all of the American material, Moreover, 10 out ofwthé 12
samples in the 'British' trend contain no detectable expandable clay
minerzl*, whilst 13 out of the 14 samples in the 'American' trend do
| contain expandable clay mineral (denoted by the symbol-:-). Thus it
may be concluded that the presence of an expandsble clay mineral, namely
montmorillonite, for the American material, has the effect of lowéring
the overall values of ﬂ;, but an increase in totél clay mineral content
also leads to a decrease in ﬁ; as borne out by both trends. The Lias
" material, which contains an expandable clay mineral(probably vermiculite),
appears to be transitionary between the British and American groups and,
in a similar way to montmerillenite, the vermiculite may lead to an
overzll reduction in ﬁ;.

Figure 1,11, the plot of Q} against the log of the ratio of total clay
minerals to massive minerals for both British and American data, displays
the two trends even clearer than in Figure 1.10. The conclusions dréwn

- for Figure 1.10 are also pertinent here.

In examining the effect of the expandable clay minerals alcne, it
nust be remembered that, from the conclusions drawn for Figures 1.70 and
1l.11, non-expandable clay minerals do exert some influence on Q; and so,
in effect, the values of ﬁ; are not entirely a result of montmorillonite
content. TFigure 1.12 is a plot of Q; against expandablé clay minerals in
the British and American materials combined. The fields of points display

an approximate trend such that as the percentage of expandable clay A
Ve

* Mixed-layer clay is, however, cOBMOnN.
' '
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minerals increases so the value of ﬂ; decreases. Unfortunately, the
majority of the samples contain less than LO per cent of expandable
clay minerals and the 'sensitivity' of ﬁ; to these component materials
is apparently recduced for low concentrations, Before any firm
conclusions can be drawn from Figure 1.12, samples with a greater range

of expandable clay to massive mineral ratios require analysing.
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TABLE 1,l. Direct Shear Box Resulta,.

Sample Initial Bulk Normal  Pesk shear Residual Brittleness
moisture Densit; preéssuge sirength shear gtrength Index * g e g e 5
content ¥  1lb/ft, 1b/iun. 1b/in, 1b/in, % degrees 1b/in,” degrees 1b/in.
U2 27 10 76 4.5 40.7
U2 30 13.2 6.9 4.0 42,0
U2 28 123 25.7 14.8 5.0 66,2 2 o 13.5 0.9
U2 26 25.7 15.6 - -
U2 27 38.2 2k.6 11.5 5343
U9 - 13.2 114 - -
U9 , 120 20 15.7 - - '
9 38.2 23.1 - - 22,5 5.9 - -
B10 123 30 14,7 - -
B10 40 22.9 - -
VIN 23 123 10 10.1 2.5 75.2
U6N 2 123 20 14.6 3.0 79.5 _
U7 - 2 30 20.3 7.5 63.1 27.0 56 0 29
U7 - 25 20 18.1 3.0 83.4
B4 25 10 10.2 2.5 7545
By 2y 130 20 12.2 4.0 67.2 16.5 6.9 14,0 0
BY 23 30 16.2 7.5 53.7
BLN 23 40 23.6 - -
BLN 22 128 L9 2.1 - - 0.5 =1.0
BN 24 35 18.1 - - _ (0)
012 29 121 10 5.9 2.5 57.6
U1y 44 0 11.9 6.0 49.6

4%

7=



TABLE 1.1 contcoscecseee

Sample Initital Bulk Normal Peak shear Reasidual Brittleness

moisture Densitg pressuge strengsh shear Etrength Index* g c! > g ¢’ P

content ¥ 1b/ft. 1b/in, 1b/in, 1b/in. % degrees 1b/in, degrees 1lb/in.
Composite for sub-horizontal specimens
Oxford Clay
S2a 10 6.21 3.48 43.9
S2B 25 15. 4h 4.86 68.5 28.0 1.16 14 0.27
82C 50 22.45 10.82 51.8
S34 10 6.18 3.38 45.3
53B 25 13.34 6.90° 48.3 18.0 3.77 13 1.02 '
53¢ 40 16.36 10434 36.8 i:n’
S1A 10 6.25 3 35 43.0
s18 25 12.11 6.82 43,7
s1C 40 18410 2.00 61.3 2h 1.62 1o 145
S1¢! 50 21.00 11.02 47«5
ShA 10 8.77 2.86 67+4
SAB 25 13.08 6.86 47.6 28 1.97 15 €.19
SLC 50 25.26 10.88 56.9

»
Brittleness Index = Moximum ghear stress - Residusl shear stress N : Samples with bedding normal to chear plane

Haximum shear stress
Note: Parameters by least squares regression

S



Sample

Lias 1
2
]
L
BS26
Oxford BEOL
PAR
Ampthill BE
u?
B10
Kimmeridge 13/2
JL3
Lower {(3ault GC
Speeton SPC 1.
2e

TABLE 1.2.

Geotechnical results for British material.

Liquid limit

Plastic limit

57
25
27
52

79

23

kg

23
26

25
24

30

21

22
22

O
]
8

23
31
19
22.5
2l
28
215
16.5
27
22,5
19.75
22.9

53
29

13.5
18,4
10
12
1Y

0.207
0.167
0,113
0.087
0.19h
0.268
0.306
0.2L9
0.249
0.231
0.333
0.176
0.176
C.249
0.231



Triaxial test (consolidated-drained) results.

TABLE 1.3.

Sample Initial Bulk Cell Stress Linear Volumetric
Moisture Densitg Pressuﬁe differgnce strain strain at @'
Content & 1b/ft. 1b/ina 1b/in, at failure failure % degrees
BL 25 124 15 17.26 2.0 - 0.37
BL 2t 124 =0 30,30 La9 - 0431
‘ 20
BL 23 125 L5 51.75 Bal - 0.h3
BL 25 125 60 61,75 6o - 1.03
B10 26 125 15 1%.85 1.7 - C.2h
B10 25 126 30 29.22 269 - 0.30
17
B10 25 129 45 40,80 Lo - 0.60
B10 2k 126 60 53.06 6.2 - 0.31

Y

G

]_bﬁin.2

05

0.75

_dfl-



TABLE 1.4H British Minerclogy (X-Ray diffraction)

Depth sample Total ﬁont/ Tllite & Kaol. Gtz Calc. Gyp. Siderite Fyrite TC MASS
Clay Vern. MiXed—lazer

Lias Clay 1 86.5 10 h7 29.5 8.5 5 £ z,5 6.0

2 8k 12 18 2k 12 2.5 2 2,0 5.25

3 76 8 ) 26 10.5 L5 1.5 5.8 3. 16

I 88.5 22 h3 23.5 11 2.5 545 755

5 96.5 18 52 27 2.5 2757

291-30,5" & 35 5% 345 8 z 8.09

13t=10,.5" 7 78.5 20 %0 28.5 1545 6 _ 365

9'-10.5" 8 93 25 55 23.0 & 13.28

b=k.5 m Oxford Clay B&OL 73,5 57 16.5 22.5 3 6.8 2.77

L ~-5m B626 6245 55 7.5 1945 2 b6 1.66

3m PAR 50 L 6 26 2% 5 1,00

1k m Ampthill U1 77 61 16 15 1.5 5 1.5 3.3

S m Bl 70 1.5 28.5 20.5 8.5 1.0 277

7 -8nm U7 7 Lh.5 29.5 1 8.5 5.5 1.0 2.84

5m B10 70 h% 30.5 7.5 0.5 7.5 1.0 2a3?

near surface Kimmeridge' JIS 81.5 68 13.5 15 5 L O

7 -~ 7.5 m 13/2 58 : 5% 5 12 (s o 11 1,38

near surface Gault Clay 75 559.5 15.5 20 5 = : 3.00

1mn  @peeton Clay 2 &z Trace 59 1% 1.5 6.5 : 4,55

=) . . . . : . . X
@ * chemical analyses suggest that calcite is 2 major component in this material.



TABLE 1.5.

MINERATOGY .

MAIN COMPONENTS OTHER THAN CLAY MINERALS

(to nearest 0.5

For horizon see Fig. 1.7,

SAMPLE iyl BL U7 B10
QUARTZ 15.0  20.5 11.0 7.5
PYRITE 1.5 1.0 1.0 1.0
aypsmm’ T 5.0%7 8,5 5.5 7.5
CALCITE 1.5 0.0 8.5 10.5

23,0 30,0 26.0 20.0

(1) TFrom chemical analyses

(2) By X~ray diffraction

CLAY MINEZRAL PERCENTAGES

TOTAL 77,0
KAOLINITE 2’ 16.0
10 R ILLITE

and

MIXED-LAYER 61,0
CLAY

(3)
SHAPE FACTOR(hJ

10 R MINERALS 1.k

(L}

70,0 L0
28.5  29.5
41,5 hh.G

By subtraction

9 0.90 2.08

Ratio width at half peak height

to peak height.

70.0

0.5

43,0

1450

Weathered materials

CF
8.5
1.0
8.0
7.0

2&.5

7545

32,0

E3e5

2620

CL

10.0
0.0
5.0
0.5

13.5

81,5

2%.0

€745

2.50

49



TABLE 14Gs

SLAKING TEST RESULTS.

Sample 5% retained on % retained ¥ calcite Ratio expandable
No.1h B.S. in vaccuo in samples mixed-layer clay:
sieve mixed~layer com-

ponent,
U7 52.8 88.6 11.9 12.5

_ 531

BY 5140 - 88.4 1.3 18.5

B10 72.0 86.0 11.0 negligible

CF 91.7 96,0 7e2 negligible

iggregate (intact fragments) passing 1/L in. sieve
and retained on 3/16 in. B.S. sieve.

TABLE 147

PTLCON HAND VANE VALUES.

Cohesion
252 ~ 10° slope in fresh clay-shale 15 1b/in." 103 kN/m"
hZo " " " " 1 10 " 69 "
Weathered, in situ 0 " 69 ¢
Fresh wet shaly clay 9 o c€2
Weathered, undisturbed g 55 o0
Soft failed mass 7 " v
Soft clay aggregate & oo
Mud flow 2 0 o




TABLE 1.8 Geochemistry - N. American material

Semple 310, 5;295 i§%§1; ‘ kg0 Cal N=0 Ko 140, MnO 3 P95 Total
oxide

Dawson 70.27 16.73 he1?7 1.29 1.7%0 0.h3 1.22 0.73 0.15 0.78 0.08 a7.11
Claggett 1 60.13 11,01 S8 7.2 2,02 1435 2.58 0.75 0.03 1.05 0.16 20.55
2 57,20 17.46 £.57 2.9 1.00 3.25 0.1% 0.6 0.C2 0.32 .04 8u.86

zZ 61,20 15412 5.07 2.75 2.57 2.51 2ahS 0.7% 0.03 1ol 0.11 gz, 8

b 59.38 15453 6.92 2.59 1,00 1o b1 2.70 0.82 0.Ch 0.66 0.13 C1.27

5 58,85 15.88 €.89 2.35 1,06 1.77 2465 0.83 0.0 1437 0,12 G1.7G

6 £0.02 15.81: 6.0% 2.16 1.00 1o L2 - 0.75 0.06 0.93 .16 91.85

7 60.97 16,58 6.67 215 0.65 144G 2.1 0.80 0.06 C.99 0,11 92.89

8 66.21 1520 L.70 2o 142" 1,63 2.05 0.64 0.06 0.9 0.12 9l 22

g 24,20 5.2l 2.12 1.04 0.7% 2.61 0.00 Q.19 0.06 .01 0.12 36.72

10 57.95 1738 6.16 2.51 0.4 2.22 0.61 0.81 0.06 0.9h 0,09 89.69

Pierre 1 61.4L7 13.87 5.58 2.57 1.75 1.37 2.10 0.70 0.16 0.5 0,10 91,25
2 62,17 1334 5425 2438 1462 1431 2.96 0.68 0.09 0.77 0.1C 90.27

2 6b.25 16..89 .85 .80 1.63 1435 1,25 0.59 0.0% 0.29 0.05 91,02

L 56,35 15.80 6,03 1,85 2 b7 .90 3.69 0. 7L 0636 1.85 0.23 50.29

5 60.84 12,77 600 242 1423 1.38 2.85 0.71 0.15 0.26 0.09 90.1C

€& 56.91 16.10 L.93 1.9 2,01 0.88 3.84 0.75 1.08 0.7k 0.17 8g.75

7 69,61 14,02 L,96 2.45 0.83 0.88 2.56 0.59 0.06 .00 0.08 96,01

B 59.15 17.69 5.6 1.89 0.60 0.81 2,91 0.69 0.06 .95 0.14 91. 45

Bearpaw 1 60.8¢ 15,95 6.00 2.09 0.87 1.33 3. k9 0.81 0.05 0,97 0,12 92,51
2 63.03 15,39 508 1,96 0.70 1.57 2.85 0.79 .03 1.1% 0.08 53,02

3z 63,08 15.20 5.25 2.05 0.70 1. 8 2.67 0.77 0.03 0.95 0.08 92.58

L 63,51 15,06 5.03 1.93%" 0.83 1.77 259 0.75 0.03 1.18 0,08 92,7L

5 60.20 15,72 6.15 2,19 1.10 1.88 2.98 0.78 0.0l 0.85 0.09 90,98

€ 59.27 15,11 6.26 2.90 1033 1.88 2.80 0.81 0.0L  0.76  0.09 91.05

7 62,71 15.21 5.55 2.05 0.70 1.77 2.61 0.78 0.03 0.99 0.08 92.5L

8 62.03 16.15 5.73% 1.99 C.85 1.4L8 2.80 0.70 0.06 0.72 0.11 93.0%

LG



‘Samples

5i0

Colorade 1

Fort
Union

=] Onovdt B AW o A

2

z

H]
b

€

A

65.36
55473
63,67
62.63
£5.12
68471

56.78
6L.02
60,14
59.85
60.60
63.20
3ha 10O

210,
1&.11
19,84
153
18.02
16.62
18,16

14430
16,96
13,24k
18.06
17.01
12,19

5.9¢

Total

iron oxide
379

Ly 57

a2

Z.%0

3.70

5,!’:!1

610
3.52
5455
205
63

3.326
709

¥g0

2.78
3,0t
2.6%
1.73
Te7H
1462

3.27
2.3L
3, L6
2.56
2.02
5, 2h
1.6

TABLE 1.8 cont....

Cal

1. 10
1.81
1.99
0.55
0.h2
0.26

2,76
0.61
2419
Q.51
0.5
h.32
0.93

Na,0
1.25
T 01
1.8
0.8%
0.87
0.62

2476
1.25
2431
3.6
3.03
0.26

2.2t
3.39
3.88
3.54
3.2
2.60
2,20

Tio,

0.73
0.72
0.69
0.87
0.8h
0.85

0.76
0.72
0.65
0.85
0.82
0.56
0.332

0.0%
0.03
0.03
0,02
0,02
0.06.

0.09
0.03
0.09
0.0L
0.03
0.06
Q.06

1,64
0,57
14 0k
0. 51
¢.58
0.52

0.31
0.13
0.25
0,22
0.05
C.20
7.76

PO

0.16
0.15
0.15
0.13
0.6
0e13

0u.13
0.02
0.09
0:15
Ca99
0.18
0.10

Total

95451
91.52
93.25
92.85
93450
9h.G2

89.71
92,17
89.89
926140
92.40
89.05
61.03



Table 1.9

Significance of major element correlations in N. American samples

Total 330, 5;293 . Total Iron Mg0 Ca0 Na 0 K0 Ti0, Mn0 8 3295

Mean €0.071 15,005 5.268 2,327 1.332 14155 2.59t 0.721 0.085 0.870 0.137
S.Dev. 7.930 2,711 1.170 0.558 0.868 0.657 0.661 0,111 0.169 14150  0.142
Var, £2.879 743457 1.368 0.311 0.753 0.L32 0.923 0.012 0.029 1.417  0.02C
810, +)99.9% D95y D954 >95%
A1903 P 59.9%

2 o 1£555%
Total Iron £ 99.9%
MgO _ 7 &
Cal b
Na, $99.9%
K,0 > 95%
Ti0,
MnQ
S
on5

€q



Ratios
Claggett "
2
3
L
5
Pierre 1
2
3
I
5
6
Bearpaw 1
2
3
L
S5
6
7
Colorado 1
e
>
L
>
Fort
Uniocn
3
P
5
&1

N

SiO2 NaEO

Alao3 A1203

2.0u85 0.0963
3e333 0.1893
1.4811 0,1693
1.7823 0.0907
1.9238 0.111L
2.7159 0.0087
2, LBES 00,0982
41,2075 0.0906
3.0816 0.0569
22396 0,1002
2. 0726 0.0545
2.1578 0.0833
201?1-'50 Ou1020
2.9157 C.1171
1.9926 0.1175
2.82L1 0.1195
2.5279 0.0830
2.2260 0,040G
1. 5705 0.0885
2.808¢g G.1718
2.1893 0.1220
1.6600 0,065
2.1552 00,0523
z.0166 0.0010
147287 0,0265
1e 7177 0.0h22
2,666 0,0813
241162 0.086h

TABLE 1,10 Oxide/Alumina ratios in N.American samples

N& 0O

K0 5 MgC Fe203 Cal
)«:\1203 410 3 A1203 a1 2o3 Al 2o3
0.18L1 Q.5232 0.2291 Ce3911 Co1hi
0.0285  6.6326 0.1858 0.3805 0.0582
0.1606  1.0281 0.1818 0.3353 0. 1693
0.1728  0.5662 0,1667 0. b155 0.0701
0.1668  0.6679 0.0667 0.4h3%38 0.0667
0.2235 0,409 0.1852 0.L023 0.1261
0.2218  0.1125 0.1784 0.3935 0.11:39
0,0839  1,0800 0. 1907 0, 2585 0. 1094
0.2335 D.2039 01170 0.3816 0.1543
0.2069 C.L8L2 0.1757 0. L6L7 0.0893
0.2385  C.2291 0. 1204 0.3062 0. 1456
0.218¢  ©.3810 0.1309 0.3759 0.05L5
0.1851  0.5508 0.1273 0. 3560 0.0454
0.1756  0.6666 0.1%L8 0, 3460 0,0460
0.1719  0.6833 0.1281 0,3339 0,0551
0.1895  0.6308 0.1393% 00,3912 0.1195
0.1853  0.671h 0, 1786 Q.h1L2 0.124k
0.1715  0.6781 D.1347 C.2608 0.0499
0.1956  0.4528 Ce 1615 0. 2686 0.0592
0.0630  2,7280 0.1733% 0.2303 0.0912
0.158% 0,7835 0.1810 0.2835 0.1369
0.2018  0.2367 0.0959 0.2163 0.0305
0.206% 0,253 0.1046 0.2226 0,0252
0.2253 0,1820 0.2273 0,LU50 0.261)
0.1998  0.1327 0.1379 0.2075 0.0359
02930  0,1LML3 0.2613 0, 1191 0.1820
0.1960  0,h152 0.10L17 00,2796 0.0337
C.2010 0,hL298 0.1187 0.3733 0.0317

MnC

A1203

0.0021
0.1165
0.001%
0.0025
0.0025

0.0715
0.0067
0.0020
C.0227
0.0108
0.0670

0,0031
0.0019
0.0015
0.0019
0.0025
0,0026
0,0019

0.0021
0.0015
0.0020
0.0011
0.0012

0,0062
©.,0017
0,0067
¢.0022
0,007



TABLE 1,11 Detailed Mineralogy of N. American specimens

Sample Montmorillonite Mixed layer mont- I1lite Kaolinite Total guartz Calcite Dolomite Siderite FPyrite

2 morillenite-illite % % Clay % % % % %
N %

Clagﬁett

DHI UZ 56,0 2.3 2.1 61.4 32.6 2.7 .3

DH1 U20 og.0 * 2.0 100.0

DH1 US7 56.0 1.8 57.8 38.8 1,3 2.1

DH2 U3 61.5 +11 n 2.0 3.8 68.3 31.7

DHZ U1k 65.6 5.1 7147 28.3

Pierre '

DH1 U2 71.0+ 5.0 76.0 22.8 0.1 0.1

DH1 U10 80.6+" " 3.5 81 15.9

DH1 020 98.4L* 98.4 1.6

DH1 U23 T g92.h 7.6

DH1 U32 61.9 2.1 64,0 26,0

DH2 UL ‘ 7%.9 79.9 19.1

Bearpaw

DHl UZ 61- l] 9¢O 3:2 7306 26.!-}

DH1 U6 62, bt " 7.0 2.1 71.5 2544 3.1

DH1 U7 76.2 2.5 2.6 81.3 18.7

DH1 U20 10,0 52.6 1.2 638 23,5 2:7

DHL U46 66.35+" " 2.0 341 71.b 16.6 0,51 1.9

DHZ2 US 79.9 1.5 2.0 83.4 16.6 0.1

DH2 U‘IL} 6093+ 700 hno ?1.3 280? 01:1

Coclorado

DH1 U5 25.0 15. 4 1.0 2.0 53s0 h5,.2 0.1

DE1 U6 58.2 27.0 4.8 100.0 0.1

DH1 U7 57.6+ 43.8 Trace 7144 275 1.1 0.5

DH1 U25 13.1 50,0 6.2 69.3 30.7 0.1

DH1 U29 7.9 55.0 7.8 70.7 29,3

Fort Union

DHI U5 27.7 26,8 2,2 1.7 13 L 15.5

DH1 T10 Hy 22,0 30.0 2.3 65.3 The

DH1 U12 2.8 23,6 4.7 41,4 37.0 18.5 Z.h

DH1 U17 68.3 15,0 5.0 88.3 11.7

DH1 U22 20,0 " 07,04 L.8 80.5 19,5

ryt well ordered (high crystallinity)
U1+ poorly cyrstalline
" including mixed layer clay

LG



TABLE 1,12 Significance of N, American sample minerslogy

SIAL NAAL KAL NAK MGAL FEAL CAAL MNAL TCML KAQL MONT ILLI
MEAN 2.0445 0.093 0.185 0,797 0.157 0.347 0.104 0.010 7L.336 2.898 36,243 1)l.6L3
SDEV 0.630 00039 0-052 1.219 0.0’-12 0.0?h OoO6O 0-025 13-5}0 2.2’46 35- b2£| 16.‘110
VAR 0.397 0.002 0.003 1.L87 0.002 0.005 0.00L 0.001 183.072 5.04E 254,886 259.525
MYCM QUTZ TCQZ LLI¥ PLIM
MEAN 22.250 23,193 12127 93.000 22,464
SDEV 29.685 11.610 26.655 L1.192 36343

VAR 881.1490 134.795 710 494 696,786 41,177

Correlation Matrirx.

SIAL  NaaL KAL  N#K HGAL FEAL CAAL KNAL  TCML  KACL MONT  IL%,_

ﬁﬁi >99.9% 599.9% 799 ?3??2 PI5%
K - [ 4, - 95%
i 3995 o5t ke

NaK .
N {0s = 9%
HGAL 799.9% 9% +)95%

FEAL
Caal, - . - 5%
MNAL ‘ ,

TCML 295

KAOL - _ +£95%

MONT 295%  499.9%
ILLI

MXCM

QUTZ

TCQZ

ILLIM

PLIM



Sample
Lias Clay
Oxford
Clay BS26
B62L
Yl PAR
4.ex]
0Ge
Ampthill
Clay B,
U7
B10
ACT
Kimmeridge
Clay 13/2
JLS
Gault
Clay (lower)
Speeton
Clay 1
2
3
o)

A

TABLE 1.1% Geochemistry - British material

810 A1 O Total MgO
2 23 iron
52.07 20.66 £.19 2.03
52.01 21.00 6.58 2.11
51.46 21.42 6.70 2.17
52,08 22,05 5.94 2.08
47.82 22.96 64141 1.73
54.93 19.07 4,60 1.72
54,83 18.06 L.77 1.68
55.73 13.00 3. 40 1.32
5L4.65 1724 5.66 1.83
50432 21.60 be35 0.95
55.62 20,09 6.78 2.20
47,70 17.75 552 2.10
15,12 18.19 Se17 2,09
48,11 18.61 6,18 2,08
51.06 15.66 5.36 2.03
50.32 21.60 ha35 0.95
K1, 49 16.84 2e60 1.58
18.91 20,61 5959 1.27
50,63 23.20 6.47 1.33
50.06 24.28 5.90 1.24

Ca0 mg) %o ﬁ% MnD
3.80 0.56 %13 0.96 0.03
3.22 0.40 Z1b 0.98 0.03
e i1 0.45 .11 0.95 0.03
2.78 0.38 3413 0.96 0.02
1.57 0052 301h ‘1-01% 0.15
3,75 0.27 3419 0.95 0.02
L.29 0.33 .25 0.90 0.02
1218 0.19 2.5% 0.62 0.06
15.44 0.29 2.82 1,07 0.08
5.18 0.43 2.68 0.86 0.16
1.05 0.27 Ls15 0.95 0.02
6.50 0.36 3.58 0.83 0.02
7.96 0. 11 3.57 0.75 0.04
5,16 0.10 2,69 0.85 0.03
9.95 0.03 3.75 0.72 0.0L
- 5418 0.43 2.99 0,86 C.16
16,17 .51 z.20 0.57 .12
.27 0.5% 2.18 0.79 0.15
2.53 0.68 3,22 1.02 0.14
1.44 019 .12 1.05 0.17

2295 Tatal
0.22 50.94
0.20 90.57
0.20 91.27
0.13 91.72
0.1 88,28
0.15 90.69
0.11 90,81
0.19 75.86
0.24

0.1k 88.07
0.06 93,72
0.11 86.31
0.09 85.31
0.08 87.19
0.12 90,26
.14 83.00
0,13 85.27
0910 83‘59
0.09 90.79
0.09 88.72



MEAN
SDEV
VAR

5102

Alao3
Tot.Fea

MgO

Ca0

&
.

841

Total
S:‘.O2
50,851
3.738
13,970

TABLE 1,14 Significance of major element correlations in British samples
A1203 Total  MgO Cal Na0 K0 TiO,  MaO s 1=2o5
iron
19.868 5.735 1.802 5e060 0.36k 3.352  0.899 0.0617 1.659 0,13
2.318 0,915  0.362 b4e359 0.166 0.38F 0.121  0.063 0.626 0.051
5.373 0.838 0.131  19.002 0.027 0.147 0.015 0.00k 0.392 0.003
gorrelation matrix’
+295% +D95%
-55% +295% ©95%  £95%
-\95% +95%
~>95% +295% =299, 5%
=¥95%
=~ 95% +95%
5% —->95%



TABLE 1,15 Alumino ratios : British material.

Sample Comhined
figé Fe203 MgO Efg_ Na 0 EESm
A1203 A1203 A1203 A1203 Aleo3 AL.O
Lias Clay 1 2.10 0.29 0,09 0.18 0.02 0.15
2 1.90 0.31 0.10 0.15 0.01 0. 14
3 1.89 0031 0.10 0.16 0.21 0.15
4 1.86 0.27 0.09 0.13 0.02 0.14
Z 1,93 0.28 0.08 0.07 0.02 0.1k
Oxford Clay  B626 1.86 0.2 0.09 0.20 0.01 0.17
B&OY 1.79 0.26 0.09 0.2h 0.02 0.18
PAR 1.51 0.26 0.10 0.93 0.01 0.19
Ampthill Clay B 1.75 0.3 0.1 0.05 0.01 0.21
U7 2.07 0:31 0.12 0.36 0.02 0.20
B10 2.01 0.28 0.11 0. bl 0.01 0.20
Kimmeridge Clay 13/2 2410 0.34 0.13 0.6 0.00 0.2k
JLS 1.64 0.20 0.0k 0.24 0.02 0.4
Gault Clay {lower) 1.28 0.21 0.09 0.96 0.03 C.19
Sppetoh Clay 2 1.82 Q.27 0.06 0.06 0.02 0,15




MEAN
SLEY
VAR

SIAL
FEAL
MGAL
CAAL
NAAL
KAL
NAK
TCML
MV
ILL
KAOL
qQTz
TCMA

SIAL

1.855
0.263
0,069

Combiﬁed
SIAL

Samples correlated:

TABLE 1,16 Significance of British sampic MiNeraiugy

Il B62S

0L

W= AW Do

NAK

0. 109
0-0’19
0.002

Correlation Matrix

FEAL MGAL CAAL NAAL KAL
0.278 0,093 0.321 0.029 0.173
0,0L0 0.021 0.288 0.0L9 0.0320
0.002 0,000 0,083 0.002 0.001

FEAL MGAL CAAL NAAL KAL

+ 7 95%

+p95% (
+»95%
+595%
KC 13/2 and JIS S5C11
Ge OC PAR
BL
U7
AC U7
AC B10

NAK

>95%

-> 99.9%

- TCML M/ 1LL KAQL QTT TCHA
75.333  L.667 51,100 19,700 132.933 5.089
11,902  7.25L 28,785 8.854  6.137 6.275

161,655 524622 77.173  78.393 37.662 39.377
TCML MV ILL KAOL  QPZ  TCMA

- 95%
- 95%
_ ~»957%
> 95%
-»35%  -p95%
+»95%
+)95% +D95%  D95%  ©95%
95%  +p95%
-$95%
~95%
-2955%



mple
mpLe

aggett

Lerre

garpaw

olorado

ort
nion

awson

7l
1

TABLE 1,17 Geoteckhnical data op N.Amoericas material.

P R

= \A

[x%]

P N A LN

[ Y

EalAN

U22
1s
717
725
710
T 7

Liguid

62'
107

92

72

93
162

145
143

- 200

25
67
56

85
101

108
104
105

81

54
174

40
38
68
59
52
66

1335

55
53

65
60

Plastic
Limit
20
26
15
22

22
28

26
34

29

20
20
21

20
21

21

23
23
21
21

20
24

20
19
22
20

22

23
22

22
22
2h
21
22

25

W
g

Eﬁﬁ,

0,089
0.079

0.072
0.070

0.124
0104

0100
0.092

0.096
0.086

(SR
P
- %
- T\
[«=HV}

Swell pressvre

%Whtnja

tons per sqe.fta

15.9
20. b

2+91

2-357

17

1.5

5.2



TABLE 1.18.

Students' t test; comparison of British and NeAmerican samples geochemistry

corrected and normalized X.R.F. elements and element oxides

NeAmerice (46 samples)

Element Mean  standard Mean Standard
Oxide Deviation Daviation t value Significance
Total 810, 56.39 2.59 67.00 2456 15.1783 Different at 99.9% level
AL;0, 22.11 2.97 17.60 1.99 7.1146 Different at 99.9% level
e2 3 6.13 1.01 5.55 1.20 1.8561 Not significantly different

Mgl 193 O hh 235 C.75 2.2911 Different at 95% level

Ca0 6.37 4,99 1.49 0.90 6.2980 Different at 99.9% level

Na,0 0. &1 C.19 Uy 0.78 5.5217 Different at 99.9% level

K,0 3.65 0.39 2.73 0.97 4.0044 Different at 99.9% level .

Ti0, 0.99 C.13 0.80 0.08 7+ 4598 Different at 99,9% level F,G

¥nO 0.68 0,07 0.11 0.18 0,6118 Not significantly different

3 1.80 GC.73 0.83 043 6.6170 Different 8t 99.9% level

P205 0.15 .01 0,30 0.32 1.9250 Not significantly different
99.9% confidence level = highly significant
99% - " " = gignificant
o5% o " = probably significaut

North American samples British Samples

Claggett -~ ¢ gamples Colorado =~ 6 samples Gault Clay - 1 sample Ampthill Clay - k4 samples

Pierre - & samples Dawson ~ 9 pamples(C,D,E,F,G,J,K,L,¥)} Speeton Clay- 3 samples Oxford Clay - 5 samples

Bearpaw -~ 8 samples Fort Union~ 6 samples Kimmeridge Clay ~ 2 samples Upper Lims - 5 szmples

=p
o
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CHAPIER 2. BIOPE PROFILES IV THE KIMEERTDCE CLAY, YOIKSETRE, ENGLAND.

2els Iﬂtmductioﬂ :

43 part of the general clay shale atudy, ecie detalled attenticn wus
dirscted towards the Kimgeridge Clay exposures in Yorkshire, Ingland., The
sineralogy and geochemistry of the Clay has been outlined and its geotechnical
propertise comsidered elsewhere in this preaecnt Report, In this Section,
attention will be directed less towards possible mass ingtability of the material
bat rather towards the degradational inﬂuenoe of time upan slope profile
developaant.

The Eimeridge_Clay in the Vele of Pickering, Yorkshire, forms the ceiling
of the Jurassic rocks in both Lincolushire and Yorkshire, reaching a maximum
thickneas of £00 ft (Wileom, 1948). Gemerally, the clays end shales ere paorly
fossilifercus and are overlsin by alluvium and glacial dsposits, walls ieslaied
patches of the Clay resting an the Upper Carbouifercus €rit border the alluvium
along the northern fringe of the Vale.

Expogures at outcrop are rares, scattered and sxcept om the ¢east, incompliete.
Kimmeridge Clay exposures of any size occur as lsolated hille rising out of the
alluvial plain, two of the principel ones being Golden H31l and Martos Hiil
pear the village of Marton (British Ordnamce Survey sap mumber S.E.78,S.W.

Grid reference 735 833), L ailes south east of Kirby Hoorside (Figure 2._1). The
exposure at Marton Hill (Figure 2.2) is known locally as "Fox Holes' and is of
Lower Kizmeridge age '(&uiox US zone). . The other exposure (Figure 2.3) at
Golden Hill is of Upper Kimmeridge age {Pectinatites Zene)a Blue c¢lays and
shales with gepteria comprige the Lower Kimmeridge amd ou the whole 1t is wuch
lighter in colour and aot so fikely laminated ss the beds above. The Upper
Fimmeridge consists of alternations of finely~laminated, dark bituminous and
lighter shale with harder brown-goloured bands. Im phywical appsarance, the

clay shales studied at Golden Hill vary from a etiff to a very ztiff Terzaghl
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Glhim

and Peck (1967) classification and from olive-grey, finely grained mudstones to
a brittle, pale-yellow=brown, finely laminated irone-stained limestone. At
Fox Holes, the clay shales are mainly soft-to-brittle medium and dark-grey,
calcareous, cften carbonsceous, in places fissile, mudstone with gome very
hard ironstone bands. The clay weathers to small iron-stained, disaggregated
brittle platelets, similar to one of the Ampthill clay-shale degradatioa
products (esmple CF) mentioned earlier in the 'Report.

There ig a history of clay-shale extraction and slope profile change over
the years in the two aress, This information ﬁill be used subsequently in

this Report.

2.2+ Jointing in the Kimmeridge Clay.

| Kimmeridge Clay is regularly jointed in a continuous manner (see Plate 2.7.)
aﬁd even where the clay is substanfially weathered at Fox Holes, the joints are
atill prominent. Two major orthogenal and near-~vertical joiat trends in
directions NW=-SE and NE-SW are highlighted by computer analysis and these
directions are wholly comsiastent with theﬁjoint trends in the iower Lins beach
platform in Robin Hood's Bay (see Figure 2.1 and Attewell and Taylor, 1970).

The verticality of the joints ( the term 'joint' beimg descriptive of =
'contiauous parallel group of discontinuities along which there has been little
or no movement) and a very shallow bedding dip means that the jointing is always
norwal to the bedding.

Inspection of the joint surfaces indicated that they were basically smooih
although they did intersect numerous linear bedding discontinulties displaced
from each other by an average of 0.2 ciie Although the jolnting was essentially
linear, the joint surfaces were scuetimes 'wavy' and some large arcuate joints
wvere observed. Open joiats, up to 3 in.wide, sometimes contained a clayey
gauge and there was some efldence of free water on the joint surfaces.

The discontinuities in thesze two shalee were subjected to a detailed

measurement program and were subsequently analysed for stability. | ﬁhi
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2.%, Slope Design eriteria.

The discontinuous character of the Kimmeridge Clay, its low imiriasic
strength with respect to rock, and its other geotechnical and geochemical
properties imply that it will fall quite satisfactorily under the heading of
'clay-shale's Lane (1969) has acknowleadged the geotechnically intermediate
stance with respect to strength of a clay-ghale and that geologically it should
have a structure, and accept jJoints, faults and other defects. He notes that it
should be fissile and stratifisd and yet respond very much like a hard clay in
a soil test. The term 'weakly-bonded shale' is probably compatible with the
overcongolidated clsy shale of Scott and Broaker (1968), the clay shale of
Johnson (1969) and of Fleming et al (1970) and the stiff, fissured clay of |
Chandler (1970).

Excavated slope stability can be assessed for practical purposses with
respect to three limiting conditions:-

{i) Initial or construction conditions,
(ii) Intermediate conditioms,
(iii)long-ters, essentially residual strength, conditioms.

In Figure 2.4, the numerical aymbols are:

1

Unknown history subsequent to major geological unloading

2 = Initial or construction condition (based on in gitu tests)
% = Intermediate condition {based on empirical observations)

4 = Long term conditions {based on residual shear tests)

The first condition involves a conaideration of the mass~strength of the
¢clay-chale; which implies a kmowledge of both spacial distributions and
orientations of pre-existing planes of weskness and the shear resistance which
can be mobilised on those planes. Since in some crees the relaxed stress
differences may be high, the posesibility for shearing throughigsiid clay elements
exists and this consequently involves knowlasdge also of intrinsic strength.

The in-gitu mass shearing reaietance is influenced by joints, fissures,

fiseility, faulting and the re-criemtation of clay minerals along surfaces of

65
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previcus movement. It is generally acceptsd that masz~shearing resistance
cannot be determined from tesis on small samples recovered from conventional
borings and so large scale field in-situ tests are required to include the
effects of joints and other discontiruous features.
During the intermediate condition (3) the strength of the clay may be
decresging with time because of:-

a) Softening effects associated with the opening of joints and faults:

Before excavation the clay is rigid and the fissures (small, gussi-randomly
distributed and orientated discontinuities) are closed. The reduction of streas
during excavation permits an expansion of the clay, and some of the (optimumly
oriéntated) fissures open. Any water can then enter and soften the clay
adjoining these fisasures. Unequal swelling produces new fissures until the
lagger, intact pieces disintegrate, and the mass is tranasformed into a soft
metrix containing hard cores., This change in state may not necessarily be
abrupt but may be represented by a progressive decrease in softening with
distance into the solid element. A slide occurs as scon as the shearing
regisztance of the weathered clay bacomes too small to counteract the forces pf
gravitye. Most slides of this type occur along toe circles involving a
relatively shallow body of soil, because the shearing resistance of the clay
increases rapidly with increasing distance below the exposed surface.

b) Swelling of the material from siress-relief and the slaking effacts

of expandable clay-minerals: On account of the large changes in volume

angociated with the unloading of poorly-bonded clay-shales under conditions of

ne lateral strain, they become the seat of severe horizontal residual stresses.

Az hes been indicated previcusly the ratio beiween the horizontal and the verticel

normal stresses increases while the overburden is being gradually removed. Even

in less heavily pre-consolidated clay deposits the ratlo may approach the

coefficient (Kp) of passive pressure of the clay (Skempton, 1961; Terzaghi 1961).
These stresses can contribute to the mechanical disintegration of the shales

adjacent to the slopes of river-valleys or behind man-made cuts. [}{S
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¢} Progreasive failure.ﬂ'

Initial or comatruction stability.

Most failures of excavated slopes in clay-shale cccur during the construction
period. This point is certainly borne out at Golden Hill where over-
steepening of the face during excavation work has resulted in several large-
acale movements of material from the face into the excavation.

Terzaghi and Peck (1967) maintain that because of the low permeabilityz' of
poorly bonded clay-shales at all depths below their present surface, failures of
newly-cut slopes take place under £+ 0 conditions. In this case, the chearing
resistance (v)®cohesion (c), and is approximately equal to half the unconfined
compressive strength of the material. & ( T=&ca$ qu).

As emphasised by Bhatim (1969) the importence of bedding and dip on slope
stability should not be overlooked. He has gtated that the sffect of bedding
plane inclination can result in the strength being only %0-40% of the strength
that would normally be determined in the laboratory.

On the gouth side of Golden Hill excavation the clay-shale dips gently
into the excavation. Conversely, on the north side the shales dip gently
away from the excavation. It is the south face of the excavation where
much of the movement has taken place. This is attributed to em initial over-
steepening of the face (a stress-relsase factor) and to the unfavourable dip
o the strata into the excavation {(a gravitational factor, being largely a
function of the friction of one block against another).

It would appear that failure jimmediately after excsvation is presaged

by the initiation ©of tension gashes parallel to the excavated face., Relics

1e See diacussion later (31?
2. Rowe (1972) quotes figures for the permeabillty of the Kimmeridge Clay
-0
at Waddeston, Buckinghamshire, Englaend of 10 to 10 n/sec. at depths

of between 5 - 10 m.
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of these have been found at both Golden Hill and Fox Holes excavations,
together with more recent ones developing, presumably, prior to failure of the
newly excavated face to the left of the entrance on the south side of the

pit at Golden Hill. (See Figure 2.3)

Intermediate and long-term stability.

Lane (1969) hes proposed that & strength decrease in clay-shales
subsequent to excavation could possibly be avoided by deaigning for & long~
term streagth substentially below the peak atrength, but well above the
residual strength. As a basis for selecting such a strength, he has suggested
that it be the stress at which the deviator siress in a triaxial compression .
test departs from the initial linear portion of the stress-strain deformation
curve. By restricting the designing stress to such & value, he waintaine
that irreversitle or progressive failure effects might be elther minimized or
eliminated, thereby preventing conmtinuous failure surfaces from ultimately
developing, after having first reached the peak strength in progressive
failure type action.

On the other hand, Morgenstern (1969) has cited a mlope failure in London
Clay that occurred after 30«40 years; this presumably would not have occurred
if the concept proposed by Lane was epplicable.

Lane (1969) has also pointed out the importance of weathering or soften-
ing effects working down from the surface, and how the strength would decrease
with time from this effect. Johnsﬁn (1969) has commernted on the extreme lack
of data relating to strength decrease of clay shales with time, despite the
evidence that this occurs. Skempton (1969) for examwple has analysed the
cohasive value of the London Clay along eight first time slides and haas shown
thaet cohepion progressively decreases with increased time (see Figure 2.5).
Norgenstern (1969) has cited data from stability studies in the Iondon Clay,
end maintains thet, for periods of about 100 years, stability could be astimated
on the basis of ¢' = O, @' = @' peak from drained shear tests provided that
residual conditions had not developed through appropriate displacements along (363

sre-existing planea of weakness. Such Pn argument should be restricted to

1
i
{

y
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london Cley and not be applied to clay-shales in general.

2.lte 3hear Strength determination in the Kimmeridge Clay.

It is well lkmown that heavily over-consolidated clays and clay shales
are lilly to exhibit high peak strengths even when tested under fully-
drained conditions because of their strong inter-particle bonds. or
interest also in an evaluation of the mechanics of progressive slope
modification is the residual strength approached after relatively large
shear displacements involving locslized bond destruction and particle re~
orientation alcng the shear plane. 12 inch square shear box tests were
verformed on samples of Kimmeridge Clay following consolidation for 2 days
at a particuler value of normal pressure G e Reversed shear was continued
until a constant value of shear stress was achieved, at which stage dn was

increased to some value GA until further displacement produced a further

2
constant value of shear resistance along the shear plane. Pre-loading was
then coniinued to a third stage.

A plot of aé versus |T|gave a Q; sngle of 10° for the Kimmeridge Clay,
with a ¢’ of 14 kN/'m2 (2.03 ZL‘n/ine).a If, on the other hand, c  was taken
tc be zero, a linear regression aralysis on the deta produced a‘ﬂé anglzs of
16°.  This may be a more realistic residual angle in that the undisturbed
material could be regarded as heing essentially an aggregate with little
inter-unit bondinge. Evidence also from the basic shear stress - displacement
curves indicated a continuing increase in shesr strength along the shear plane
at the termination of box travel and it should be remembered that ring shear
experimental evidence suggests a very large displacement requirement (of the
or er of 1 metre or more - ¢.f. mexinwm travel on the 12 inch shear beox of
2.5% cm.) hefore a true residual condition is achieved. On this basis, the
Q; angle of 16° can be regarded as on absolute méwimum residus’.

Skempton and Kutchinson (1969) suggest, when designing slopes in stiff
‘ figsured clays on a long-term basis, applying a time~dependent reduction £9

factor (r) in conjunction with c' and @' (peak strength paremeters,drained).
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When designing on a short term beasis they advocate the application of a
reduction factor for fissures (f)}, plus a reducktion factor (x) for the rate
of testing, anisotropy and so on to <. (peek strength parameters,undrained).

Iverson (1969) advocates a more empirical approach to slope design
based mainly on geological defects determined either from test pits and/or
observations in the areas If no obvious geological defects are apparent, then
the problem of selecting a baszis for design wouldhinge to some extent on the
importance of the excavation together with a value for the peak strength with
a factor of safety or some value between the pesk strength and the residual.

Hardy (1969) objects to any suggestion that a residual strength concept
be used in the design of slopes in day shale unless, for example, the swelling
ﬁehaviour of the shale is comsidered explicitly.

To scme extent, Much may be gained by iucorporating all or wmost of these
concepts in any design probiem, but very often & shortage of time or money or
both precludes a comprehensive analysis of the problem at hand.

Probably the best practical approach is to exemine both natural and
excavated slope angles in various rock, clay or soil types and to imcorporate

these resulis inte the design analysis; especially on a long-term basis.

2250 Slope angle measurement.

"The inclination at which a Blope in nature finally becomes atable against
eny form of landsliding is known as its amgle of ultimate stebility. This
angle depends upon the properties of the clay end the climate and ground water
conditions; and in general it can be determined with accuracy only from field
observations." (Skempton 1969),

Because clay shales will weather ~ at least superficially- within a
relatively short time, they experience progressive failure, or creep, receding
primarily bty intermittent sliding and thereby becoming progressivly flatter.

As the slope angle decreases, the average shearing stresses also descrease

=5
along potential surfaces of sliding. Ultimately, slopes are reduced to 1 ¢



“79=

vertical on 10 horizontal (6%p or eren less (Terzeghi and Peck, 1967).

An important point when coneidering the time factor with respect
to excavations is the nature of the material forming the excavated slopes.
Muller {(1964) maintains that "the permiesible angle of the slope, as
well ag the slope stability, are 2 function of time". Relative to the
average life of, for example, open pits, time-dependenf deformationa of
Hard rocks are significant. Soft rocks such as slale, mudstone‘and other
typee of argillacecus materials, however, can underge magnitudes of
deformatitn which can lead to failure within periods much shorter than
he economic life of the excavated slope. Sometimes, euch failures
may develop within days.

It has been poasible, therefore, to observe and record a wide
range of zlope angles at both Golden Hili snd Fox Holes excavations,
even though the maximum age difference between slopes is only 18 years.
Slapes in harder rocks, which are less eusceptible to the weakening
effects of weathering, or the physical breaikdown phencomenon of capillarity
(Taylor and Spears, 1970) would show marikedly less slope angle
differenti ation within much longer perieds of time.

The various slope angles for both Golden Hill and Fox Holes
excavations in the Kimmeridge Clay are tabulated below and are profilgd

in Figures 2.6 to 2.9 inclusive.



Table 2.1 ~ Slope angle-age analyeis for Golden Hill and Fox Holes

72—

Excavations, Marton, Yorks., England.

Age of Mean slope(1) | Mean slope | Age ean slope | Mean slope
the slope jangle {A) angle (B) difference jsngle 4iff~| angle diff4
: {Years) erence (4) erence (B)
1. Freshly - o o
excavated 67.5 a5 2é§ 265 1.5
face(l month)
2 2 65 €9 2-3 13.0° 28°
Years (6)
3‘ 8 599 hglhs l+3‘1+7133 %;3) 114050 0@
years 5e L
33.54 42 40.5,30 1=-4
A 26,3 (18) 30.0° 37.5°
y 3745 33 -

—— e

Mean slope angle (A) computed by summing angles at breaks of slopes (L)
and dividing by the number of breaks,

Mean slope angle (B) computed by drawing a line from crest to base and

measuring the angle s0 formed.

Plotting the ratio of age (in months) to height {(in Setres) against mean

slope angle produces graphs of the forms shown in Figures 2.%0 and 2.11.

In Figure 2.70 the wean slope angle (A)"*has been plotted to produce

a good linear correlatlon between the two variables.

1

Sge footnote under Table 2.1 for explanation.

¢l
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From the plot (Figure 2.11) of mean slope angle (B)1' it is clear
that a linear relationship mo lomger holds and that the slope angle tends
to be stabilising at around 300 independent of the slope age : height
parometer. This latter point is not really acceptable and will be
considered again a little later.

Reference to Table 2.1 in column S, & for mean slope angle difference
(A) shows that slope angle differences are approximately proporiional to
conatant differences in age throughout 18 years, But using mean slope
angle (B} it can be demonstrated that 75% of all slope degradation
processes over 18 years have been effected within 8 years (45% of the
time).

It is reasonable to expect a marked decrease in slope angle in the
few years immediately after excavation as a result of the unastable nature
of the slopes This would then be followed by a gradual tailing=-off in
latter years as the slope approaches its angle of stability in a less
dynamic fashion.

The logic of this argument may be tested in another way;' Suppose

that the relationship between the X(mean slope angle) and Y ( ﬁggght)

variables were llnear. By extrapolating the line in Figure 2.11 backwards

to meet the Y axis, 1t will then be poasible to calculate an approximate
age for any given slope of known height (in the Kimmeridge Clay).z'
Assume that a slope of height 5 @« has a mean slope angle (A} = 15; then
from the graph, ¥ = 60; the age of the slope in months is given by

= 60 = 300 years = 25 years.
12

X

1. &see footnote under Table 2.1 for example.

'3

2+ This presuppoges comparisons between slopes in regions of similar climates,
etca
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It seems unlikely that a slope (in Kimmeridge Clay) would
attain ite angle of ultimate atahility1' after only 25 years, for after
18 years its mean slope angle (A) is still only 37.5 {see Table 2,1).
This would indicate am unlikely 20° decrease in slope angle after only
another 7 years.

Houéver. by extrapolating the curve as drawn in Figure 2.11 back
to meet the Y axis, a similar analysis provides an approxina}e age of
63 years (on the basis of mean slope angle (B)}) for a Sm. slgpe at 15°,
Thie is, in 81l probability, a far more realistic value.a'

Hutchinson (1957) and Skempton and Delory (1967) have analysed
several naturally occurring inland and coastal slopes in London Clay
with regard to their age/angle relationships. Their resulis demonstrate
a general temdency for inclination to decrease with increasing orders of
magnitude of time, and they conclude that angles of ultimate stability
can be rporrelated with residual strength. TUnfortunately, there seetis
to be no similar quantification of the age/height/slope angle parsmeters
for slopes in clay shales although Banks (1972) has recently published
plots of slope height against slope angle for several NeAmerican clay-shale
formations. Unfortunately, except perhaps for the Bearpaw and Pierre
formatione, no useful relatlonships emerge and even with these two
formations there seems to be a tendency for the height of the slope to
increase with the cotangent of the slope angle. This iz contrary to
what might logically be expected.

Slope data for the Kimmeridge clay have been plotted im a similar
manner in Figure 2,12 and although the maximum slope helghts are at least

an order of magnitude leas than those comsidered by Banks, op cit they do

il !
1. Angle of ultimate stability here taken as fi'r{see discussion later)

2+ A 10m. slope at 10° would have an approximate age of 200 years.
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present a much more logical picture. The consensus of evidence
implies that as the slope height decreases, the cotangent of the
slope angle increases ocut of proportion and that a slope angle of 150
(8L, 18L, 18TE) is very close to the residual condition detsrmined
experimentally.

For other work on slope angle-slope height relationships, reference
can be made to Hoek (1970), and the work of Shuk (1955), Kley and
Lutton (1967) and Lutton (1970) provide a qualitative indication of
typical slope height-slope angle relationghipe but which are of limited

value in the quantitative design of slopes.

2.6, The stability angle in design criteria.

Skempton (1969) has pointed out that the prediction of an angle
of ultimate stability is a difficult matter, since it depends on a rather
exact knowledge of piezometric conditions and aoil properties at shallow
deptha. This is why the angle is best determined from field observations.
On the other hand, an approximate guantitative explanation of the stable
angle can be derived.

Using the Skempton and Delory (1957) analysis for planar slides in
infinite slopes, a stable slope angle, P, may be computed for a factor
of safety of unity using the standard eguation:-

F = o' + 2 cos” (¥ - m¥w) tan @

¥z Sinp cos B
where F = factor of safety sgainat sliding
Z = an average distance from the top of fhe slope to the
plene of sliding.
~m = height of water table above the plane of sliding.

This analysic makes no allowance for fluctuations in the water table,
nor does it allow for a progressive decrease in the strength of clay shales,
for example, with time. In other words, a stable angle after 10 years may

not be a stable angle after 20 years. o 5
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For the Tield area situdied, it is proposed that 2 long-term slope
design could be based to a gignificant extent on the prediction of the
stable angle after X years using a graph of the forw shown in Figure et
This method ensures that correct peizometric and other conditiors apply,
for the date is derived from the field measurements of actual stability
situation zt various periods of time,

On a short-term basis, Skempton and Hutchinson (1969) recommend, for
cuttings in jointed clays, ignoring c’ and using @'. Additional data
on both highly weathered and moderately weathered samples of Kimmeridge
Clay from Pickering indicate a @' of 22° and & ¢' = 64.5 kN/ha(Q.ES lb/ing)q'

If a cutting is made in a highly jointed clay one line of approach
would be to treat the mass medium essentlally as an aggregalbe possessing
little or no cohesion even if laboratory tests on intact specimens of the
clay indicate a quite high conhesive value and if logic suggests that any
failure plene will cut both along and across discontinuities. It is hopeé
subsequently toc demonstrate the applicability of these assumptions to the

Golden Hill/Fox Holes ares.

2.7+ Computer aided slope stability amalysis.

Conventionsl anaiytical methods used in slope stability computations
invoke noe kirematical considerations regatrding soil behaviour, and the shape
of the potential slip suriace must be assuded unless constrained by bedding
or other structural features. However; it is commonly sssumed in the
analysis of slope stability problems that the shape of the slip asurface
below is circular. The chbice of a circular glip surface is usually
justified on the grouads that thé computations are made simpler (Morgenstern

and Price, 1965).

Te Consolidated-drained triaxial tests. ';{;



Field cbservations at JGolden Hill and Fox Holes excavations indicate
that slope failure has follewed an approximately circular are pattern,
although in some instances planar failure may have taken place where
unfavourable dips occur.

Failure sesms to have bsen proved by the appearance of tengion gashes
approximately 17 m. from the face. The depths of these tension gashes
are not great, in most instances only 3 M. or so. They are believad to be
relatively dry, even after pericds of prolénged rainfall,

On the Lasis of these Tield ohbservations, a computer-aided slope
stability analysis based on the Bishop Simplified approach has been used
to determine minimum factors of safety against circular arc failure for
various ¢’ snd @' parameters for an 8~year5 slope at Fox Holes.

A given failure surface is located by specifying the co-ordinates
of the circie centre and the real or imaginary failure line to whieh the
circle must be tangential. The failure line is chosen depending on the
‘nature of the clope profile and the soil parameters. According tc Capper
and Cassie (1957), when i {the slope angle)lis 52° and @ is zero or very
smell, the most dangerous circle passes below the toe. The centre of
this circle is considered to be situated wertically above the mid-point
of the slope.

The depth of ﬁhe arc of rupture is generally governed by the presence
of rock or other firm maoterial at a certein depth below the foot of the
slope. This is quite important, fer when choosing a failure line to which
all subsequent failure circles would be tangentiml, it should be realised
~that a potentially more dangerous circle may exist which passes below the
toe. |

For the data at hand,; the most c¢ritical circle is assumed to pass
through the toe of the slope.

A given failure surface is located by stipulating the co-ordinstes

ary

ol' the c¢ircle centre and the failure line to which the circle must be
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tangential. The computer is instructed to step fhe position of the

circle cenire in a defined way and to carry out the caleulation for
tne new cirele (still tangential to the same failure line)a This
procedure may be carried out a large number of times and therefore
various factors of safety are calculated for a large number of circles,
in order to define the locus of the minimum factor of safety which is
a function of the input rock parameters.

It was also considered worthwhile to appraise the influence of
2 water table in the slope upon the factor of safety against afc failure.

GConstruction of a parabolic phreatic surface, according to
Casagrande (1937), requires the location of a parabolie point B {this
approximately represents the level of saturation, or the water~table.

This value is an unknown quantity for the particular slopes being
analysed, seepage at the toe of the slopes {after heavy rainfall) being the
only water observed. The parabolic point B has, therefore, been assuned
and the basic parabola constructed according to a set geometrical techuigue

{see Figure 2.13J.

The computer analysis was carried out for an 8-years slope at Fox
Holes uscing various ¢’ and ' parameliers. The resultant minimum factors

of safety determined by the program are tabulated below:-

Cohegion ingle of mivimum f/s % difference
kN/m" (1b/in") internal . )
friction ¢° with¥ withoutV¥
34 (5.0) 15 1,116 1,167 b 28
69 (10,0) 10 1.693 1734 2.76
69 {10.0) 20 1.977 | 2,057 7,89

Crteremt

Table Zo2. Hinimum factors of safety for various c'y, @' velues with spd

without a water table (V ) 8 - vears slope at Fox Holes. ra
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is would be expected, the lowest factors of safety are those
associated with the lowest value of ¢' and @'. By increasing the
value of ¢' by 100% and that of @' by 5° {15° to 20°), the minimum
factor of safety is correspondingly imcreased by 43.25%(1.167 to 2,057).
The sane prgcedure applied with a water-table @V) gives an increase of
42,5% {1.116 to 1.977).

The influence of P' on the factor of safety is shown by keeping
c' constent ( at 69 k'N/ma) and ther by computing a mwinimum F/S for both
g = 10° and 200. Results indicate that an incréase of 50 in @' gives
an incremse of 14.5% in the minimum factor of safety (1.693 to 1.977).
With a wéter-table. the increase is 15.7% (1.734 to 2.057).

Surprisingly, however, the difference that a water-table exerts
upon the mwinimum facter of safety for similar ¢' and @' parameters is
only 3e54%.

A plot of c' versus £' gives two straight lines of the form shown
in Figure 2.1hoF By extrapolafing the lines to meet the x and y axes,
it is possible to find maximum values for c¢' and #' assuming a factor of

safety of unity. Values obtained by this method are:-

o' = 7.8 kN/m° (6.85 1b/in°) )
g o= 7.6° with a water-table )
= . \
¢ = 8.4 W/t (7.0 1o/in®) )
. am 20 without a water-table)
g = 32.5 . )

{In many respects the trend shown here is coliparable to that which is
evident when comparing Mohn's circles for both the undrained and drained
conditiona; that is; an increase in @' and a decrease in ¢' on an

effective stress basis over the equivalent drained parameters.)
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¥ean values for both ¢' and ¥' (with and without a water-table

condition) are readily obtained from the graph:-

L= 23,9 W/ (3.43 1b/in° )

o4
o with water-table
- = 18.8
91
- o
o = k2 Wi/aC (3.5 1b/in%)
_ o without
g = 16.25 water-table

By inserting these values back into the program, a winimum factor

of safety = 1.0 should result.

For c' = 24,2 kN/m2 , ' = 16.25° the resulting minimum
F/S = 0,9k,
For ¢' = u8.b kN/me, gr = OO¥ the minimum F/S = 71,0006

By feeding verious other parameters back into the program it wouid
be possible to explore progressively all quallties of agereement. An
apparently large discrepancy in the estinmated F/8 = 1.0 may result from
even only very small variations in both c' and @' due to extrapolation
on the basis of thinness of results near the x and y axes. Further work
would be needed to obtain factors of safety for high @' and low ¢' and
vice versa in order ito eliminate any error when putting a straight line

through the points. Indeed, the relationship g' , may not be linear,
F

C'
i
and only apparently so within certain limits.

It is of some interest to note that for a factor of salety of uaitly,

the ¢' and P' parameters are not unlike the proposed residual values for

this material as discussed earlier.

2a8e Stability analysis on orientation density distribution of discontinuitiess.

Detailed discontinuity surveys were performed on the excavation faces {ﬁ{}

at Golden Hiil and Fox Holes using the line scan technique and subseguently
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analysing the data as per Attewell and Woodman (1972). Orientation

data can be evaluated on the basis.of an ares normalisation where the

area to be scanned {or data points is a function of the data point density
{usually inversely preportional) or the scan area can be prescribed and
the distribution Tunction for the data points can be weighted by a factor
that is inversely proportiomnal to the product of the sample density and
the scan area (this latter is usually chosen through convention to be
0.07, or 1 per cent)s. For a small number of data points, the choice
fremthe two options can have a coneliderable influence on the final density
presentation of the data. In general,_the former (area normalisation)
produces more statisticélly-acceptable results for a more nearly uniform
disoontinuity orientation distribution (near-spherical fabric symmeiry)
then for za highly concentrated distribution, and vice versa. Since the
exposures in the Kimneridge Clay presented evidence of discrete Jointing
leading to high discontinuity concentrations, the results from this part
of the work wene plo@ted by the computer on the basis of the iatter
criterion, vis, n¥ per 1¥ area.

s a result of the discontinuity orientation analysis, the poles to
the major joint sets in the Kimmeridge Clay were shown tc be orientated
N75E and N1678 and to lie vertically. At the former oriemtatiom, the
maximum joint concentrations are 21% per 1% area while at the latter
orientation they just achieved a maximum of 13% per 1% area.

In order to asgess the shear regponse of the discontinuities, a number
of normalized stresses and discontinuity shear strength parameters were
applied to different discontinuitj scan traverses, both length-standardised
and un-standardiced. All the stereograms are not presented in this Report
on account of the number that was actually produced and their total bulk.
The conditions set out in Table 2.3 were, however, specifically considered

for this report. tﬂj{
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In Table 2.3%., the series of ¢, @ shear strength parameters is
terminated in the final column with the actual values determined
experimentalily. It can be seen that under the range of stress combinations
considered, the Golden Hill slape is quite stable with respect tc any
poseible shear movement. (n the other handg; the 15 m. high Fox Holes
slopes are just prone to possible shear failure at the lower principal
stress ratics, and 1t is of interest to observe that the north face is
more vulnerable (higher anisotropic index due to a higher orientation
density distriﬁution of discontinuities aligned for shear failure)than
the east or west faces.

A more detailed appralsal of the results as summarized in Table 2.3
indicates the great significance of relatively small levels of cohesion
wnen the discontinuities are subjected to triaxial stress differences.

For example, in the first row of Table 2.%. (Golden Hill, & m.slope)

compare the anisotropic index values for the conditions @ = 15, ¢ = 5 1b/in2;
G =0, c=5 1b/in2; and @ = 15, ¢ = Q. I'n the first rcase, there iz ac
shear at all. In the second case, the removal of all frictional restraint,
but with the retention of the 5 lh/in2 cohesion leads to only a relatively
swall amount of shear strain emergy (0.71L4l units) in the clay shale. On
the other hand, if the cohesive component is lost and a frictiom angle of
150 is required, there iz guite a high strain energy of shear movement in
the clay shale (8.2818 units). These conclusions can be confirmed -

and others derived with respect to the st¥ess ratio and shear strength
parameter interplay - through a close examination of Tadble 2.5.

For the computer runs from which Table 2.3. has been compiled, the
the principal stress ratics have been input on a logical but quasi-arbitrary
pagnitude basis. It iz more logical to assume - and any muwlerical [Jox
example, finite element) analysis shows - that the magnitude of the
principal stress ratios changes as = function of position within the mass
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and particularly with respect to location zlong a slope failure plane.
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It is therefore very necessary to increment this ratio through a wide
range since by so doing it might be possible to sugzest where a large
scale shear failure is actually initiated within the slope. It is
accepted that ehear failure is not a phenomenon that develops contempor—
aneously at all points along a failure surface - slight shear moveament ot
a critical point in an over-consoclidated clay sufficient to take the shear
‘strength Just beyond peak would suggest a temporary decrease in pore water
pressure and an associated.migration of pore water from adjacekt elements to
the point in question (Henikel,1956; Bishop, 1971). If the stability of the
discontinuous material is less critical with respect to @ then with respect
to ¢, then the overstressing on an element-to clemeni basis along the
eventual fzilure surface will be facilitated and thé total failure accelerated
in time, Acceleration will, in fact, result from progressive shear dispizce=-
ments nucleating from the initially over-stiressed source, the greater the
dieplacement the ﬁore the shear strength reduction towards a local residual
state and hence the wmore rapidly will total shear fsilure be mobilized through
'strength shedding’' to contiguous discontinuities.

A detailed discussion of the practical failure mechanics is heveond
tﬁe scope of this Report since it involves, for example, strength interactions
between discontinuities and bounded intact clay slements. Statistical
knowledge of discontinuity orientatlon density distributions is of vital
importance in the progress towards the solution of such a mulii-variable
problem, but until the implied spacial dengity distridbution solution iz forih-
coming the problem can be described -~ and a total solution prescribed ; only
incompletely. :

A further routine matter concerns the influence of the iﬁtermediate
principal stress. It has been shown {Attewell and Woodman, 1572) that v,
is guite critical with respect to a shearstrain energy eriterion and yet,
in earlier analysis, it has been specified arbltrarily as 0.5 o, If a plane
strain condition is to be valid {and this is implied in most two-dimensional

analyses) then, for a2 more loglcal approacn and with a Polasson's ratio of
¥ H
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0eSy the intermediate principal stress parameter should he input td any

analysis as one half the sum of the other two principel stresses. This
operation has teen perfofmed on the Fox Holes west and esst face data and

the shear strain energy parameters plotted in three ways in Figures 2.15,

2.76 and 2.17. |

The isotropic perameter is exclugively strese controlled and reflects
the balance of deforming shear stress to restricting shear stress. It ds
independent of fabric and its amplitude is & function solely of the three
"principal stresses end the shear strength parameters. In contrast, the
anisotropic parameter is controlled by the nature of she fabric topography
within the 'failure’ window. At the present time, shear strain energy levels
are computed numerically. Ideally, one weuld wish to describe the
digcontinuity orientation distributicn by means of a series of associated
Legendre polynomials but where, as is generally.the case, there is little or no
fabric symmetry this approach becomes virtually intractable.

It is probably most useful, as an aid to interpretation, to regard the
projected 'failure’ window as & step function operating upon the fabric
having certain numerical characteristics as a function of location within
the window. There should be regular, monotonical changes in the isctropic
parameter as a function of the shear stress-strength balance, as shown in
Figure 2.16. On the other hand, local but intense discontinuity orientation
concentratiohs crente temporary surges in the aniéotropic barameter as the
isotropic window expands or contracts through them. However, since the
window has a smoothing capacity with respect to any non-isotropic fabric
(noting, of course, that this capacity is a function of the stress—strength
balance) the anisotropic parameter willwsually plot quite smoothly agsinst
the principal stress ratio. Perturbations on this smoothness, if lacreasing
the mnisotropic shear strain energy, represent regions of steep fabric
topography which could exert a particular control on structural stability
with respect to shear. | ' 84

Reference to Figure 2,15 will indicate that such a condition arises under
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g .
plane strain coanditions for a principal stress ratio BKU1 of 0,125 and

that the magnitude of the effect is conditioned by the ¢, @ shear strength
parameters of the discontinuities {(note that there is a visible distortion
due to the log scale}. The significance of this particular ratio is also,
of course,; & conséquence of the principal stress directions aa applied to
the discontinuity fatric; had the slope face (and hence the principal
stress orientations for the same magnitudes) been orientated differently
then, depending again on the steepness of the fabric {topography in other
regions of the projection, anisotropic shear strain emergy criticality
could develop at a different 05/51 ratio,

Although the anisotropic shear strain energy is the important parameter
contfolling facility for failure; it is generally useful to normalize it
to the isotropic parameter in order to produce a 'danger' lndex.® There
are two c0nsequenées of this operation. TFirst the shear strain energy
acquired through potential discontinuity movements is stabilized to some
level which is independent of fabric while remaining directly tied to the
stress-gtrength balance; the resultant dimenaionless parametar therehy
serves ag an index upon which comparisons between different discontinuity
fabrics subjected to the same ranges of deforming.stress systems cen be
built. | Second, there is a distinct practical advantage in that, whereas
there develops a very wide numerical range of both anisotropic and isotropic
strain energies through the application of a spectrum of principal stress

ratios, the normalization process usually reduces this range to the extent

* The inverse ratio I/A can be regarded as a 'safety' index, but the resultant
high orders of magnitude (high degrees of safety) require a log-linear plot
(the same argument can bDe applied to the A/ index buil the poinys of high

safety plet in this case at the ordinate axis origin).
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thet the inter-relationships between all the major variables can be
expressed graphically on linear-linear scales.

In FTigure 2,17. the Anisotropic Shear Strain Energy Index {(ABSEI) AT
is diownny for the present fabricgy to increase with decreasing 63/”1. The
fact, for example, that ASSEI increases through an increasing range of
discontinuity shear strength is an expression of inecreasing discontinuity
orientation concentration as the failure window ( effective shear stresz> 0)
condenges solely under c, @ control towards sz situstion of total
discontinuity stability. In all such stability problems it is the

. : . . - a.,
influence of the stress balance - increasing c¢;@ and reducing _2/ﬁ1, 509,
N H

or reducing c, ¥ and increasing 92/64, 03/61 - that can generate a specific

anisotropic snd isot