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CHAPTER 1 INTRODUCTION 

The first part of this Report is devoted to a summary of the 

mineralogical, geoche-mical and technical properties of certain British 

and N.American 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 detailed 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 problem 

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 1 mechanical strength parameters 

must be considered in the light of additional information concerning the 

spacial and orientation density distribution of the larger scale discont-

inuities. This point is also considered in the Report. 

Subsequent Chapters are devoted to analyses of specific clay shale 

situations in Britain, the United States and Central ~erica, the locations 

being visited by the writers during 1972. 

1.1. Definition and nomenclature of weakly-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 Engineering Geologist. In fact it has proved im­

possible to group soils satisfactorily solely on the basis of their 

geotechnical properties. 

Terzaghi (1936) was the first to attempt a classification for 
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clay soils and he proposed a three-fold division: i) soft 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 compositional characteristics of clays 

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

his two major groups of, 'soil-like shale 1 and 'rock~like shale' were not 

precise enough for Engineering Geological purposes. Thus he developed 

a table based on geotechnical properties in order that any clay (or clay­

shale) could be evaluated. Bjerrum (1967) based his threefold classification 

on bond-strength, which he defined as follows: i) overconsolidated clays 

(i.e. overconsolidated plastic clays with weak or no bonds), ii) clay 

shales (i.e. overconsolidated plastic clays with weJl-developed diagenetic 

bonds) and, iii) shales (i.e. overconsolidated plastic clays with strongly 

de~oped diagenetic bonds). 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 clay 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

jected to consolidation loads in excess of those provided by present over­

burden'. A similar definition was proposed by Fleming, Spe" ;~r and Banks 

(1970). They described clay shales as: 'materials of sedimentary origin 

composed largely of silt- and clay-sized particles, which may or msy not 

be slightly cemented by foreign agents, such as iron oxide, calcite or 

2 



silica, and which have been subjected to consolidation loads greatly in 

~xcess of their present overburden loads 1
• However, they go further in 

explaining the effect of slaking and grain size on these rocks, such 

that: 'The material is composed principally of clay minerals and pieces 

of intact material tending to slake when exposed to cyclic wetting and 

drying'. Haterials cemented to the extent that they do not slake when 

expos"d to cyclic wetting and drying are termed siltstone or claystone, dep­

ending on particle gradation. 

In the absence of a truly definitive classification, the term 

'weakly-bonded shale' may be taken to mean an overconsolidated stiff 

fissured clay with a high proportion of constituent clay minerals. 

1.2. Consolidation and di~eneticconsiderations 

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 overconsolidation 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 

bonds 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 consolidatio~ is provided 

by Fleming, Spencer and Banks (1970) who have combined graphs by Skempton 

(1961,) and Bjerrum (1967). 

Bjerrum's (1967) presentation included the formation of diagenetic 

3 
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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 erosion may be considerable, minerals having time to re­

crystallize under suitable temperature gradients, edhesion to be set up, 

or, for e cementing material to be precipitated in the intergranular 

spaces. Naturally, the stronger the bonds, the smaller the increase 

in water content on unloading, because the clay is unable to expand. 

A quantitative assessment of the amount of energy taken up by the 

sediment during consolidation, was given by Brooker (1~67). His 

procedure was to consolidate five remoulded samples of natural clay in 

a one-dimensional consolidation apparatus. He suggested that the stored 

energy had three components; i) work expended in consolidation 

(partially recoverable), ii) elastic deformation (recoverable on release 

of constraint), iii) work in the formation of diagenetic bonds (partially 

recoYerable depending on the strength of bonds). 

The loss in overconsolidation may be complicated by subsequent 

geological events. In Britain, Jurassic clay-shales are commonly affected 

by glacial phenomena (Chandler, 1970,1972), the importance of which have 

probably been under-estimated in the past. An Upper Jurassic clay-shale 

which is thought to belong to the Ampthill Clay facies of Corallian age 

has been investigated in detail in a 6o m deep clay pit of some 1L years 

standing at Melton (British Grid Ref. SE 973 273; Figure 1>1). 

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). In Albian times, the area was again 

submerged and remained so until the end of the Cretaceous. A second phase 

of erosion initiated in Tertiary times has continued until the present 

day - erosion has thus caUsed the clay-shale to outcrop under reduced cover. 
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A 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 30m (Plate 1.1.). The 

irregular distribution of the sharp folds tends to discount a tectonic 

origin; Kimmeridgian folds are very gentle flexures (De Boer et al 

1958). Valley bulging, initiated during the Pleistocene, is a more 

reasona.ble cause. 

The loss in over-consolidation may well be due in this case to thre~ 

interacting factors, a) rebound or volume expansion on removal of load 

(recoverable strain energy), which will also give rise to jointing and fiGs-

uring,b) valley bulging, which has certa:Ln features in common with 

Peterson's (1958), 'time rebound', and c) the affinity of certain expand-

able mixed-layer clay components for we.ter. 

The contention which ar' o0s ~rom workers such as Bjerrum ( 1967) 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 prt~sent considerable 

expansion; thus the horizontal effective stresses are less than those 

for weakly-bonded cl~s. The destruction of bonds, brought about by 

weathering processes will, therefore, lead to the development of high 

horizontal stresses in the weathered zone. 

In the c&se of overconsolidated clays, Peterson (1951,) shows that 

in situ horizontal stresses may be 1.5 times the vertical stresses, whilst 

3kempton (1961), 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 necesaarily 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 als~ be under the influence of temperature. 

5 
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The degree of overconsolidation can best be determined from one-

dimension~~] consolidfl.tion tests. Three such tests were performed on 

specimens from the Helton brick-pit: 

Test l, Sample B,/, from 9.15 m below ground l"vel 

Test 2, Sample U3 from '18.3 m below ground level 

Test ;, as 2 but with bedding vertical. 

~ pr~-consolidation load of I.,o kg/cm2 (392,1, kN/m
2 ) was determined for 

sample B~ and o.82 kg/cm
2 (80,/, kN/m

2J for sample 03, The pre-consoli-

dation load equivalent to 610 m of missing Cretaceous is of the order of 

13,800 kN/m2• Sixty feet (18.3 m) of Ampthill Clay (2.08 Mg/m3 bulk 

density) represents a normal stress of some 375 kN/m
2

, Very clearly 

this material has lost the greater part of its overconsolidation during 

its complex unloading history. The other specimen from 30 ft !9,15 m 

i.e. Figure 1.2) is overconsolidated with respect to its present depth 

within the excavation 1 but it may well have lost about 977: of its 

original pre-consolidation load. 

It is pertinent to note that t"t~e virgin consolidRtion curves of the 

two specimens shown on Figure 1.2. run parallel to one another although 

their bedding plAnPR are at right angles to each other. In line with 

Fleming, Spencer and Banks (1970) it may well be th"t the material is 

beginning t.c Oeh.gve isotropically at the highe.r consolidation pressures, 

a f~ature which must be borne in mind when considering anisotropy of 

c' and P' shear strength parameters (considered later). 

1.3. Anisotropy and shear strength of weakly-bonded shales. 

1.3.1. Influence and character of discontinuities. 

Fissures, joints and other planar discontinuities :1re undoubtedly 

import~nt in the response of these deposits to intern~l and ext€'.rnal 

;:;_gents. Often th~.Y serve as pathways and ccncentrators for water per-

colnting through the deposit, nnd thus accelcrr.•te the p1'0ceos of w-=ath-. 

ering Rnd bond d~struction. Peterson ( 195P) concluded that m•elllng 

in the Becn·paw sho.le at demoites in Western Canada was most probably 

6 
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relatf9'd to th-= j.!Ite,·,~itJr of slickensides •,.,rithin the depcRit. 

3kempton ( 196!,) suggested that plr:~nar discontinuities acted as 

stress conc~nt-rators within a materi"l• with the possible result of 

overstressing, v.nd also pointed out that these planes of w~ak.ness could 

wB11 have strengths at or near residual. Probably then, these planes 

could play 8 determining role in the progressive failure concept, but 

Bjerrum•:1967) should be noted to the effect that potenti~l failure by 

a progressive mechanism is not totally dependent. on the presence of 

joints and fissures. 

Up to the present time, experimental data has supported the con-

t~ntion that fissures influence peak strength. Skempton and IaRochelle 

( 1965) "on eluded that peak strength in the London clay could be reduced 

by up to ;,o;. by the presence of fissures. Both Peterson et nl ( 1960) 

and Bishop ( 1966) found that the peak strength in hrge samples could be 

as much as 80~ lower than the peak strength of small samples, on account 

of the greater number of fissures present in the former. Fleming, 

Spence." anoi Banks ( 1970) also obtained similar 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; J.) Principle 

displacement shears 2) Relative shear displacements 3) Hinor shears, 

and h) Joint surfaces. 

Group one consisted of landslides, faults and bedding-plane slips 

where strengths were at or very near residual. Group two were shear 

surfaces where more than 10 em. of displacement had ta.ken place. ~inor 

shears made up group three, the criterion being displacement less than 

one centimetre; in this group the strength can be aJ>preciably higher 

than residual. (Joint surfaces con:}:';rised the last group. These features 

displayed a 'brittle-fracture • texture with little or no relative shear 

movement. Experimental data on this gr': .... p l-"lplied that vertical joint 

7 
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formation destroyed cohesion whilst reducing the friction angle ¢' by 

only a small amount. However, movements up to 5 mrn. in 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 m<tcrojoint 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 surfacea. 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 directional strength properties of a clay shale are compounded 

from two physical phenomena. Intrinsic anisotropy is predominantly 

a 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 sedimentation 

processes satisfy this condition, but in laminated shales B natural 

fissility may be more a function of fine alternations of mineral species 

due to cyclic sedimentological regimes. A strain energy approach to 

the mechanical stability of intrinsically anisotropic fine-grained rocks 

has been proposed by Attewell and Sandford (1971) and a detailed evalu­

c.:.tion of anisotropy with respect to laminae alternations has also been 

performed in these Laboratories. 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 parar.1e-ters when the mass is required to respond 

tc compres.r:;ive stresses. 

mass in enhanced. 

Under tensi1e str4!s~:, the weakness of the 

8 
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In sny prnctical analysis, the intrinsic anisotropy problem 

will tend to be outweighed by the directional significance of the mass 

discontinuities even when ans final failure plane passes through solid 

rock material. It will therefore be assumed tha.t the discontinuities 

pose the dominant problem for the purposes of the discussion in this 

section. 

1.3.2. Analysis of orientation density distribution of discontinuities 

Rock mass stability becomes a problem issue in several areas of 

ground engineering. The most studied field concerns the stability of 

natural slopes and cuttings associated with road 9 river and canal 

transportation and with open pit workings. Attention here has either 

been directed towards the physical modelling of rather simplified 

disc0ntinuous rock situations (for sample, Muller and Hofmann, 1970; 

Ergun, 1970; Rosenblad, 1970; Brown, 1970), or to theoretical analyses 

(including finite element - see, for example, Pariseau ~. 1970; 

Heuze et al 1971; Mahtab and Goodman, 1970; Bhatt~ch~ryya and Boshkov, 

1970) which either acknowledge or ignore the discontinuous character of 

the mass, or to geometrical analyses using the sterographic projection 

(John, 1968, 1970 a, 1970 b; Kuznecov,1970; Brawner, 1970; Londe ~. 

1969), or to the construction 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 somewhat similar manner, the competence of dam foundations in such 

rock - clearly a very important matter - has never been exa"ined sy<"tem­

atically; only when a problem has been anticipated has some form of 

analysis been attempted. 

There is therefore a strong case for attempting to develop an 

anolytical technique of universal applicability which, in a numerical way, 

9 
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asses.ses the possibility of failure in such rocks a.nd which gives 

full weighting to the apparent weakness of the discontinuity planes 

with respect to shear (and the solid elements, which terminate dis-

continuities,' with respect to both shear and tension - see Jennings, 

The technique should make no a priori assumptions as to the 

spacial ~nd orientation 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 relatively 

simple three-dimensional failure wedge such as has been popularly 

analysed by several workers. 

A basic requirement involves the geological mapping of dis-

continuities in terms of their spatial orientation and lengths (for 

useful contributions on these points see Robertson, 1970; Piteau, 1970), 

an estimation of the princip~.l 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 inforn1ation is available, then it is possible to 

analyse for stability on the basis of Coulomb-Navier-'Mohr theory (see 

.Jaegtr and Cook, 1968) provided that date acquired with respect to global 

space is trnnsformed to principal stress space through a knov.rled~e of 

the directions in which the principal stresses act. :::;ince there arE> 

several v;;.r:~A'i:Jles, the magnitude of none of which is known with any 

degr~e of C•:rtainty, it has been necessary to program the onalysis for fl 

digital computer and, in so doing, it i~ possible to j_nct'P.m~'' J-_ each 

variable '~nd t.o ~xplore the sensitivity of each inpllt parAmf:?'ter with 

negligiblE> effort. 

/1 fund.:Hnental rec;uirement is the detailed acquisiLL-Jn of joint 

T'ais is laborious anr1 muot be done by hand ( an apprai.sal 

10 
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of more esoteric, ster .oscopic techniques incorporating Fourier transform 

end spacial filtering methods for the isolation of orientation/linear 

dP.ta tends to rule them out on grounds of expense and information clarity) 

and inevitably a somewhat pessimistic picture is generated because many 

of the features are ·excavation induced' and are not likely to be present 

in the body of the rock where major instability might occur. Yet borehole 

exploratory methods (for example, see Ruth Terzaghi, 1965) become unreliable 

for orientations p8rallel or Rub-parallel 'to the borehole axis. The least 

unsatisfactory e.pproach would seem to be to measure <.~t available exposures 

<'lnd neceo'3erily taking in induced fractures on the basis of building-in 

a f~ctor of safety for the discontinuities at depth. 

The detailed concepts behind the analysis of discontinuity density 

distributions ~nd the information preF;entation in fabric form he1ve been 

outlined in ::l pap~r by .:..ttewell And Woodman (1972). In t-.his p.:"1.per 9 it is 

shown that the stnnd,::,rd hand-contouring method is inaccurate and it ol.so 

indicatee a me:;;.ns whereby the shear strain energy input to a rock mAss sub­

jected to tr:irtxial .strens c.:-m be computed and used fJ5 .~_. d,:;:forrnability inde-x 

/1 probl~m lies in the estimation of the reletP:3.nt principA-l strpss 

amplitudes ~L J'05ntF. vf inten~st. 'f.l'her~;" the ~.o<Jding is F.Jlmo.st cntir..:ly 

genc-r:J.ted th:-oug} ~:dern;.;l conr:Stra.ini~s the ee:t.imates are seemingly a litt-.1,-. 

mo:o<;- c~rt::.in !.han th~J ;;.re 'Hhen a s~lf lo<,l.ding (e.g .. slope- or rnan-md0 eml1n_nk-

miO'nt) situet_ion is to be evalw~-tt.ed. .t..lso, when the discontL'lui't.ies ,.,.r~ t-rut> 

joints, and. -?..re coneequ.entl~r eontinuous 1 the inherent problE>m iF: eas~·d. 

The }•ion.sr D~m (.01rch (lam founded on psammttic granuJ.:i.ti~e in I:r)Vt?rnei>B-Rhire, 

.s(;otlA.nd) me~ts these r·t>quir-ernents and has been studif!'d quite extensively 

in this manner, some of the details and analytical procedures h.11ving been 

outlined in the IntE>r·im l~eport. TheRe Ami lyses are not reproduced in this 

Fina} Report ... 11 
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W'here di.<=;r.:ontinuities 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 difficult. Satisfactory specification of the operative stress field 

is particularly difficult in the case of earth and rockfill dams on such 

foundations , this problem being considered in a little more detail later 

in this Report. 

Linear measurements in discontinuous rock masses. 

Jenning's ( 1970) approach assumes a prior knowledge of the potentiel 

failure plane inclination. He expresses his joint continuity along this 

plane (line) in terms of the total lengths of discontinuities La and the 

total length of solid element interceptors i_ b. The total line length is 

clearly~ a + i. b and he expresses a coefficient of continuity of the joints 

k as: 
k = f a 

i\ coefficient 1)f discontinuity, representative of the solid element inter-

c e.ptors is ; 

(1 - k) = [ b __;;:;....;;; __ 
i.a +Lb 

If the overall shear strength parameters (composite joint and solid) are 

defined as c, 0, then 

i b(c. + a tan ~-) +l a(c. +a tan )'5.) = Ci. a +L b) (c +a tan 0) 
:t n l. J n J n 

Thus, c +a tan¢ = (l- k)(c. +a tan¢.)+ k(c. +a tan ¢J.) 
n l. n ~ J n 

(subscripts i 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 Cc
1 

+ antan ~\) 

·with the parameters .• 
l 

Regrouping terms, 

c + an tan ¢ = ~1 - k) si + kc~ 12 
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It follows from this that the operative cohesive parameter 

c = (1 - klsi + kcj and the friction parameter tan ¢ = k tan ¢j. 

In his analysis of specific joint intercept patterns, Jennings 

introduces the concept of tensile failure to supplement planar shear. 

This 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 quasi-

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 quite detailed geological 

and geotechnical appraisal of the foundation quality during the initial 

investigation stage, only very rarely in the case of an earth or rockfill 

embankment is the stability of the foundation investigated directly.• 

It is assumed that the strength of the foundation material will not be 

exceeded by the applied shear stress and it is further tacitly assumed 

that a soil foundation remains within an elastic behavioural regime during 

. + 
deformat~on. If localised failure should occur - perhaps at points of 

stress concentration associated with d:i:scoutinuities - the excesstve strain 

* Finite element analyses of foundation stresses have been performed by 
Clough and Woodward (196?). 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 foundation deformations (results 
of finite element analyses- Clough and Woodward,196?). 
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in suc}1 zones will ra iRe a plastic condition and some 1oad-shedding to 

other adjacent areas that were originally less highly stressed. In 

theory, therefore, the plastic zones within which limiting shear ~trene;th 

had been achieved could be specified by an iterative numerical technique~ 

and those zones remaining elastically deformed could be deter·mined by 

difference. 

Unfortunately there is no practically acceptable method of plastic 

analysis applied to this problem, although numerical techniques in continuum 

mechanics can be used to investigate possible conditions of limiting 

equilibrium into the plastic state. On the understanding that earth/ 

rockfill gravity dam 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 ea.rlier attempts at 

elastic tl.ne1ysis and have pointed out the deficiencies in the approaches. 

~ll the analyses have approximated a dam to a triangular e18stic wedge on 

!j horizontal foundation, and this was the configuration (with ?·="i aide 

slopes) adopted by Bishop ( 1952) and analysed by relaxation methods. 

Figure 1 .. 3 reproduces this soJutj_on in terms of the distribution of mAjor 

principal .stress and rnaximunshear stress in the dflm itself and in both dAm 

0nd foundation respectively. The distribution of ma.jor principal stress, 

plotted in terms of the percentage of the overlying ernbAnkment weight, 

indicateo thc..t th~:--re is little error involved in assuming that the major 

principal stress is vertic.'3.1 Bnd equal to the embankment weight, the errDr 

on1y increC:~.sing directly under the crest of the dam and ot the toe .. 

;;,.lthough there Are e-rrors in llCGepting this latter est3Umption, in order to 

avoid computational complexity, it seems reasonable to a.pproxim.:lt.e th~ two­

dim~nsional principal stress Bituation a.r:ting on any foundation d.lscontinuity 

;38 cr
1 

v-erticA-l and o
2 

acting in a horizontal p1anB normnl to the axie- of the 

dam. In a three-dimensional RnRlJ'sis of discontinuity strtbility, cr1 wou]d 

14 
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stoll be taken as acting vertically and its amplitude would oe 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 be 

approximated tt1 the impounded water pressure and the intermediate principal 

stress acting along the dam axis could be approximated in amplitude by the 

summation of the other two principal stresses modified by some constant 

multiplying factor in order to preserve a plane strain condition within 

the a~, a
3 

plane (Clough and Woodward, 1967).' 

A condition of stability or instability - is not directly dependent 

upon the absol,lte magnitude of the principal stresses but is 8. function of 

principal stress and cohesion ratio. However, if a cohesion parameter is 

to be UsP.d in the analysis, the absolute value of cohesion must be normalised 

to the absolute magnitude of the major principal stress. Iii th respect to this 

btter, the problem then arises as to what value of density to take into the 

~H product. On the upstream side of the dam, a buoyant density should be 

t8.ken 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 hsdroatatic state of 

stress at the base of the dam with little deviatoric component to induce 

shearing. On the downstream 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 • 

. 1.3.11. hnisotronic shear strength Parameters. 

In terms of peak strength, planar anisotropy with respec': to laminated 

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

• Note than ony analysis should strictly take account of incremental stre.ss 

balances during the construction process during progress towards the final 

equi 1 ibrium stB.ge. 

:15 



-16-

~nd T~ylor, 1971). The peak effective strength of weakly-bonded sh~les 

such as the Oxford Clay (Parry, 1972) was shown to be as low as¢' = 21.5°, 
~ 

c' = 20kN/m< when laminations were parallel to the plane of the shear box, 
p 

or as high as¢' = 33°, c' = 10 kN/m2 when the laminations were at right 
p 

angles to the direction of motion of the box. Slightly lower peak strengths 

have been obtained for sub-horizontal samples of Oxford Clay from Milton 

Keynes new town in this laboratory (Table 1.1.) and a similar range (though 

with generally higher cohesions) was obtained for the :~pthill Clay (visually 

very similar tc the Oxford •) from Melton clay pit (Figure 1.1). 

Anisotropy of c· and~' for clay-shales is considered to be a macroscale 

rather than 8. microscale phenomenon (for example Barden, 1973). Perhaps 

the most marked feature of Table 1.1 is the fact that ¢' falls from values of 
p 

over 30° to certcdn extreme values which are approaching residual. In essence, 

this behaviour is partly a function of the degree of degradation or w~ather­

ing (Table 1.1), in that on a weathering scheme such as that of Chandler (1972) 

all the samples shown on Table 1.1 would fall within Zones II or III. In 

other words, the clay-shale is fissured and jointed at the best and comprises 

lithorelicts in an nrgj_llnceou...9 matrix at the worst. For the brecciated 

Zone II Wothorpe borehole material Chandler quotes a ¢' of 2L 0 
~c. = 1(. kN' 2 ' 

p p 
, , m .: ~ 

but other samples tested in this labora.tory (Table 1.2) imply that thet peak 

¢' of other Wothorpe samples can range from 19° to 31°. I'he Ampthill 

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

been lost (l~2 = u;.), and whe:re the shale has weAthered to flakey particleh, 

eive ¢ 1 values as high as 32°, but with zero cohesion. 
p 

In the shear--box, 

this material is behaving very much as a fragmental moterial (or an 

Rggregate), Vihich is not at variance with its visual desr:ription. 

Liquid J,:i.mit ?0 (Cxford Clay) 16 
T~iquid J.imit = Gh-79; mean = 71 (~mpthill Clay). 
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Triaxial test 1)arameters (Table 1.3) for the Ampthill clay-sh;:llP 

show th"t thP cohesion intercept is largely lost in this type of test. 

'Ee::.~surement.e made on fe_ilecl. specimens demonstrated that the failure pl(l.nf' 

w::~s invariably coincident with a preferred bedding plane .. "' 

If we 0re to consider the Ampthill strength en masse it is ::~easono.bly 

" . 'th' th '~ ,,O clear that the maximutt !H~ak ,_, ~ lS wl. J..n e range r.· r·- ).:..:. w:i th a. minimum 

~ore typical values within tlle range 20 to 22.5° 

can reB.sonably be expected. Because of the orientation of the bedding in 

response lo fl~xuring it would be unwise to considfl!r c' aF. 8. vio3ble ps.ramP.tAr .. 

It is of interest to record that for shallow Kimmeridee e1ay-sha1e sAmples 

from Picke:r:i.ng th~ foJ1C>1t!ing peak par-ameters (triacxia.l) were obtained. 

Depth ¢' c' 
ft. de~rees kN/m

1 

5 - 6 11< 13.8 

10 - 11.5 21.5 67 
15 - 16 23 62 

Here again, the Zone II type material gives reasonably consiRtent shea1~ 

strength parameters, whilst the material at shallow depth which ha.s atte.ined 

a more fundamental grnin size has a ~~ value which is probably no more thBn 

4° higher than residue.l (Table 1.2). 

For the i@pthill clay-shale and the Oxford (Table l.l) 1 ¢' value" in the 
r 

.... ,o 1 c.0 t . 1 d h 1 . . p range ' ..... · to ..-- are yplca ; an sue va ues are ~n accord ~nth arry (1?72). 

0 !t will be noted however, tha.t two valuec are only 10 • tintil recently 

¢' has been eon.side:red to be a constant strength parameter (compare horizontal 
r 

• The bedding plane orientations are partly a feature of perlliC:..frost 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 17 
bulging stage. 
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and vertical eamples in T,,ble l.l. for example). In the shear-box, the 

'\mpthill samples did not always approach a residual state due to the presence 

of projections (hard intact fragments of shale) on the slickensided failure 

plane. These accretion steps which have been discussed by Norris and 

Barron (1969), Gay (1970), tended to oppose motion on the shear surface. 

When such a phenomenon occurred the projections were removed after two or 

three reversals and the specimen allowed to consolidate. 

In realit~,particle size and Rhape is a major control on geotechn1cal 

behaviour. Grim ( 1962) 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 plastic limit increased. This is reasonable, because it 

would be expected that smaller particles, having a greater surface area, could 

retain a greater amount of ~ater. For massive minerals, Kenney (1967) 

concluded thot particle size had little influence on residual strength, but 

that particle shape did tend to have some effect. Aggregates of rounded 

particles produced smaller ¢' values than aggregates of sharp edged particles. 
r 

Ker~ey concluded thst most massive minerals behaved similarly, with ¢• 
r 

varying from 29° to 35°, dependent on particle shape but independent of 

particle size. 

1N'ith clay-shales however, we are considering aggregates of massive and 

platy minerals, and it is only when these aggregates breakdown to fundamental 

grains enabling reorientation, that a true residual is attained. This 

reasoning will be further developed in Chapter ~ in the context of the work 

by Mesri and Gibala (1971) who found that¢' for certain Pennsylvanian 
r 

0 shales was only 11 for completely disaggregated samples and cut specimens, 

whilst ¢• attained by shear displacement of the intact material was 19°. 
r 

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-

18 
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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 parameters. Mineralogy 

can vary dramatically (both vertically and laterally) and such changes may 

have a. major effect on both peak and residual shear strength. Hutchinson 

( 1969) shows that the Lower Gault Clay from Folkes tone W;,rren has peak 

strength parameters of ¢• = 33°, c'= 18 lb/in? and residual parameters of 

¢~ = 12°, c '= 0. In comparison, the Upper GR.ult, whieh is lower in mont-

o 
morillonite but higher in kaolinite, has }"'f:ak parameters of fJ' ~53 1 

c'.£= 7lb/in2, with )/J' being 19° (c' = O). 
r r 

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.Lr). 

This may well be caused by variation within the block sample itself. In 

so far as the Ampthill results are concerned it is significant to record 

that the sample with a ~· of 10 degrees is from the upper part of the 
r 

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

From the above discussion based on experience with British clay-r,hales 

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 Ampthill 

clay-shale at Melton clay pit. 

1.b. Mineralogical and geochemical aspects in relationship to geotechnical 

properties. 

A simple two-fold division can effectively be applied to the mineralogy 

of the weakly-bonded shales under consideration. The dominant group 

comprises the clay minerals with the second group, the massive minerB.ls, 

usually not eJ<ceeding 1,07; of the total. The latter comprises the non-

clay minerals, the most common of which are the quartz, carbonates and feldsp~r. 

19 
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There appears to be general agreement that mineralogy does have 

some role to play in influencing a material's geotechnical properties. 

However, there is some disagreement over its actual importance. 

Grim ( 1962) noted that pure montmorillonites give the highest li,quid 

limit values and Kenney's data (196?), with values for montmorillonites 

ranging from 6205·.- to 1995~,- support this. Even within the montmorillonite 

group it appears that the exchangeable cation, held within the sheet 

structure, is sienificant. Lithium and sodium montmorillonites have 

greater liquid limits than have calcium or magnesium montmorillonites. 

A further observ:;~tion by Grim was that introducing a second mineral, such 

as kaolinite, into the- system in a concentration of 255( greatly reduced s 

montmorillonite's liquid limit, whilst the introduction of relatively small 

amounts of montmorillonite into a natu~al soil raised ita liquid limit 

significantly. 

For natural soils ( Tourtelot,1962; Kenney, 1967) there appear!' to be " 

general increase in liquid limit as the montmorillonite content in the soil 

increases ( s~e Figure 1.t,.) 

The Activity Ratio of 8. soil, being the ratio of the plast.:i city index 

to the clay fraction (as a per cent weight of particles less than 2 rom 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 keolinite usually have an activity ratio between 0.20 and 0.10 whilst the 

vAluf> for illltic: clays usually approeches 1.0. Bentonites have lh(;: h.i.ghest 

activity ratio ~nd Kenney (1967) quotes values between 5.R r:tnd 12.0 • 

. Simil:;..rly, ~u; with liquid limit, the exchcmgeable cation appears to bf" 

import.:-mt,, with sodium ~ron7.morillonite giving the highest values. 1Nith all 

tho;o. other factors constant, the tendency to slake, o;: disintegrate, intTF;'Ct.ee.s 

af' the o~tivity rrttio inc:reases. 

The ability of a material to abE.;orb strain energy into its bonds is zo 
(:los-el,y related to the degree of slaking that it u..r:1der·goes on submersion. 
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Brooker ancl Ir-eland ( 1965) concluded that disintegration~ as indicoted 

by sh•.king, ltl'as B. function of absorbed Btroin energy, and they suggested 

th.:st otrain energy was dependent upon clay mineralogy. Replotting their 

axial strain results against first, the r~tio of quartz to total clay 

minerals, and second the ratio of montmorillonite to masBive minerals 

leads to a tentative conclusion regat-ding the role of montmorillonite. 

It would a.ppea.r that above 10/c" of the total minerRl content, mont-

mor) lloni te plays an import~mt role in the absorption of strA.in energy. 

Fu.rther, it ia useful to note that montltorillonite has a high capacity for 

oosorbing 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 a 

greRt variety of monomineralic and multi-mineral component materials, together 

with a good cross-section of natural soils, including weakly-bonded shales. 

As mentioned earlier, he obtained ¢' values i"anging from 29° to 35° for the 
r 

massive minerals. There is a general trend, from high ¢' in the massive 
r 

minerals, through illite ' (¢• = 16° to 26°) and kaolinite (¢' = 15°) to 
r r 

the montmorillonites (¢' less than 15°), which is very similar to trends 
r 

obtained for variation of liquid limit and activity ratio with mineralogy. 

From his work on mineral mixtures, Kenney also showed an interesting rel<.l tion-

ship between¢' and mineral 'A' content in a mixture of 'A' and quartz. Two 
r 

different stctes for illite and montmorillonite arise from the effect of a 

sOdium chloride pore solution. High concentration leads to flocculation, 

a phenomenon which seems to increase ¢' appreciably when the percentage of 
r 

quartz is low. The quartz/ur•flocculated illite and quartz/kaolinite curves 

are approximately symmetrical whilst the quartz/montmorillonite rmd quart?./ 

• These may well be hydro-rouscovites, strictly speaking • 
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flocrul:.:.t~:r:>~ illite curve.s ~lre otrongly asymmetrical. 

t.ft .... t the fl.oGculation I1henom~non is mo5t proba.\)ly re1atcd to :m 3.ppa.rPnt 

incre:1se in the ratio of wet clRy minerals which flocculHte to wet m"'ss_ivp 

rr.in'?rAls, ~~s opposed to the ratj_os of the two d:ry weights. Cn the other 

h~lr_d, th~ ra.tio of quartz/kaolinite and quartz/unfloc~uJ.ated illite ,qrE' 

~1lmoat P(i_U.?_l to their dry ratio weights. Plotting three exRrnpi_e.c; of 

-.,.!eakly-handed shaleH on the grr:tph - the Bearpaw, Pierr;:-, i;:'.nd Cucarac:ha -

shows thnt these at least tie in quite well with CJ_ quart-?./sodium mont­

morillonite mixture indicating that sodium-montmorillonite h~.s H e;rf>~t 

:influence on their strength charActP.risticA., 

1.5~ Influenc<? of mineralogy on short-term R.nd long-term break<lown. 

Thj __ ~ 8.spe-ct has he en considered by Taylor and Spe.srs ( 1970), e.nd in 

more detuil by the present writerB C.4.ttewelJ. e.nd Taylor, 197 .. 1). However, 

the rocks previously under investigation were largely highl.y indurate~ 

shales of Ct-<rboniferous age. The conclusions renched, however, were that 

the frequency of srn;;~ll-scale sediment.:;~,ry structures such as bedding planes, 

laminations and other existing or pot~ntia1. discontinuities constituted 

one important control on iwnediate breakdown. The other two major controls 

were conBidered to be air :breakage (i.e. capillary pressures developed on 

desicc.3.tion and saturation), and the content of expandable clay-minerals. 

In the hmpthill clay-shale, valley bulging has produced supaficial 

folds with consequent bedding plane sepDration, as well as promoting the 

opening-up and production of more discontinuities in the verticAl plane. 

FrAgmenta1 mRterial ([iample CF. Plate 1.2.) with a mineralogy th~1t is not 

unlike the less weathered parental materials (Table 1.5) is re~dily formed. 

Grice (1969) notes that many shales and mudstonP.s disintegrate through a 

brittle stage into " ai1ty cloy. He also states that disintegration can 

t-'3ke pl€1ce at depth due to gentle flexing by tectonism ( in this case, 22 

valley bulging). 



-23-

The sl&king beh&viour of the - 1/11 in, -r- 3/16 in B.S. fraction (Taylor 

and Speers, 19?0) helps in the further understanding of the processes 

involved. The test results (Table 1.6) imply that, as in the Coal 

Neasures shAles, the percentage retention in vaccuo is greater than the 

precentage retained in air. Air breakage (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 wha.t other mechanism (or mechanisms) are involved. Kennhrd et al 

(19G7) concluded that solution of calcite cement was the pt~incipa1 cause of 

di~integration of shales at the Balderhead damsite. Recomputing their 

Ca 2
+ values a13 ce1cite suggests that only about 2.1~?,' is present in WI-

weathered material, and only 0.1.~ in their slightly weathered shales. 

Cctlcite determinations on materiJ:Il used in the slaking te:::;ts (Table 1.6) 

.5hows no systematic relation,c;hip with the degree of breakdown. 

On considering the expandRble portion of the mixed-layer clay in the 

slaking teHt s.tlmpJes it is reasonably clear that this componen·tis n factor 

'l"!hich cannot be ignored - the two samples with the highest percentage 

shOi<.r the greatest breakdown 1 the other two showing e. much more ::-estricted 

br e;J_kdown beh~1 v iour. 

T'ne exch~!lg~abJ.e .-;<"'t ions in the Ampthill material :point t.o :•To. + ,:.;nd r* 

l.:eing minor contributor's (Tab}-:; 5.2, ChA.pt<('r J). C:ompari.son with N?-mont-

morillonite suggestR that possibly about 9~0 to 9.5:1' montmorillonite may 

l.:f:" ~0rese.nt in the mixed-layer cl.:-J.y com:ponent of sample lJ7. 

:'igure it:. u.nlikAl.f to be mc.re than 2.0 or 3.0 J( in 31, .:n1d GF. 

tJith respl::'ct to thf· rwo end-products of weathering fAamples CF and CI.) 

it ic .signifit":ant tG note that the latter sample contain~ virtually no calc:ite 

ar.d no pyrite (Table l .. J). Calcite is a very :::;oluble c<9rbonate, and more-

aver, reacts with the sul})hu.ric acid produced by low teQ e-rature oxidation 

of pyrite. 1'hc clay-type end-product ( c:., Plate ?•) WL'S Gustomarily found 

23 
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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 initia~ frngmented clay-shale will ultimately be reduced to a 

fundamental state comprising a soft plastic clay. 

On a ct)mparative basis, hand-vane Cu values show that the fully 

weathered material beyond the liquid limit <= to CL) are about 2lb/in2, 

whereas the more resistant flaky breakdown stage (C?) have Cu values 

within the range 3 to 6 lb/in
2 

(Table 1.7). Jsing 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. America) 

1.6.1. Introduction. 

In order to demonstrate the salient features which differ in British 

and North American shales investigated by us to date, and before consider-

ing specific locations, particularly in the U.SaAo 1 the data contained in 

Final Report DA-ER0-591-72-G0006 (Attewell and Taylor, 1973), will be 

drawn upon! 

For this project a total of 60 samples ("0 from sites in the U.S.A. 

and 20 from Britain), were analysed for 11 major elements. Geochemical 

analyses were performed with a Philips PW 1212 Automatic Sequential 

Analyser X-ray Fluorescence (XRF) machine. Apart from l sample from Chat-

field Damsite - the clay seam material which is referred to in Chapter 3 -

all the remaining N. American samples are detailed ~n Volume 2, ?leming, 

Spencer and Banks (1970). Of the British samples it is important to record 

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

from shallow depth, and hence are partjaJly , .. ,ieathered in ma.ny cases. 



They are, however, representative of foundation materials frequently 

referred to in the e;eotechnical literature cmd there is me::-it 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 weBthering. 

Raw data of XRF anal.)' see were procesGed by stanc1.')rd programs with 

an IBE 360/67 computer which listed elemental composit:i.ons in the 

combinedacide state (apart from sulphur). 

Semi-quantitative mineralogical analyses were obtained using a 

Philips PW 1130 X-Ruy diffractometer ( XRD) and in all, 83 samples were 

examined. ':11e total wc;_s made up of 29 N.Americon and 21 British samples 

examliled in the normal state, and 28 N.llmerican and 5 British samples 

examined after treatment with Ethylene Glycol solution, a technique used 

in the identifice.ti.on of expandable clay minerals. 

1. 6.2. InvestiO"ations and re.sults of the N. C".merican samnles. 

Mujor element concentrations are given in Table 1.8. whilst ~able 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 Hhich can be assigned to clr:-y minerals 

(e.g. Spears, Taylor 2nd Till, 1971). For this purpose, free quartz as 

determined by IDD methods is subtracted from the total silica content 

o_s o btu..ined by XRF analysis. Ratios of titanium oxide, sulphur,phosfthoru:s 

perl toxide and mangcmese oxide against alumina are not included, since these 

elements are either deemed to be unimportant in cl~y minerals, or present 

in such low quantities as to be ineffective with respect to the -:;rend.o. 

Tnble 1.11 and 1.12 comprise the results of semi-c_uantitative mineralogical 

analysis, ~~d the mean value and standard deviation for each mineral 

identified. 

Total silica content, excluding two extreme~y carbonaceous samples 

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

zs 
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from a min:_mum of _')5.73 per ce~t to a maximum of 72..,03 per cent 

(Table 1.8). Undoubtedly, free qu.::>.rtz within the sample exerts 

8 greQt in~luence on total silica content, but nevertheless, the totRl 

silica values show a high degree of correli:ition with alumina content, 

which varies from 12.1.<) to 19,81, per cent (Table 1.8). ':':Jlc co-

efficient of positive correlation (r) (Table 1.9) between total 

silica and alum.:no equals 0.,6260, (where r = O.I~SgG for 99.9 per CenL 

confidence level - highly significant) reflecting their com·bination 

in the sheet si~icate minerals. 

Tot.e.l iron oxide ( v.rhich include~ both ferrous and ferric states) 

varies from 3.36 to 6.93 per cent in all but two carbonaceous samples. 

Its positive corr~lation with sulphur, \Vhich 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 5amples, even 

though usually in very low concentrations, supports this contention. Host 

nf the s2.mples are from be]ow the depth at which weathering cnn be 

expected, so it is unlikely that sulphate minerals play a oigni:icBnt 

part in geochemical considerations. No sulphates were detected by X-ray 

dif:~r3ction met'.1ods. 

The calcium and magnesium oxide contents range from 0.?6 to h •. 32 per 

cent, and from 1.62 to ;_,.116 per cent respectively. The highly significant 

positive correlation between these two elements (r = 0.5950) is reflected 

in the occurrence of carbonate minerals. Values for sodium oxide range 

from 0.15 to 1.88 per cent, and those for potassium oxide from 0.26 to 

<;.91 per cent. These two elements show a high degr~e of net;.c.1tive correlAtion 

(r equa_lling - 0.57?7) ond exceeding 99.9 per cent significance, ·r~hich cun 

be explAined by their presence in v.vo importc.nt clay minerals, montmoril-

lonite and illite. Potacsium is fixed by illites, whereas the most 
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:?robablc Gite for most of the Nu io in montmorillonite. It is pertinent 

to note that although the degree of correlation is ~ust below the 95 per 

cent level for these two clay minerals, it is in fact a negattve one 

(r - 0.3739 for 28 samples, Table 1.9). 

Titanium oxide,attributable to the mineral rutile, varies only 

slightly in concentrotion which ranges from O.J3 to 0.87 per cent.. The 

majority of manganese oxide concentrations show little V·3riation and all 

values are less than 0 .. 05 per cent. Phosphorus pe.ntoxide, is proOabl;y 

combined with calcium in the r.1ineral apatite but is present in negligible 

concentrations reaching a m.s.ximum of only 0.22 per cent. 

Examin;;.;tion of the data. in Tables l.ll and 1.12 revec;..ls thst variation 

in major element content. ctnd ln _particular v2riation i~ oxide to Alumina 

~atioo (Table 1.~0) is reflected by a great variation in mineralogy. 

Of the massive minerals, quartz varies from zero to 113 per cent; 

although it was cot detected in only two sampl~s .. Being the most ab~dant 

non-clay minerRl it shows high negative correlations (both times exceeding 

-:he 98 per cent significance level), with the combined silica to alumino 

~atios .:mri total clay rninera_l content .. Calcite, P. non-detrital mineral 

by definition, only occurs in four samplesi and its measurably high 

concentrqtion in on8 Fort Union sample suggests that this is a result of 

fossil remains .. The only other carbonate minerals detected w~re dolomite 

and siderite, both shewing very lew concentr~tions such that only the former 

exceeds 1.0 per cent. Pyrite occurs in the Be.8rp8.V.i formation, but never 

in high concentre~tioll.s; in other formations .it .is relatively r3re and j_n 

the Fierre samples was not even detected. X-ray diffraction backgTound 

levels often preclude the detection of pyrite when j_t is em insignificant 

constituent. 

The name 'shale' implies that clay minerals shculd be dominant over 

massive minerals, a.nd this is true for aJl except one sc:o_mple. The mean 

~'7 total clay mineral content at 71-r.?) per cent comprises approximately three- "'-' 

quarters of the total mineral content. In two samples, only clay minerals 
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v.rere in fact detected whilst another seven contain more than 92~:., clay 

minerals. t'ionmorilloni te is the dominant clay mineral present hf!ving 

0. mean value of 36.2h per cent and .standard deviation of 35.1r2 1 the high 

deviation being o.ccounted for by the fact that the mineral is absent 

in ,:;even samples wh:_lst exce~ding 92.0 per cent. of the tot<-:tl in four 

others. It shows a highly significant corrcle.tion, exceeding 98 per 

cent, with the sodium-to-alumina ratios, whilst having a significant 

negative correl.0tion with the corresponding potassiWii ratio (Table 1.12). 

r:2hio suggests that the m:..neral species iD dominantly sodium montmorilloni~e 

,"J.nd the geochemical considerations concerning the Nc:<.. and K negatjve 

correlations for the ltO samples previously discussed would appear to be 

a logical interpretation. ~lith a mean vo.lue of 23.25 per cent, mixed-

layer illite-montmo::-illonite is the second most important c:o.y mineral. Its 

high negative correlation with montmorillonite (exceeding 99.9 per cent 

.sicnific·_mce), v;hilst having no correlation of significance to illite,could 

s~J.ggest that it owes its origin to the weathering of montmorillonite at 

snme stae;P. in thP- latter 1 s history (for example Spears, 1971). 

In the Claggett, Pierre and Bearpnw form.-;tions, illite is :present 

in minor concentrations ~nd does not exceed 9.0 ~er cent. Hov.lever, in 

the Colorado 3.nd Fort Union groups it replaces mixed-layer clay as the 

most abundant clvy mineral. Overall it has a mean of 11.61· vnd shows 

a negative corre:8tion, exceeding 95.0 per cent significance, with the 

sodium oxide to alwnina ratio suggesting that sodium is dominar..tly associated 

vvi th montmorillonite. Unlike the ather three clay minerals, kaolinite 

never attains great irnport~nce in any one sample, even though it is preuent 

in all but six samples. It is absent in five o'.lt of six of the Pierre s::tmp=..cs. 

Overall it has c. me<m value of 2.90 per cent and st.:omdo..rd devin.tion 

It shows a highly significant po.sitive co:::-relation vr:..th illite 

(exceeding the 99.9~ .. confidence level) and it is interesting to note th<:tt 

they occur together in all except seven cases. 
Z8 
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'I'o summarise the minerc:.tlogy of the hmeric.::.n group it may be said: 

i) ':'he samples contain i::t h.igh proportion of clay minera.ls, the major 

part of \-Jhich comprise.s the montmorillonite and mixed-layer illite-

montmorillonite. 

ii) Illite r-:~.nd koolinite occur together but usually only in minor 

concentrations. 

iii) Quartz is the major massive minerr~l present cmd may be accompanied 

by non-detri:.al carbonate minerals or pyrite, both of which make up only 

u very small part of the total content. 

1.6 ... 3. Investig<:~tions and results of the British samples .. 

XRF analyses of the British .samples are given in Table 1.13, with 

l.1J, giving tie mean and standard deviation for each element or element 

oxide. Ratios for the relevant six oxides to aluminA are given in Table 

1.15 whiht Tables 1.14 and 1. 16 proYide data on the mineralogical anC~lysis 

and the mean values and standard C.eviations for each mincrol, together with 

correl2tion data. 

Excluding so.nple.s with extremely hieh calcium concentrations, t..olal 

silica varies from '•5-12 to 55.61 per cent. The good, even dictribution 

is reflected by F.! mean value of .50.85 per cent, very close to the median 

value. 

Total silica shows no marked positive correlation with aluminn but docs 

correlete vrell with total iron oxide (r =r O.J,S8?; greater than 95 :per cent, 

probably-significe.nt level). Again, excluding samples with a high calciwn 

content, alumina varies from 15.66 to 2j.20 per cent~ the mean a.t 19.87 :per 

cent reflecting uniform distribution .. Calcium displays a highly signifJ cnn t 

neg8tivc correlation with r.tlumino. ond total iron oxide (r equa.lling - 0.672_1 

The former ~ost prob2bly reflects 

tne role of calcite and secondary .SYIJsum (calcium sulph;--,te) 00 massive 

miner.;;ls reducing the clay minernl content, (e .. g. Toble 1~16. ). G--1_lci~ 

oxide vr.j_ries from ·1.05 to 16 .. 17 per cent. Despite the common occurrence 
29 

Micaceous ninerc.ls (illite plu<.O'" rn"'xed-loyer clc_.,y) "-r• h - th ..... .... u . , s own uncer c e;eneraJ. 
heading of illite. 
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of pyrite in the British samples, there is no significant correlation 

between total iron and sulphur, as was fow1d in the case of the N.American 

samples. 

This is not necessarily surprising in view of the presence of secondary 

gypsum in the Oxford Clay and 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 .. 

commented on its presence in Upper Lias material at depths which exceed 

the general depth of weathering. 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. 

Tbtal iron content ranges from 3.~0 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 laJter being related to the 

occurrence of gypsum (rather than pyrite) in several Oxford Clay and 

Ampthill samples. 

~ highly significant negative correlation, r : -0.5608, exists 

between the sodium and potassium oxides, but the correlation, although 

negative, is well below the lower confidence level when the results are 

rationalised in terms of clay minerals (i.e. Al2o3 
as denominator). 

Sodium oxide content varies from 0.10 to 0.68 per cent (Table 1.16) and 

potassium oxide from 2.53 to 1,.15 per cent. There is thus a marked contrast 

with the ,,merican samples (Tables 1.8 and 1.9) where the much higher 

Na
2
o values are a 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, attributable mainly to apatite, 

ranges from 0.06 to 0.21., per cent. 

!1ineralogical investigations revealed that quartz was present in all 

of the 20 samples examined, the maximum content being 26.0 per cent, the 

minimum being 3.5 per cent and the mean value being equal to 13.93 per cent. 

;Jo 
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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 concentrations 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 

3.0 per cent. The Oxford Clay and its variation, the Ampthill Clay, were 

the only deposits containing gypsum, reaching a maximum content of 8.5 

per cent. Pyrite occurs in 1a 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-slumina ratio (Table 1.16) 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 p9sitive correlation between 

the sodium-to-potassium ratios and total clay mineral content. Thus it 

can be inferred that when the clay mineral content is hiBh, sodium is more 

common in the interlayer positions of the clay sheet silicate structures. 

Illite displays highly significant negative correlations with both 

magnesium oxide andmtal iron oxide ratios to alumina. The strong 

correlation bet~een magnesium and iron partly explains this. It will be 

seen from Table 1.1, that vermiculite, which is an Mg-rich clay mineral 

(often with Fe substitution) has been identified in the Lias and Speeton 

samples. Pnrry (1972) records vermiculite in the Oxford Clay from near 

Bedford. Ho••ever, in a shallow sample (PAR) from the latter author's 

collection, th~re is no obvious vermiculite present. Because this sample 

is from less than 3 m in depth, the mineral maY well have been decomposed 

during weathering. Vermiculite and expandable smectites (montmorillonitesl 
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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 clay, which appears 

as a tail on the low 29 side of the 10 ~ mica reflection, was recorded 

in ~ 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 B6o4 and B626 (Oxford Clay). 

i\part 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-expandable 

mixed-layer clay is not uncommon in these Jurassic and Cretaceous sediments. 

Brown (1961, p.280) 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 glycola~ion techniques are 

currently being investigated. It is of interest to note that glycolation 

was succesful with the N.American samples and both montmorillonites and 

mixed-layer mica-montmorillonites were identified and quantitatively 

differentiated with little trouble from 10 ~mica (illite) -see Table 1.11. 

The following conclusions can be drawn with respect to the mineralogy 

of the British samples. 

( 1) Total clay content comprises very nearly three-quarters of the total 

sample. 

(2) Illite 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 and Ampthill Clays respectively) being rare. 

(3) Quartz 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 common in all samples, generally at 

low concentrations. 32 



1.6.4. Comparison of geochemical means. 

Because of the precision of X.R.F. geochemistry it is more realistic 

to use major elements and not mineralogy for a direct 'mass' comparison 

of the composition of British and North American weakly-bonded shales. 

It is pertinent to compare 46 of the latter samples (i.e. selected samples 

from Fleming et al., 1970 Vol. 2 and Chatfield damsite) with the 20 

British samples (Table 1.18). 

Although a t-test is 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 quartz. 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). MgD, which has both carbonate 

and clay-mineral affinities is probably significantly higher .in the Upper 

Cretaceous/Tertiary rocks of N.America, but the other major carbonate 

oxide (GaO) is higher in the British rocks. The large standard deviation 

of CaO in the latter case is an expression of its non-uniform distribution 

in these clay-shales and this is itself a reflection of recrystallised 

fossil tests in the marine sediments. 

Apart from a very small feldspar contribution both Na
2
o and K

2
0 are 

useful indicators of clay-mineral type. Sodium is at a significantly 

higher level in the N.American clay-shales whilst K
2

0 is at a higher level 

in the British material. However, a more meaningful picture is obtained 

by rationalizing in terms of AI2o
3 

(clay-mineral index) as d"'lominator •. 

In this case the Na20/Al20
3 

rstio is still higher in the N.American samples 

(0.08 as opposed to 0.02), but the K
2

0/Al2o
3 

ratio is virtually the same 

(0.16 N. America; 0.17 Gt. Britain). This would suggest that the mont-

33 
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morillonite component in the /unerican shales is responsible for the 

greater participation of Na+ in the clay mineral components of these 

rocks. In contrast, the K
2
0 ratios suggest that illitic minerals 

(including mixed-layer clay) are important in~ clay-shale groups, 

their importance not being restricted to the British shales alone. 

Ti0
2 

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 Al2o
3 

in Table 1.18). 

Sulphur is present as both pyrite and gypsum in the British 

Sediments, whilst the previously mentioned good correlation with Fe
2
o

3 

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 sec•ndary 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.R.F. data used are corrected for absorption 

and normalized to 100 per cent. 

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

samples. 

Detailed examination of Tables 1.8 and 1.16 reveal that apparently 

minor variations 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 (z8 samples) 

is almost 10.0 per cent higher than the British value. Moreover, the 

standard deviation of the former is 7.93 and 6.14 for th7 latter (i.e. 

for 15 samples). The explanation for this is given by comparing the 

relative content of free quartz in each group, The difference between 

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

between the two mean values for total silica content; the mean values for 
34 
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free quartz being 23.19 and 13.93 per cent for N.American and British 

groups respectively. The inference of this is that approximately the 

same amounts of combined silica for both groups is being used in the 

silicate structure of the clay minerals. 

Alumina content in the British and N.American groups showe a 

significant variation. The mean values are 19.87 and 15.06 for British 

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-quarters of the whole, it follows that there 

shouldre 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. Kaolinite is the second major clay mineral species 

in the British group and occurs in much higher concentrations, and is more 

widespread than in the American group, whilst kaolinite shows a highly 

significant positive correlation with illite indicating their occurrence 

together in the American group. Its role in the British group as a mineral 

replacing illite is reflected in a highly significant negative correlation. 

It is also 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 bott the British and 

N.American groups, although, as already mentioned, it is present in con-

siderably higher concentrations in the latter. This may be partially 

• including relatively non-expandable mixed-layer clay. 
35 



explained by increased distribution and increased importamce of calcite 

in the British group, possibly a reflection of fossil remains. The other 

carbonate minerals never achieve 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 appear 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. 

1.7.1. N. American material. 

With one exception, all geotechnical testing carried out on the 

American material was performed by the u.s. Army Corps of Engineers in 

the United States. (only one American sample, from the Dawson formation, 

was tested in 13ritain by the writers who determined peak and residual 

shear strengths, together with Atterberg limits). 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 out 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. 

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

has only been made of 7 results for, as already mentioned, Table 1.17 only 
JG 

includes results for which mineralogical and geochemical data are available. 

However, as the mean value of¢' for 7 samples is 5.14° and the mean value 
r 
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for 18 tests excluding one Fort Union sample is 5.32° it would appear 

that the 7 chosen are fairly representative of the whole. The range of 

¢' for the 7 samples is 3.05° to 6.85°, which compared to Kenn~y's results 
r 

for 'clay-shales' is rather low. His values range from a minimum of 

6° to a very high maximum of 28°, and even his pure sodium and calcium 

montmorillonites show values of¢' up to 10°, the lowest being 1,
0

• 
r 

The liquid 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 all 28 samples is 93, with a standard 

deviation of 1c1.0. As would be expected, the plastic limits are much 

lower than the liquid limit values but do, nevertheless, show considerable 

variation for this property, ranging from a minimum of 19 to a maximum of 

The mean value is 22.5 with a standard deviation of 3. Liquid 

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 also. 

1.7.2. British Material. 

Data on peak and residual shear strength for a total of 16 British 

samples (Table 1.2) have been collated and, of these, 8 were determined 

in Durham, the remaining 8 being either extracted from the literature 

or obtained by personal communication with other workers. 

Sh~ar strength determinations were carried out in a 6 em. square 

shear box at loads of 10 1 25 and ~0 lbs/in2 at a displacement rate of 

.0001.8 in/min. The four Lias Clay samples, the Kimmeridge Clay sample 

13/2, the Oxford Clay sample O.C. and the Speeton Clay samples 1 and 21 

were all tested in Durham. Further, the two Oxford Clay samples B62Lo 

and B60u, the Ampthill Clay samples Bl!, U7, and B10, and the Kimmeridge 37 
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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. ~as tested by Hutchinson(1969). 

Peak shear strengths for the British material range from a m1nimum 

of 19° to a maximum of 33°, ~hereas ~esidual angles range from 5.0° to 

18.11°, the latter having a mean value of 12.36° and a standard deviation 

All of the values for the Lias Clay are below the mean value, 

the maximum for that material being 11.3°. Most of the other clay-shales 

have ¢' values somewhat above the mean. 
r 

Values for ¢' show a considerable degree of variation ranging from 
p 

a minimum of 16° to a maximum of 33° with a mean value of 21 •• 8°. With 

the exception of three samples, values of ¢' are considerably higher than 
p 

the corresponding¢', inferring that the material is overconsolidated. 
r 

The exceptions are: the Oxford Clay sample PAR, the Ampthill Clay sample 

Bh, and the Kimmeridge Clay sample 13/21 the latter having less than 1° 

between peak and residual values. 

Liquid and plastic limit results are only available for 8 samples, 

comprising 4 Lias Clay, one Ampthill Clay, one Kimmeridge Claj' and two 

Speeton Clay samples. With the exception of the Ampthill Clay sample, 

all values of liquid limit do not exceed 60. The Ampthill clay has a 

liquid limit of 79 and all other values lie within the range of 1,9 and 57. 

The mean value for all liquid limit data is 56.5 with a standard devi-

ation of 8.9. Values for plastic limit range from a minimum of 21 to 

a maximum of 30 with a mean value of 21, and a standard deviation of 2. 7. 

Values of T/<J (residual conditions) range from a rnl.nimum of 0.087 

to a maximum of o~ 3.33. 

1.7.3. Discussion of the results for the British and N.American material. 

Comparison of the data on the residual shea r strength properties for 

-ooth th<' Br'_tish and American material (Tables 1.17 and 1.2) leads to 
38 

two important conclusions. Firat, excluding one result obtained for a 
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Fort Union sample, the range of .0' values obta.ined for the British 
r 

material is far greater than the range of ¢' values obtained for all 
r 

of the American materialo The range for the American samples is from 

0 8 0 the British materials is from 5.0 to 1 .h , The second conclusion is 

that the mean value of ¢' far the British material is more than twice 
r 

that value obtained for both the 7 American results and also nineteen 

of the American results. The mean value for all British results is 

12,36° whilst it is 5.11,0 for the 7 Americar,. samples and only 6.68° for 

all results, including the Fort Union value~ 

Similar conclusions may also be drawn from comparisons of T/a 

residual values obtained from British and 1\Jnerican n1aterial. The 

ranges are from 0,087 to 0,333 with a mean value of 0.21~ 

whilst the American values (for all except one result) range from 0,051. 

to 0.171 with a mean value for all results of 0.117, 

Values of ¢• for the British and American groups reflect to a 
p 

lesser extent the conclusions drawn from data on~~~ 
r 

The range for 

all of the American results, excluding the one Fort Union sample which 

0 0 
has a peak value of 29.5 1 is 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 33°. Similarly, the mean value of¢' for the Bricish material 
p 

is almost double that of the American material. 

Comparison of data on the liquid and plastic limits of the British 

and American groups reveals considerable differences between the twoe 

The mean value for the liquid limit of the 1\Jnerican material is 93 whilst 

that for the British at 6o is approximately two-thirds of the American 

value. Furbher, the American values display a far greater, '"'·"'ge, from 

a minimum of 38 to a maximum of 20u compared with the British group's 

range of b9 to 79. These differences between the liquid limits of the 

two groups are also reflected, to a lesser extent, by the plastic limits. 
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The plastic limits of the American group range from a minimum of 19 

to a maximum of 34 with a mean value of 22.5. The British material 

ranges from a minimum of 21 to a maximum of 30 with a mean value of 2a 

which in this case is higher than the equivalent value for the American 

group. 

1.8. Correlation and discussion of geological and ~eotechnical data. 

Earlier in the Chapter, a brief summary of the state of knowledge 

of weakly-bonded shales, from the researches 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 iL 

particular, the work of Kenney (196?), Scott and Brooker (1968) and 

Tourtelot (1962) suggested that clay mineral content type almost certainly 

influenced residual shear strength properties and the liquid limit of 

natural soils. 

In this present Section the contentions held by the authors mentioned 

above will be tested against the results obtained for the British and 

American material. In addition, where data are available in the 

literature, the influence of clay mineralogy on other geotechnical 

properties, such as axial strain energy take-up and swell pressure, will 

be tested. 

Figure 1.5 displays a plot of liquid limit against the percentage 

of total clay mineral content in the American samples. The points show 

a great deal of scattering from what appears to be a general increase in 

liquid limit as the total clny mineral content increase. Despite 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 nnd although there are fewer Lj{) 

points the amount of scatter is reduced. The Figure 1.6 plots can compare 
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with those in Figure 1.1,. These two graphs clearly conarm 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 increase in liquid 

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 impcrtance 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 ¢' against the percentage total clay mineral content for a total of 
r 

12 American samples, all 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 of approximately 

10 per cent could well lead to a reduction of ¢• of one degree. 
r 

On the 

basis of this trend, a minimum value of ¢' for American samples would be 
r 

0 0 in the range of 3 to 4 , 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 to note that 

although all 14 points suggest the trend of an increase in total clay 

mineral content leading to a decrease in ¢;, 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 ¢•. 
r 

Figures 1.10 and 1.11 are both plots combining the British and 

American data. In Figure 1.10 1 ¢' values are plotted against the per­
r 

centage total clay mineral content whilst in Figure 1.11, ¢' values are 
r 

plotted against the ratio of total clay mineral content (logarithmic scale) 

to maesive mineral content. From the first plot, it can be in-ferred that 

two trends are present, one lying above the other with a slightly steeper /ljl 

gradient. Both trends suggest that an increase in clay mineral content 
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leads to a decrease in~·. the amount of decrease being subject to 
r 

the trend to which the mineral belongs. The Lias material, (denoted 

by the symbol~Figure 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 materiel. Moreover, 10 out of the 12 

samples in the 'British' trend contain no detectable expandable clay 

mineral•, 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 expandable clay mineral, namely 

montmorillonite, for the American material, has the effect of levering 

the overall values of~·. but an increase in total clay mineral content 
r 

also leads to a decrease in ~~ 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 montmorillonite, the vermiculite may lead to an 

overall reduction in ¢'. 
r 

Figure 1.11, the plot of ~· against the log of the ratio of total clay 
r 

minerals to massive minerals Yor both British and American data, displays 

the two trends even clearer than in Figure 1.10. The conclusions drawn 

for Figure 1.10 are also pertinent here. 

In examining the effect of the expandable clay minerals alone, it 

must be remembered that, from the conclusions drawn for Figures 1.10 and 

1.11, non-expandable clay minerals do exert some influence on ¢' and so, 
r 

in effect, the values of ¢• are not entirely a result of montmorillonite 
r 

content. Figure 1.12 is a plot of ¢• against expandable clay minerals in 
r 

the British and American materials combined. The fields of points display 

an approximate trend such that as the percentage of expandable clay 
42 

* Mixed-layer clay is, however, common. 



-43-

minerals increases so the value of ~~ decreases. 
r 

Unfortunately, the 

majority of the samples contain less than ~0 per cent of expandable 

clay minerals and the 'sensitivity' of ¢' to these component materials 
r 

is apparently reduced 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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Sample 

U2 
U2 
U2 
U2 
U2 

U9 
U9 
U9 
B10 
B10 

UlN 
U6N 
U?N 
U?N 
B4 
B4 
B4 
B4N 
B4N 
B4N 
U12 
U14 
U14 

;.;;.,· 
.;;. 

Initial 
moisture 
content % 

27 
30 
28 
26 
27 

-

27 
28 --
25 
24 
23 
23 
22 
24 

29 
43 
41 

Bulk Normal 
Deceit~ 
lb~ft. 

pressu~e 

lbL:in. 
10 
13.2 

123 25.7 
25.7 
38.2 
13.2 

120 20 
38.2 

123 30 
40 

123 10 
123 20 

30 
1~ 20 

10 
130 20 

30 
lfJ 

128 4.9 
35 

121 10 
115 20 

30 

TABLE 1.1. Direct Shear Box Results. 

Peak shear Residual Brittleness 
streng~ shear ~trength Index • f/J' c' f/1' c' 
lb~in. lb0:::1n. % degrees lb/1n.2 degreee lb/1n.2 

7·~ 4.5 I{J.7 
6.9 4.0 42.0 

14.8 5.0 66.2 32 0 13·5 0.9 
15.6 
24.6 11.5 53·3 
11.4 
15.7 
23.1 - - 22.5 5·9 
14.7 
22.9 
10.1 2.5 75.2 
14.6 3.0 79.5 27.0 5.6 14.0 -1.0 20.3 7·5 63.1 I 

(0) ~ 18.1 3·0 83.4 'f 
10.2 2.5 75·5 
12.2 4.0 67.2 46.5 6.9 14.0 0 
16.2 7·5 53·7 
23.6 

2.1 - - 30·5 -1.0 
18.1 - - (O) 

5·9 2.5 57.6 
6.3 3·0 52.4 16.5 2.0 10 0 

11.9 6.0 49.6 



TABLE 1.1 cont ••••••••• 

Sample Initital Bulk No'rlllal Peak shear Residual Brittleness 
moisture Dens it~ pressu2e streng~h shear ~trength Index• 
content% lb~ lb/in. lb/in. lb/in. % 

Com~site tor sub-horizontal &Eecimens 

Oxford C!!z 

S2A 10 6.21 3.48 43.9 
S2B 2.5 15.44 4.86 68.5 
S2C 40 22.45 10.82 51.8 

S3A 10 6.18 3·38 45·3 
S3B 2.5 13.34 6.90 48.3 
.S,3C 40 16.36 10.34 36.8 

SlA 10 6.25 3·25 48.0 
SlB 25 12.11 6.82 43.7 
SlC 40 18.10 7.00 61.3 
SlC' 40 21.00 11.02 47·5 
S4A 10 8.77 2.86 67.4 
SIU! 25 13.o8 6.86 47.6 
S4C 40 2!).26 10.88 ,56.9 

• Brittleness Index = Maximum shear stress - Residual shear stress 

·,.;;. 
Cit 

Maximum shear stress 

¢' c' ¢' c' 
degrees lb/1n.2 degrees lb/in.2 

28.0 1.16 14 0.27 

18.0 3·77 13 1.02 I _,. 
"' I 

24 1.62 10 1.45 

28 1.97 1.5 0.19 

N : Samples with bedding noraal to shear plane 

Note: Faraaeters by least squares regression 



Sample 

Lias 1 

2 

3 
h 

B626 

Oxford B60h 

PAR 

Ampthill Bh 

U7 
B10 

Kimmeridge 13/2 

JLS 

Lower Gault GC 

Speeton SPC 1. 

..... 
ell 

2. 

TABLE 1.2. 

Geotechnical results for British material. 

Liquid limit Plastic limit ¢'0 jZi•o '!/O -p- -r--

57 23 23 11.3 0.207 

55 26 31 9-5 0.167 

57 25 19 6.5 - ?.0 0.113 

52 2h 22.5 5.0 - ?.0 0.087 
21, 11.0 0.191· 

28 15.0 0.268 
I 

21.5 17 0.306 -&. 
16.5 

I 
79 30 11, o.2u9 

27 11, 0.249 

22.5 13.5 0.231 

53 21 19.75 18.4 0.333 
22.9 10 0.176 

33 12 0.176 

50 22 33 1 '~ 0.21)9 

49 22 29 13 0.231 



Sample 

BL 

BL 

B4 

Bl, 

B10 

B10 

B10 

B10 

~ 
--1 

Initial 
Noisture 
Content j,_, 

25 

21-

23 

25 

26 

25 

25 

2h 

TABLE 1.3. 

Triaxial test (consolidated-drained) results. 

Bulk Cell Stress Linear 
Densit5 Pressu2e differ2nce strain 
lb/ft. lb/in. lb/in. at failure % 

121, 15 17.26 2.lj 

12l, 30 30.30 4.9 

125 45 51.75 6.2 

125 60 61,. 75 6.1 

125 15 13.85 1. 7 

126 30 29.22 2.9 

129 1,5 1,0.80 4.1 

126 60 53.06 6.2 

Volumetric 
strain at ¢' c' 
failure ~· ~rees lb/in. 2 

- 0.37 

- 0.31 
20 o.s 

- 0.1•3 

- 1.03 I 

:'S 
I 

- 0.24 

- 0.30 
17 0.75 

- 0.60 

- 0.31 



TABLE 1.1, British Hinerology (X-Ray diffraction) 

_Deptl1 £ample ~otal Nont/ Jlbte & Kaol. ~ Culc. ~ Siderite Pzrite TC/'NH.St~. 

Clay Verm .. f.'iiXed-layer 

Lias Clay 1 86.5 10 1>7 29.5 8.5 5 ( l> 3-5 6.110 

~ 

'· 8L 12 b8 21J 1? 2.5 2 2.1, 5-25 

3 76 8 h2 26 10.5 t •• s ~ .5 5.8 3.16 
t, 88.5 22 1·3 23.5 11 2.5 5.5 ? .. 69 

5 g6.s 18 52 27 3·5 27.57 

29'-30 .. 5' 6 89 73 36 8 7. 8.09 ~ 

13' -11<.5' 7 78.5 20 30 28.5 15.5 6 3-65 I 

9'-10 .. 5' 8 93 25 55 ?3.0 6 13.28 g; 
I 

L-1,,5 m Oxford Clay B604 73·5 57 16.5 22.5 3 6.8 2.77 

4 - 5 m B626 62.5 55 7-5 19.5 2 L,6 1.66 

3m PAR 50 /1/: 6 26 23 5 1.00 

1h m Ampthill " Ul 77 61 16 15 1.5 5 1.5 3.31, 

9 m B4 70 L1,5 28.5 20.5 8.5 1.0 2.33 

7 - 8 m TJ7 71· !th .. S ?9.5 11 8.5 5-5 1.0 2,81· 

5 m B10 70 lt3 30.5 7-5 10.5 7-5 1,0 2 77 o:J_) 

near surface Kimmeridge:: JLS 81.5 68 13.5 15 5 1·,1·0 

7 - 7,5 m 13/2 58 53 5 12 10 11 'L.38 

near surface Gault Clay 75 59-5 15.:) 20 5 ' 3,00 

l m Speeton Clay 2 82 Trace co 
0/ 13 11.5 6.5 1 •• ss 

~ 
*- chemical analyses :suggest that calcite is a major component in this materL:~1 .. C1J 
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MINERALOGY. 

MAIN COMPONENTS OTHER ~tiAN CLAY MINERALS 
(to nearest o.5~) 

For horizon see Fig. 

SAMPLE U1 B4 U7 B10 

QUARTZ 15.0 20.5 11.0 7-5 

PYRITE 1.5 1.0 1.0 1.0 

GYFSUM( 1) 5.0( 2) 8.5 5·5 7.5 

CALCITE 1.5 o.o 8.5 10.5 

23.0 30.0 26.0 30.0 

(1) From chemical analyses 

(2) By X-ray diffraction 

CLAY MINERAL PERCENTAGES 

TOTAL 77.0 70.0 71 •• 0 

KAOLINITE(3) 16.0 28.5 29.5 

10 j{ ILLITE 
and 
MIXED-LAYER 61.0 1,1.5 h/1•5 
CLAY 

(3) By subtraction 

SHAPE FACTOR ( 1') 

10 ~MINERALS 1.49 0.90 2.08 

70.0 

30.5 

~3.0 

1.50 

1.1. 

( /,) Ratio width at half peak height 
to peak height. 

Weathered materials 

CF CL 

8.5 10.0 

1.0 o.o 

8.0 5.0 

7.0 0.5 

21,.5 15.5 

75-5 81,.5 

32.0 23.0 

h3.5 6";.5 

2.20 2.50 

49 



Sample 

U7 

Bl, 

B10 

CF 
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TABLE 1.6. 

SLAKING TEST RESULTS. 

;:,. retained on 
No.14 B.S. 
sieve 

53.8 
53.1 

51.0 

72.0 

91.7 

% retained 
in vaccuo 

88.6 

88.4 

86.0 

96.0 

It calcite 
in samples 

11.9 

1.3 

11.0 

7.2 

Aggregate (intact fragments) passing 1/4 in. sieve 
and retained on 3/16 in. B.S. sieve. 

TABLE 1.7. 

PILCON HAND VANE VALUES. 

Cohesion 

35° - 40° slope in fresh clay-shale 15 lb/in. 2 

112° " " " " JJ 10 " 

Weathered, in situ 10 JJ 

Fresh wet shaly clay 9 " 

Weathered, undisturbed 8 " 

Sort failed mass 7 " 
Soft clay aggregate 6 " 
Mud flow 2 JJ 

Ratio expandable 
mixed-layer clay: 
mixed-layer com­
ponent. 

12.5 

18.5 

negligible 

negligible 

103 kN/m2 

69 " 

69 " 
62 JJ 

55 JJ 

t,8 JJ 

1;.1 " 
1l~ JJ 

'0 ~:t·· 



TABLE 1.8 Geochemistry - N. American_-material 

38.1llple .SiO') Al~c; Tohl ~ CaO Na~ ~c$. TiO'"") MnO 3 !'.2.25 ~ -L. iron Oxide 
-L 

Dawson 70.?1 16.73 1·.17 1.29 1.;.o 0.1.3 1.22 0.73 0.15 0.78 0,08 97.11 

Claggett 1 60.13 11•.01 5.118 ;':.21 2.02 1o35 ?.58 0.75 o.o~l 1.05 0.16 90.55 
2 57.20 17. "16 6.5] 3·.19 1.00 3-25 0.1'9 0.61· 0.02 0.32 0,01· 8:;.86 
3 61.?.!· 15.12 5.07 2.75 2.57 2.51 ?. I_~ C) 0.7'} 0.03 1.11r 0.11 93 .. 81· 
I, 59· 38 15.5.3 6.92 2 • .59 1.09 1., lr 1 2.70 0.82 O.Oir 0.66 0,13 91.27 
5 58.85 1).88 6.89 2-35 1.06 1.77 2.65 o.83 0.01· 1.37 0.12 9~,. 79 
6 60.02 15.81, 6.93 2.16 1.09 1. h3 2 .1•7 0.75 o.o6 0.93 0.16 91.85 
7 60.97 16.58 6.67 2.15 o.65 1. lr9 2.1, 1 o.8o 0.06 0.99 0,11 9~.89 

8 66.21 1 lr.20 1,. 70 ?_ .. ), /, 1.2~ '.63 2.05 0.61. o.o6 0.9! 1 0.12 91·.22 
9 21·.30 5.21, 2.12 1,0!J. 0.73 2.61 o.oo O.h9 0.06 0.01 0.12 36.?2 

10 57-96 17.38 6.16 2.51 0.91, 2.22 0.61 0.81 o.o6 0,9/. 0.09 89.69 

Pierre 1 61.47 1}.87 s.s8 2.57 1.75 1.37 3.10 0.70 0.16 0.58 0.10 91.25 
2 62.1,7 13.3h 5.25 2.38 1.92 1.31 2.96 0.68 0.09 0.77 0.10 90.27 I 

\Jl 

3 6L.25 11<.89 3-85 ?.8h 1.63 1.35 1.25 0.59 0.03 0.29 0.05 91.02 _,. 
I 

4 56.39 15.80 6.03 1~85 2.1·7 0.90 3.69 0.71> 0.36 1.85 0.23 90.29 
5 60.84 13.77 6.~>0 2. 42 1.23 1.38 2.85 0,71 0.15 0.26 0.09 90.10 
6 56.91 16.10 L.93 1.91• 2.1c 1 0.88 3.8t,. 0.75 1.08 0.7/,. 0.17 89.75 
7 69.61 14.02 /,-96 2. 45 0.83 o.8h 2.56 0.59 o.o6 o.oo 0.08 96.01 
B 59.15 17.69 5.61 1.89 0.60 0.81 3.91 0.69 0.06 0.95 0.1!, 91,1,9 

Bearpaw 1 60.81· 15.96 6.00 2.09 0.87 1. 3_3 3. ~>9 0.81 0,05 0.97 0.12 92.51 
2 63.03 15.39 5· '~8 1.96 0.70 1.57 2.85 0.79 0.03 1. 11, 0.08 93.02 
3 63.08 15.20 5.26 2.05 0.70 1. 8 2.67 0.77 0.03 0.96 0.08 92-58 
4 63.51 15.06 5-03 1.93 0.83 1. 77 2.59 0.75 0.03 1.18 0.08 92.74 
5 60.20 15.72 6.15 2.19 1.10 1.88 2.98 0.78 O.OLt o.85 0.09 90.98 
6 59.27 15. 11 6.?6 2.',70 1.33 1.88 2.80 0.81 0.0!~ 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 92.54 
8 62. 1•3 16.16 5-73 1.99 0.85 1. h8 2.80 0.70 0.06 0.?2 0.11 93-03 

C./l 
1-• 



Samples 

Colorado 1 

Fort 
Union 

2 

~ 

I· 

5 
6 

1 

2 

3 

" 
5 
6 

7 

C.l! 
N 

Si02 

65.36 

55-73 
63.67 

62.63 

65.12 

68.71 

56.?8 

61o-.02 

60.1~ 

59.85 
60.60 

6J.20 

31•.1·0 

Al2o
3 

Total MgO 
iron oxide 

111.11 3-79 2.?8 

19.81, '··57 3· fd, 

1L.53 1<.12 2 .. 63 

18.02 3.90 1. 73 
16.62 3.70 1. 711 

18.1,6 3o f,fJ 1.62 

11r.31• 6.1.0 3.27 

16.96 3.52 2.3L 

13 .. 211 5-55 3.1.6 

18.06 5.05 2.56 

17.01 6.35 2.02 

12.1·9 3.36 3.21, 

5-99 7.09 1.16 

TABLE 1,8 cont •••• 

CaO ~ ~2_q Ti02 MnO s ~ Total 

1.,l10 1.25 2.76 0.?3 0.03 1,61· 0.16 95-51 
1.81 3·1·1 1.25 0.72 0.03 0.57 0.15 91.5? 

1.99 1.81 2.31 0.69 0.03 1 • '~'J 0.15 93·35 

0.55 0.81· 3.61. o.87 0.02 0.51 0.13 92.85 

O.h2 0.87 3. h3 0.8~< 0,02 0.58 0.16 93·50 
0.26 0.62 0.26 0.85 0.06. 0.52 0.13 9h.92 

I 

3.76 0.59 3,2L 0.76 0.09 0.31 0.13 89.71 VI 

"' I 

0.61 0.1,5 3-39 o.n 0.03 0.13 0.02 92.17 

2. 1<1 0.56 3.88 0.65 0.09 0.25 0.09 89.89 

0.61 1."7 3-5" 0.85 O.Oh 0.22 0.15 92.LO 

o.st..~ 1. 47 3· L2 0.82 0.03 0.05 0.99 92.1<0 

lo.32 0.81· 2.60 0.56 0.06 0.20 0.18 89.05 

0.93 0.97 2.2/o 0.33 o.o6 7.76 0.10 61.03 



Nean 

.S .. Dev. 

Var. 

SiO 
2 

Al2o3 
Total Iron 

HgO 

CaO 

Na
2 

K20 

TiO" 
L 

MnO 

s 

P205 

Total 3i00 '< 

60.071 

7-930 

62.879 

CiT 

"' 

Al~3 

15.005 

2.711 

7.3h7 

+)99.95, 

Table 1.9 

Significance of major element correlations in N. American samples 

Total Iron ~ GaO Na2Q .!S.~ Ti02 ~!nO s E.~5 

5.268 2.327 1.332 1. h55 2.591· o. 721 0.085 0.870 0.137 

1.170 0.558 0.868 0.657 0.961 0.111 0.169 1.190 0.11,2 

1.368 o. 311 0.753 O.h32 0.923 0.012 0.029 1.117 0.020 

-,)957 +)955t ->95~-

"!)99.9~· 

~ 99-95£ +)95% 

I 
\11 

"' I 

->99.9% 

7 95}{ 



TABLE 1.10 Oxide/Alumina ratios in N.American samples 

Ratios Si02 Na 0 
2 

K20 Na2o MgO Fe
2
o

3 
CaO MnO 

- -- -- -- -- --
A120

3 
ALO~ A12o

3 
A12o

3 
Al2o

3 
Al

2
o

3 
Al 2o

3 Al203 
" :J 

Claggett 1 2.0L85 0.0963 0.1841 Q.5232 0.2291 0.3911 0.11,1.,1 0.0021 
2 3-333 0.1893 0.0285 6.6326 0.1858 0.3805 0.0582 0.1165 
3 1.h81,1 0.1693 0.161,6 1.0281 0.1818 o. 3353 0.1699 0.0019 
L 1.7823 0.0907 o. 1738 0.5662 0.1667 O,H55 0.0701 0.0025 
<; 1,9238 0.1114 0.1668 0.6679 o.o667 o. 1·338 0.0667 0.0025 
" 

Pierre 1 2.7159 0.0987 0.2235 o.H19 0.1852 o. 4023 0.1261 0,0115 
2 3. u865 o.o982 0.2218 O.H25 0.1784 0.3935 0.11,39 o.oo67 
3 L,2075 o.ogo6 0.0839 1.0800 0.1907 o. 2585 o. 109~ 0.0020 
/, 3.0816 o.o569 o. 2335 0.21·39 0,1170 0.3816 0.1563 0,0227 
5 2.2396 0,1002 0.2069 O.h8!o2 0.1757 o. /,61·7 0.0893 0,0108 
6 2.h726 0.0546 0.2385 0.2291 0.120h 0.3062 0. 11,96 0.0670 I 

VI 

Bearpaw 1 2.1578 0.0833 0,2186 0.)810 0.1309 0.3759 0.05"5 0,0031 
,.. 
I 

2 2.,!,1J50 0,1020 0.1851 o.5sos 0.1273 0.3560 0.04511 0.0019 
3 2.9197 0. 1171 0.1756 o.6G66 0.1348 0,31.60 0.0460 0.0019 
I, 1.9926 0.1175 0.1719 0.6833 0.1?81 0.3339 0.0551 0,0019 
s 2.821.4 0.1195 0.1895 0.6}08 0.1393 0.3912 0.1195 0.0025 
6 2.8239 o.o88o 0.1853 0.671/o 0.1786 o. 411,2 0.124h 0,0026 
7 2.2360 0,01<99 0.1715 0.6781 0.131•7 0.361!8 O,OIJ99 0.0019 

Colorado 1 1.5705 o.o88? 0,1956 0, lt.528 0.161_5 0,2686 0,099? 0,00?1 
22 2.8089 0.1718 0.0630 2•7280 0.1733 0.2303 0.0912 0.0015 

3 2./,893 0.1220 0.1589 0.7835 0.1810 0,2835 0.1369 0.0020 
I, 1.66oo o.Ot.65 0.2018 0.2)97 0.0959 0,2163 0.0305 0,0011 
5 2.1552 0.0523 0.2063 0.2536 0,101.6 0.2226 0.0252 0.0012 

Fort 1 3.0166 O.Oic10 0.?253 0.1820 0.2273 o. LhSO 0.261/1 o.oo62 
Union 

2 1. 7287 0,0265 0.1998 0.1327 0.1379 0.2075 0.0359 0,0017 
3 1.71·77 0.01·22 0.2930 0,1l,lc3 0.2613 0.1•191 0.1820 o.oo67 ,, 2.6661 0.0813 0.1960 0.1•152 0,1417 0.2796 0.0337 0,0022 
5 2. h162 o.o86J. 0.2010 o. /,298 o. 1187 0.3733 0.0317 0,0017 

err 
~ 



TABLE 1.11 Detailed Mineralogy of N. American specimens 

Sample ~ontmorillonite Mixed lazer mont- Illite Kaolinite Total ~artz Calcite Dolomite Siderite ~ite 
% morillonite-illite % 2_ Cl%y % ...2:.- ...2:.- ...2:.- .2:-

-
Cla~>fiett 

DHl Ul 56.0 3·3 2.1 61.4 32.6 2.7 3·3 
DHl U20 98.0 • 2.0 100.0 
DHl U57 56.0 1.8 57.8 38.8 1.3 2.1 
DH2 U3 61 • .5 +11 " 3·0 3.8 68.3 31.7 
DH2 U14 65.6 6.1 71.7 28.3 
Pierre 
DHl U2 71.0+ 5-0 76.0 23.8 0,1 0.1 
DHl U10 80.6+" " 3·5 84.1 15.9 
DHl U20 98.4* 98.4 1.6 
DHl U23 92.4* 92.4 7.6 
DHl U32 61.9 2.1 64.0 36.0 
DH2 U4 79.9 79·9 19.1 

.J, Bear,2aw VI 
DHl U2 61.1, 9-0 3.2 73,6 26.4 ' 
DHl U9 62.4+" " 7.0 2.1 71.5 25.4 3·1 
DHl U17 76.2 2.5 2.6 81.3 18.7 
DHl U20 10.0 52.6 1.2 63.8 33·5 2.7 
DHl U46 66.3+" " 2.0 3·1 71.4 16.6 0,1 1.9 
DH2 U5 79.9 1.5 2.0 83.4 16.6 0.1 
DH2 U14 60.3+ 7.0 4.0 71.3 28.7 0.1 
Colorado 
DHl U5 25 .. 0 15.4 i ·j oO 2.0 53.4 43.2 o. •j 
DHl u6 58.2 37·0 4.8 100.0 0.1 
DHl U7 5?.6+ 13.8 Trace 71.lt 27.5 1.1 0.5 
DHl U25 13.1 5Q,O 6.2 69.3 30·7 0.1 
DRl U29 7-9 55.0 7.8 70.? 29.3 
Fort Union 
DHl U5 27.1 36.8 7·2 71.? 13.11 15.5 
DHl U10 "+ 32.0" }0.0 3·3 65.3 34~7 
DHl U12 2.8 33·6 4-7 41.4 37·0 18.5 3.4 
DRl U17 68.3 15.0 5.0 88.3 11.7 
DH1 U22 20.0 II 1,7.0+" 4.8 80.5 19.5 

\..rr • well ordered (high crystallinity) 
~~+ poorly cyrstalline 

" including mixed layer clay 



TABLE 1.12 Significance of N. American 5ample mineralogY 

SIAL NAAL KAL NAK MGAL FEAL CAAL MNAL TCML KAOL MONT .!.!@. 

MEAN 2. 41,5 0.093 0.185 0.797 0.157 0.347 0.104 0.010 74.336 2.898 36.243 ll.61c3 

SDEV 0.630 0.039 0.052 1.219 O,Oh2 0.071. 0.060 0.025 13.530 2. 21,6 35· 42!, 16.110 

VAR 0-397 0.002 0.003 1.L.87 0.002 o.oos 0.004 0.001 183.073 5-046 254.886 259-525 

MXCM QUTZ TCQZ LLIK PLIM 

MEAN 23.250 23.193 12.427 93.000 22.464 
SDEV 29.685 11.610 z6.6ss 41.192 3-343 
VAR 881.190 134.795 710.494 696.786 11.177 

* I 
Correlation Matrix. 

SIAL ~ KAL NAK MGAL FEAL CAAL HNAL ~ gQ& MONT l.Y.;:_ 
SIAL 

+)'99.9% +)'95% NAAL ?99.9% +)99.9% 
KAL -)99-9% -}95% 

+)95% -:-)95% 
NAK ->95% 
MGAL +)95% 

~99-9% +)95% +)95% 
FEAL 
CAAL -:>95% 
MNAL 

->95% TCML 
KAOL +>95% 
MONT 195% +)99.9% 
ILLI 
MXCM 
QUTZ 
TCQZ 
ILLIM 
PLI!>! 

CIT 
C'i 



Sample 

Lias Clay 

Oxford 
Clay B626 

B624 
p~ PAR 

OCl 
OC2 

Ampthill 
Clay B4 

U7 
B10 
AC? 

Kimmeridge 
Clay 13/2 

JLS 
Gault 
Clay (lower) 

Speeton 
Clay 

V! 
-.J 

1 
2 
3: ... 

Si02 Al2o
3 

1 52.07 20.66 
2 52.01 21.00 
3 51.46 21.42 
4 52.08 22.01; 
5 47.82 22.96 

54.93 19.07 
54.83 18.06 
45.73 13.00 
54.65 17.24 
50o32 21.60 

55.62 20.09 
47.70 17.75 
45.12 18.19 
48;n 18.61 

51.06 15.66 
50-32 21,60 

41.49 16.84 

48.91 20,61 
5Q.63 23.20 
5Q.06 24.28 

TABLE 1.13 Geochemistry - British material 

Total MgO CaO Na2o K 0 TiO MnO s p2~5 Total 
iron 2 2 

-- -- - - -- - - - --
6.19 2.03 3.80 0.56 3·13 0.96 0.03 1~29 0.22 90-94 
6.58 2.11 3.22 0.40 3o14 0.98 0.03 0.91 0.20 90-57 
6.70 2.1? 3· 41 0.45 3.11 0.9$ 0.03 1.47 0.20 91.37 
5·94 2.o8 2.78 0.38 3-13 0,96 0.02 2.17 0.13 91.72 
6. 41 1.73 1.57 0.52 3.14 1.01, 0.15 2.1$0 0.14 88.28 

4.6c 1.72 3-75 0.27 3-19 0.95 0.02 2.03 0.16 90.69 
4-77 1.68 4.29 0.33 3-25 0.90 0.02 2.57 0.11 90.81 
3o40 1.32 12.18 0.19 2.53 0.62 0.06 0.65 0.19 79.86 
5.66 1.83 15.44 0.29 2.82 1.07 o.o8 0.74 0.24 
4-35 0.95 5.18 0.43 2.98 0.86 0.16 1.04 0.14 88.07 

6.78 2.20 1.05 0.27 4.15 0.95 0.02 2.52 0.06 93-72 
5.52 2.10 6.40 0.36 3-58 0.83 0.02 1.94 0.11 86.31 
5.17 2.09 7-96 0.11 3·57 0.75 0.04 2.27 0.09 85.34 I 
6,18 2.08 5.16 0.10 3,69 0.85 0.03 2._30 o.oa 87.19 ~ 
5.36 2.03 9-95 0.03 3-75 0.72 0.04 1.53 0.12 90.26 
4-35 0.95 5.18 0.43 2.98 o.86 0.16 1.0~ 0.14 88.00 

3.60 1.58 16.17 0.51 3.20 0.57 0.12 1.06 0.13 85.27 

5oh9 1.27 ~~?7 0·53 3·'8 0.79 0.15 1.32 0.10 83.59 
6.1,7 1.33 2.53 0.68 3.22 1.02 0.1!, 1.48 0.09 90.79 
5.90 1.24 1. 44 0,1,9 3.12 1.05 0.17 0.87 0.09 88.72 



MEAN 
sm:v 
VAR 

Si0
2 

Al2o3 
Tot.Fe. 

MgO 

CaO 

Nai 

K2o 
Ti02 
Mn 

s 
P205 

C/T 
00 

Total Al203 Si02 
5().851 19.868 
3-738 2.318 

13.970 5-373 

TABLE 1.14 Significance of major element correlations in British samples 

Total MgO CaO Na2o K2o Ti02 MnO s P205 
iron 

5-735 1.802 5o060 0.364 3-352 0.899 0.061 1.659 0.~30 

0.915 0.362 4.359 0.166 0.384 0.121 0.063 0.626 0.051 
0.838 0.131 19.002 0,027 0.147 0,015 0.004 0.392 0.003 

correlation matrix 

+)95% +>95% 
-)95% +)95% +)95% 1)95% 

*' -)95% +)95% 
I 

-)95% +)95% -)99.9% 

-)95% 

-)95% +;>95% 
~)95% :)95% 



Sample 

Lias Clay 1 

2 

3 

4 
5 

Oxford Clay B626 

B604 

PAR 

Ampthill Clay B4 

U7 
B10 

Kimmeridge Clay 13/2 

JIS 

Gault ClB~ (lower) 

Sppetoh Clay 

c.n 
~ 

2 

Combined 
Si0

2 
Al2o

3 
2.10 

1.90 

1.89 

1.S6 

1.93 

1.86 

1.79 

1.51 

1.75 

2.07 

2.01 

2. 49 

1.64 

1.28 

1.82 

TABLE 1.15 Alumino ratios : British material, 

Fe
2
o

3 
MgO CaO Na

2
o K

2
0 Na

2
o 

Al20
3 

Al2o
3 

A1
2

0
3 

Al
2
o
3 

Al
2

0
3 

K
2

0 

Oc29 0.09 0.18 0.02 0.15 0.17 

0.31 0.10 0.15 0.01 0.14 0,12 

0.31 0.10 0.16 0.21 0.15 0.14 

0.27 0.09 0.13 0.02 0.14 0.12 

0.28 0,08 0.07 0.02 0,11, 0.17 

0.24 0.09 0,20 0.01 0.17 o.os 
0.26 0.09 o.zr. o.oz 0,18 0,10 

0.26 0,10 0.93 0.01 0.19 0.07 ~ 
I 

0.34 0.11 0.05 0.01 0.21 0.06 

0•31 0.12 0.36 0.02 0.20 0.10 

0.28 0.11 0.44 0.01 0.20 0,03 

0.34 0.13 0,64 o.oo 0.21, o.o"1 
o.zo 0.04 0.24 o.oz 0.14 0.14 

0.21 0,09 0.96 0.03 0.19 0.16 

0.27 o.o6 0.06 0.02 0.15 0.16 



MEAN 
SDEV 
VAR 

SIAL 
FEAL 
MGAL 
CAAL 
NAAL 
KAL 
NAK 
TCML 
M/V 
ILL 
KAOL 
QTZ 
TCMA 

i:l 
0 

SIAL FEAL MGAL 

1.855 0.278 0.093 
0.263 0,040 0.021 
0.069 0.002 o.ooo 

Combined 
~ !§&.. MGAL 

+ ?95% 
+)'95% 

SamnleR correJ.a_ted: 

LCl B626 KC 13/2 and JLS 
2 604 GC 
3 B4 
4 U7 
5 AC U7 

AC B10 

TABLE 1 .. 16 Significance or J::lrJ.tl.sn aamp.1.e m~nez'aJ..ugy 

CAA1 NAAL KAL NAK TCML M/V ILL KAOL S!L TCMA 

0.321 0.029 0.173 0.109 75-333 u.667 51.100 19.700 13.933 5-089 
0.288 0.049 0.030 0.049 11.902 7-25"- ::s.,vt~5 8.854 6.137 6.275 
0.083 o.ooz 0.001 0.002 1~1.655 52.622 77.173 78.393 37.662 39-377 

Co~ation Matrix 

CAAL NAAL KAL NAK TCHL ~ ILL KAOL Q.TZ TCMA 

95~ 
-)95% 

+'>95% ->%% ->95% 
+)95% ->SiS% g 

->99.9% -:>95% ->95% I 

+)95% 
+)95% -+)95% -)95% +)95% 

-")95% +)95% 
-)95% 

-)95% 
-'>95% 

SC'\1 
OC PAR 
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TABLE 1.17 Gcotedmical data OAt -·---· hf ... Amorican material~ 

:.'P~ Liquid Plastic ¢'" 'l" /(; Swell pres:SY£! .:L~:~!~::.~.-: hl.!if- -: ......... -~-· tons Limit ;ear sg ... ft6> -E:::~:.~~-1..~-~ --~· ~-

caggett 1 62 20 2 .• 91 

2 107 26 

3 92 19 

4 72 22 3-3 
4·5 

5 93 22 ,_-:: ~ ~')} 

i.erre 1 '162 28 3·4 
h.5 

2 145 26 

3 143 34 5u·-~ 0,089 12.5 1,. 5 0,079 13.6 

4 204 29 4. ·i 0 ... 0'72 
4~0 0.070 

5 55 20 

6 67 20 17 

earpaw 1 56 21 7 01 0.124 
5-~9 0.104 

2 85 20 

3 101 21 s.? 0.100 
5-3 0.092 

4 81 21 5-.5 0.096 15.9 
q_£,9 o.o86 20.11 

5 108 23 i-;•.· 

6 101, 23 

7 105 21 f)() 

olorado 1 81 21 6.',' D-122 
7.0 0.118 

2 54 20 3'/ 

3 171 24 5~7 
6.8 

J, 1,0 20 

ort 5 38 19 

nion 1 68 22 

2 59 20 1,.4 
5-4 

3 52 22 10 ._, .'.:.1 

4 66 23 ·1_~.,2 

5 133 22 3·3 0.057 
2Q8 o.oh8 

awson U22 55 22 7 
U15 53 22 8 
U17 65 24 6 

6"' U25 65 21 5 .ll. 

U10 60 22 6 
u 7 6o 25 6 



TABLE 1.18. 

Students' t test; comparison of British and N.American samples seochemistry 

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

Element 
Oxide 

"Gt. Bri~I~•.Bm11PlesJ N.America (46 samples) 
\ Mean Standard Mean Standard 

Tota1Si0
2

, 

Al2o
3 

Fe
2
o
3 

MgO 

CaO 

Na2o 
K

2
0 

Ti02 
MnO 

s 
P205 

56.39 
22.11 

6.13 

1.93 
6.3? 
o. 41 
3.65 
0.99 
o.~ 

1.80 
0.15 

North America~ samples 

Claggett - '' 
Pierre - 8 
Bearpaw - 8 

(]') 
N 

samples 
samples 
samples 

Deviation j __ Deviation t value Significance 

2.59 67.00 

2.97 17.6o 

1.01 5-55 

0.44 2.35 
4.99 1.1,9 

0.19 1.41 
0.39 2.?3 
0.13 0.80 
0.07 0.11 

0.73 o.83 
0.01 0.30 

2.56 
1.99 

1.20 

0.?5 
0.90 
0.?8 
0.97 
o.o8 
0.18 

0.43 
0.32 

15.1783 
7.1146 

1.8561 

2.2911 
6.2980 

5-5217 
4.0041, 
?e4598 
0.6118 
6.6170 
1.92.50 

Different at 99.9% level 

Different a,t 99.9% level 

Not significantly different 

Different at 95% level 

Different at 99.9% level 

Different at 99.9% level 

Different at 99.9% level 

Different at 99.9% level 

Not significantly different 

Different at 99.9% lenl 

Not significantly different 

99· 9% confidence level : highly significant 
99%' .. .. = significant 
9.5% .. .. = probabl; sisnificaut 

British Samples 

Colorado - 6 samples 
Dawson - 9 samples(C,D,E,F,G,J,K,L,~) 

Gault Clay 1 sample 
Speeton Clay- 3 samples 
Kimmeridge Clay - 2 samples Fort Union- 6 samples 

Ampthill Clay 
Oxford Clay 
Upper Lias 

- It aampl"s 
- 5 samples 
- 5 samples 

I 

~ 
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CHAP.rER 2. 

2.1. lnt~duction: 

}s part of the general clay ehale atud,ir, a- de~.led attentia \laS 

directed towards the Kil8erid3e Clay expoaurea in Yorkslllire, lilllglanci. The 

llliDeralogy aad geocheaistry of the Clay has be61l ovtliat!ld and ita geotechnical 

properties considered elsewhere ia thia presllllt Report. In thia Section, 

attention vill be directed less towards possible 11888 matabilit;y of the lllaterial 

but rather towards the degradatioual iaflvace of t:l.ae upon slope profile 

develcp~~~at. 

The ttlmaeridge Clay in the Vale of Pic:kormc, 'forlt.llhire, toms the ceiling 

of the Jurassic roc:ka ia both Liacolnabire and Yorkabire, reachi.Jig a lllaXilumi 

thic:kXIess of lj(lO ft (Wilaoa, 19lt8). General.l3, the clays ud shales are poorly 

fossiliferous and are overlain by alluvi1llll and glaciaJ. cleposits, 1f;aila iso:W.taii 

patches of the Clay reatmc Gil the tl'pper CarboXIiferous Grit border the alluvium 

alODS the northern fringe of the Vale. 

Elrposures at outcrop are rare, scattered and except em the coast. inCOIIIplete. 

Kilillleridse Clay exposures of ~ size ocevr as isolatecl. hills risiDS out of the 

alluvial plain, two of the princiJ>al ··~ beiDg Gold<m !ill and >•!art® :llill 

near the villaga of Marton (British Ordrumce Survey map "lUUllber S.E.?8,s.w. 

Grid ref'ereDce ?35 833), 4 llliles aovth east of Kirby Mocraide (fisure 2.1). The 

expos11re at Marton Hill (Fi.gllre 2.2) is lmow locally as 'Fox Holes 1 and is of 

Lower Kblmeridse age (EudoJ< US zone). The other exposlU'e (J'i.gllro 2.3) at 

Golda Hill is of' Upper Kilillleridge age (Pectinatitee Zone). Blue clays and 

abales vith septaria CCIIIIprise tho Lower Kislericlge aaci 011 the whole it is much 

lighter iD colour and not ao finely laminated as the bed1s above. '!be Upper 

Kilillleridge consists o! dten~BtiCIIUI of f'1Del;f-lem4peteci,, dark bit11111iDcus BXId 

lighter abale with hercl.er brown-coloured bands. In plq~tical appearance, the 

clay abalea studied at Golden Hill vary from a etifi to a very stiff Ter~hi 
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and Peck ( 1967) classification and from olive··grey, finely grained mudstones to 

a brittle, pale-yellov-brown, finely laminated iron-stained limestone. At 

Fox Holes, the clay shales are mainly soft-to-brittle medium and dark-grey, 

calcareous, often carbonaceous, in places fissile, mudstone with some very 

hard ironstone bands. The clay weathers to small iron-stained, disaggregated 

brittle platelets, similar to one of the Ampthill clay-shale degradation 

products (sample CF) mentioned earlier in the'Report. 

There is a history of clay-shale extraction and slope profile change over 

the years in the two areas. This information will be used subsequently in 

this Report. 

2.2. Jointine; in the Kimmeridge Clay. 

Kimmeridge Clay is regularly jointed in a continuous IDBilner (see Plate 2.1.) 

and even where the clay is eubstan~ially weathered at Fox Holes, the joints are 

still prominent. Two major orthogonal and near-vertical joint trends in 

directions NW-SE and NE-SW are highlighted by computer analysis and these 

directions are wholly consistent with the joint trends in the Lower Lias beach 
• 

platform in Robin Hood's Bay (see Figure 2.1 and Attewell and Taylor, 19'70). 

The verticality of the joints ( the term 'joint' being descriptive of s 

'continuous parallel group of discontinuities along which there has been little 

or no movement) and a very shallow bedding dip means that the jointing is al""'Y" 

normal to the bedding. 

Inspection of the joint surfaces indicated that they were basically 11111ooth 

although they did intersect numerous linear bedding discontinuities displaced 

from each other by an average of 0.2 em. Although the jointing was essentially 

linear, the joint surfaces were a0111etimes 'wavy' and s0111e large arcuate joints 

were observed. Open joints, up to 3 in.wide9 eometimee contained a clayey 

gauge and there was some eVidence of free water on the joint surfaces. 

The discontinuities in these tvo ahalee were subjected to a detailed 

measurement program and were subsequently analysed for stability. 
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2.3. Slope Design criteria. 

The discontinuous character of the Kimmeridge Clay, ita low intrinsic 

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'. Lane (1969) has acknowledged the geotecbnically intermediate 

stance with respect to strength of a clay-shale and that geologically it should 

have a structure, and accept joints, faults and other defects. He notes that it 

should be fissile and stratified and yet respond very much like a hard clay in 

a soil teat. Th& term 'weakly-bonded shale' is probably compatible with the 

overconsolidated clay shale of Scott and Breaker (1968), the clay shale of 

Johnson (1969) and of Fleming et al (19?0) and the stif~ fissured clay of 

Chandler (19?0). 

Excavated slope stability can be assessed for practical purposes with 

respect to three limiting conditions:-

(i) Initial or construction conditions, 

(ii) Intermediate conditions, 

(iii)Long-term, essentially residual strength, conditions. 

In Figuru 2.4, the numerical symbols are: 

1 = Unknown history subsequent to major geological unloading 

2 = Initial or construction condition (based on in situ tests) 

3 = Intermediate condition (based on empirical observations) 

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

The first condition involves a consideration of the mass-strength of the 

clay-shale, which implies a knowledge of both spacial distributions and 

orientations of pre-existing planes of weakness and the shear resistance which 

can be mobilised on those planes. Since in some cases the relaxed stress 

differences may be high, the possibility for shearing through•s~lid clay elements 

exists and this consequently involves knowledge also of intrinsic strength. 

The in-situ mass shearing resistance is influenced by joints, fissures, 

fissility, faulting and the re-orientation of clay minerals along surfaces of 

€5 
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previous movement. It is generally accepted that masa-shearing resistance 

cannot be determined from tests on emall samples recovered from conventional 

borings and so large scale field in-situ tests are required to include the 

effects of joints and other discontinuous features. 

During the intermediate condition (3) the strength of the clay may be 

decreasing with time because of:-

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

Before excavation the clay is rigid and the fissures (swall, quasi-randomly 

distributed and orientated diecontinuities) are closed. The reduction of stress 

during excavation permits an expansion of the clay, and some of the (optiMumly 

orientated) fissures open. Any water can then enter and soften the clay 

adjoining these fissures. Unequal swelling produces new fissures until the 

larger, intact pieces disintegrate, and the mass,is transformed into a soft 

matrix containing bard cores. This change in state may not necessarily be 

abrupt but may be represented by a progressive decrease in softening ~ith 

distance into the solid element. A slide occurs as soon as the shearing 

resistance of the weathered clay becomes too small to counteract the forces of 

gravity. Most slides of this type occur along toe circles involving a 

relatively shallow body of soil, because the shearing r~sistance of the clay 

increases rapidly with increasing distance below the exposed surface. 

b) Swelling of the material from stress-relief and the slaking effects 

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

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

no lateral strain, they become the seat of severe horizontal residual streBses. 

As has been indicated previously the ratio between the horizontal and the vertical 

normal stresses increases while the overburden is being gradually removed. ~en 

in less heavily pre-consolidated clay deposits tha ratio may approach the 

coefficient (Kp) o! passive pressure o·£ the clay (Sk~pton, 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. 66 



c) Progressive failure. 1' 

Initial or construction stability. 

Most failures of excavated slopes in clay-shale oce~r 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-

scale movements of material from the face into the excavation. 

Terzagbi and Peck (1967) maintain that because of the low permeability2' 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 shearing 

resistance (~i+cohesion (c), and is approximately equal to half the unconfined 

compressive strength or the material. ' ( ~~c~~ qu). 

As emphasieed by llbatia (1969) the importance of bedding and dip on slope 

stability should net be overlooked. He has stated that the effect of bedding 

plane inclination can result in the strength being only 30-40% of the strength 

that would normally be determined in the laboratory. 

On the south side of Golden Hill excavation the clay-shale dips gently 

into the excavation. Conversely, on the north aide 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 an initial over-

steepening of the face (a stress-release factor) and to the unfavourable dip 

of 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 immediately after excavation is presaged 

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

1, See discussion later 

2. Rowe (1972) quotes figures for the permeability of the Kimmeridge Clay 
-12 -10 

at Waddeston, Buckinghamshire, England of 10· to 10 m/sec. at depths 

of between 5 - 10 m. 
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of these have been found at both Qolden 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 aide of the 

pit at Golden Hill. (See Figure 2.3) 

Intermediate and long-term stability. 

Lane (1969) has proposed that a strength decrease in clay-shales 

subsequent to excavation could possibly be avoided by designing for a long­

term strength substantially below the peak strength, 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 stress in a triaxial compression. 

test departs from the initial linear portion of the stress-strain deformation 

curve. ~ restricting the designing atreas to such a value, he mai&tains 

that irreversible or progressive failure effects might be either minimized or 

eliminated, thereby preventing continuous 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 slope failure in London 

Clay that occurred after 30-40 years; this presumably would not have occurred 

if the concept proposed by Lane was applicable. 

Lane (1969) has also pointed out the importance of weathering or soften­

ing effects working down from tile surface, and how the "trength would decrease 

with time from this effect. Johnson (1969) has commented on the extreme lack 

of data relating to strength decrease of clay shales with time, despite the 

evidence that this occurs. Skempton (1969) for example has analysed the 

cohesive value of the London Clay along eight first time slides and has shown 

that cohesion progressively dec~eases with increased tiwe (see Figure 2.5). 

Morgenstern (1969) has cited data from stability studies in the I~ndon Clay, 

and maintains that, for periods of about 100 years, stability cculd be estimated 

on the basis of c' = o, ¢' = ¢' peak from drained shear tests provided that 

residual conditions had not developed through appropriate displacements along f.)~ 

~re-existing planes of weakness. Such :an argument should be restricted to 
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l.ondon Cla.y and not be applied to clay--shal.~s in general. 

2.1 •• ,)hear Strength determination in the Kimmeridge Clay. 

It i8 well known that heavily over-consolidated clays and clay shales 

are l~y to exhibit high peak strengths even when tested under fully-

drained conditions because of their strong inter-particle bonds. Of 

interest also in an evaluation of t.he mechanics of progressive slope 

modification is the residual strength approached after relatively large 

shear displacements involving localized bond destruction and particle re-

orientation along the shear plane~ 12 inch square shear box tests were 

performed on samples of Kimmeridge Clay following consolidation for 2 days 

at a particular value of normal pressure a o 
n 

Reversed shear was continued 

until a constant value of shear stress was achieved 1 at which stage d was 
n 

increased to some value a~2 until further displacement produced a further 

constant value of shear resistance along the shear plane. Pre-loading was 

then continued to a third stage. 

A plot of a' versus j~jgave a¢' angle of 10° for the Kimmeridge Clay, n r 

with a c' of 14 kN/m2 (2.03 lb/in2). If, on the other hand, c' was taken 
r r 

to be zero. a linear regression analysis on the da.ta produced a ~' angle of 
r 

16°. This may be a more realistic residual angle in that the undisturbed 

material could be regarded as being essentially an aggregate with little 

inter-unit bonding. Evidence also :from the basic shear stress - displacement 

curves indicated a continuing increase in shear 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 

orc.er of l metre or more - c.f. maximum travel on the 12 inch shear box of 

2.51. em.) before a true residual condition is achieved. On this basis, the 

¢' angle of 16° can be regarded as on absolute maximum residuu:. 
r 

Skempton and Hutchinson ( 1969) suggest, when designing slopes in stiff 

fissured clays on a long-term basis, apply.ing a time-dependent reduction 

factor (r) in conjunction with c' and¢' (peak strength parameters,drained). 
69 
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When designing on a short term basis they advocate the application of a 

reduction factor for fissures (f), plus a reduction factor (x) for the rate 

o! testing, anieotropr and so on to c (peak strength parameters,undrained). 
u 

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 area. If no obvious geological defects are apparent, then 

the problem of selecting a basis 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 peak strength and the residual. 

Hardy (1969) objects to any suggestion that a residual strength concept 

be used in the design of slopes in day ehale unless, for example, the swelling 

behaviour of the shale is considered explicitly. 

To some extent, much may be gained by ir1corporating all or most of these 

concepts in any design problem, but very often a shortage of time or money or 

both precludes a comprehensive analysis of the problem at hand. 

Probably the best practical approach is to examine both natural and 

excavated slope angles in various rock, clay or soil types and to incorporate 

these results into the design analysis, especially on a long-term basis. 

2.5. Slope angle measurement. 

"The inclination at which a slope in nature finally becomes stable against 

any form of landaliding is known as its angle of ultimate stability. This 

angle depends upon the properties of the clay and 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 by intermittent sliding and thereby becoming progressivly flatter. 

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

along potential surfaces of sliding. Ultimately, slopes are reduced to 1 '1)0 



-71-

vertical on 10 horizontal (6°), or~en less (Terzaghi and Peck, 196?). 

An important point when considering the time factor with respect 

to excavations is the nature of the material forming the excavated slopes. 

Muller ( 1964) maintains that "the permissible angle of the slope, as 

..,ell as the slope stability, are a function of time". Relative to the 

average life of, for example, open pits, time-dependent deformations of 

hard rocks are significant. Soft rocks such as shale, mudstone and other 

types of argillaceous materials, however, can undergo magnitudes of 

deformation which can lead to failure within periods much aborter than 

he economic life of the excavated slope. Sometimes, such failures 

may develop within days. 

It hss been possible, therefore, to observe and record a wide 

range of slope angles at both Golden Hil:t and Fox Boles excavations, 

even though the maximum age difference between slopes is only 18 years. 

Slopes in harder rocks, which are less susceptible to the ..,eakening 

affects of weathering, or the physical breakdown ·phenoaenon of capillarity 

(Taylor and Spears, 1970) would show markedly less slope angle 

differenti ation within much longer periods of time. 

The various slope angles for both Golden Hill and Fox Holes 

excavations in the Kiillmeridge Clay are tabulated below and are profiled 

in Figures 2.6 to 2.9 inclusive. 
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Table 2.1 - Slope angle-age. !'!'al;y:ai!!_lE! Golden Hill and Fox Holes 

Excavations, Marton, Yorks., England. 

Age of Mean slope(1) Mean slope Age ~ean slope Mean slope 
the slope angle (A) angle (B) difference 1utgle diff- angle diff 

(Years) erence (A) erenee (B) 
I 

1. Freshly 
'I 

I 

2.5° 1.5° 67.5 70.5 1-2 excavated (2) 
face(l 1110nt ) 

2. 2 65 69 2-3 13.0° 28° 
years (6) 

3· 8 59,49,1.8 43.47.33 3-4 1!..5° ~o 

(10) ' 
0 

years 52 41 I 

~··~ ~--

4. 18 33.5,42 40.5.30 1-4 
3Q.Oo 37-5° 42.5,32 26,34 (18) 

years 
37·5 33 

I. 
I Mean slope angle (A) computed by summing angles at breaks of slopes (1) 
I and dividing by the nUIIIber of breaks. 

~ 
'• 
I 

l Mean slope angle (B) compute. d by drawing a line from crest to base and 
measuring the angle so formed, --· -----=---- --~~---- ._..J 

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

slope angle produces graphs of the forme shown in F'igures 2, 10 and 2.11, 

In Figure 2.10 the mean slope angle (A) 1'has been plotted to produce 

a good linear correlation between the two variables. 

1; See footnote under Table 2.1 for explanation. 

72 
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From the plot (Figure 2.11) of mean slope angle (B) 1" it is clear 

that a linear relationship no longer holds and that the slope angle tends 

to be stabilising at around :1)
0 independent of the slope age : height 

parameter. This latter point is not reall7 acceptable and will be 

considered again a little later. 

Reference to Table 2.1 in column 5, 6 for mean slope angle difference 

(A) shows that slope angle differences are approximatel7 proportional to 

constant differences in age throughout 18 7ears. But using mean slope 

angle (B) it can be demonstrated that 75% of all slope degradation 

processes over 18 7ears have been effected within 8 7ears (45% of the 

tiJne). 

It is reasonable to expect a marked decrease in slope angle in the 

few 7ears immediatel7 after excavation as a result of the unstable nature 

of the slope. This would then be followed by a gradual tailing-off in 

latter 7ears as the slope approaches its angle of etabilit7 in a less 

d7namic fashion. 

The logic of this argument 111a7 be tested in another way. Suppose 

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

variables ~ lineare By extrapolating the line in Figure 2.11 backwards 

to meet the Y axis, it will then be possible to calculate an approximate 

age for any given elope of known height (in the Kimmeridge Cla7). 2• 

Assume that a slope of height 5 m. has a mean slope angle (A) = 15; then 

from the graph, Y = 60; the age of the slope in months is given b7 

x = 60 = 22Q years = 25 years. 
5 12 

1. see footnote under Table 2.1 for example. '1'3 

2. This presupposes comparisons between slopes in regions of similar climates, 
etc. 
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It seems unlikely that a slope (in Kimmeridge Clay) would 

1. attain its angle of ultimate stability 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 an unlikely 20° decrease in slope angle ~fter only 

another 7 years. 

However, by extrapolating the~ as drawn in Figure 2.11 back 

to meet the Y axis, a similar analysis provides an approxillate age of 
' 

63 years (on the basis of mean slope angle (B)) for a 5m. slope at 15°. 

This is, in all probability, a far more realistic value.2• 

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 results demonstrate 

a general tendency for inclination to decrease with increasing orders of 

magnitude of time, and they conclude that angles of ultimate stability 

can be correlated with residual strength. Unfortunately, there seems 

to be no similar quantification of the age/height/slope angle parameters 

for slopes in clay shales although Banks (1972) has recently published 

piots of slope height against slope angle for several N.American clay-shale 

formations. Unfortunately, except perhaps for the Bearpaw and Pierre 

formations, no useful relationships 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 is contrary to 

what might logically be expected. 

Slope data for the Kimmeridge clay have been plotted in a similar 

manner in Figure 2.12 and although the maximum slope heights are at least 

an order of magnitude leas than those considered by Banke, op cit they do 

1. Angle of ultimate stability here taken as ¢•r(see discussion later) 

2. 0 A 10m. elope 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 out of proportion and that a elope angle of 15° 

(8L, 18L, 18TE) is very close to the residual condition determined 

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 relationships but which are of limited 

value in the quantitative des:!,gn 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 soil properties at shallow 

depths. This is why the angle is best determined from field observations. 

On the other hand, an approximate quantitative 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 equation:­

F = c' + z cos2 (ll'- m¥w) tan ¢' 

¥ Z Sin~ COB~ 

where F = factor of safety against sliding 

Z = an average distance from the top of the slope to the 

plane of sliding. 

m = height of water table above the plane of sliding. 

This analysis makes no allowance for fluctuations in tho o~ater 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. 
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ro:c- the fit::td area atudied 1 it is proposed that a long-term slope 

design could be based to a significant extent on the predict::i.on of the 

stable angle after .::s, years using a graph of the form shown in Figure 2" ~ 1 

This method ensures that correct peizometric ru1d other conditions apply~ 

for the date is derived from the field measurements of actual stability 

situation at various periods of timeo 

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 a c' = 64.5 kN/m
2

(9.35 1b/in
2

)
1

• 

If a cutting is made in a highly jointed clay one line of approach 

would be to treat the mass medium essentially as an aggregate 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 

failur~ plane will cut both along and across discontinuities. It i.s hoped 

subsequently to demonstrate the applicability of these assumptions to the 

Golden Hill/Fox Holes area. 

2.7. Computer aided slope stability analysis. 

Conventional analytical methods used in slope stability computations 

invoke no kinematical considerations regarding soil behaviour, and the shape 

of the potential slip surface must be assumed unless constrained by bedding 

or other structural features. However; it is commonJy assumed in the 

analysis of slope stability problema that the shape of the slip surface 

below is circular. The choice of a circular slip surface is usually 

justified on the grounds that the computations are made simpler (Morgenstern 

and Price, 1965). 

1 • Consolidated-drained triaxial testse 



Field observations at Golden Hill and Fox Holes excavations indicate 

that slope failure ha.s .follo•oJJed an approximately circular arc pattern. 11 

although in some instances planar failure may have taken place where 

unfavou~:·able dips occur ... 

Failure seems to bnve been proved by the app~ar-ance of tension gashes 

approximately l~ m. from the face. The depths of these tension gashes 

are not great 9 in most instances only ~ m. or so~ They are believed to be 

relatively dry, even after periods of prolonged rainfall. 

On the basis of these field observations, a compute~-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 c' and¢' parameters for an 8-years slope at Fox Holes. 

A given failure surface is located by specif~ing the co-ordinates 

of the circle centre and the real or imaginary failure line to which the 

circle must be tangential, The failure line is chosen depending on the 

nsture of the slope profile and the soil parameters. According to Capper 

and Cassie (1957), when~ (the slope angle) is 53° and% is zero or very 

omallt the most dangerous circle passes ~ the toeQ The centre of 

this circle is considered to be situated v,~rtical1y above the mid-point 

of the slope. 

T'ne depth of the arc of rupture is generally governed by the presence 

of rock or other firm material at a certain depth below the foot of the 

slope~ This is quite important, for when choosing a failure line to which 

all subsequent failure circles would be tangential, it should be realised 

that a potentially more dangerous circle may exist which passes ~ the 

toe .. 

For the data at hand, the most critical circle is assumed to pass 

through the toe of the slope. 

A given failure surface is located lJy stipulating the co-ordinates 

of the circle centre and the failure line to which the circle must be 
{7 
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tangential .. Tne computer is in.;;tructed to step the position of the 

circle centre in a defined t.Jay and to carry out the calculation for 

the new circle (still tangential to the same failure line). This 

procedure may be ca~ried out a large number of times and therefore 

va~ioua factora of safety are calculated for a large number of circles, 

in order to define the locus of the minimum factor of safety which ia 

a function of the input rock parametersG 

It was also considered worthwhile to appraise the j~fluence of 

a water table in the slope upon the factor of safety against arc failure. 

Construction of a parabolic phreatic surface, according to 

Casagrande (1937), requires the location of a parabolic point~ (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 ~ has, therefore, been assumed 

and the basic parabola constructed according to a set geometrical tec1rr..ique 

(see Figure 2.13). 

The computer analysis was carried o_ut for an 8-yeo.rs slope at Fox 

Holes uaing various c' and ¢' parameters~ The resultant minimum factors 

of safety determined by the program are tabulated below:-

' 

I ! mimimum f/s ;.: difference 

I I Cohe~ion 2 
Jingle of 

kN/m ( lb/in ) internal 
~I withV without V 

I friction 
l 

l I 

I l (5.0) ' 15 1.116 1.167 4.38 I 34 I 
I 69 (10.0) 

I 
10 I 1.693 1u734 2.36 

69 (10,0) 20 J 1.977 2.057 i 3.89 
,i 
' I 

Table 2,..2~ I-iinirllum factors of safety for various c' y ¢' valu~~ v5.t.'l·'"J. :;;.::·.·:'------
\o:ithout a Hater table (Q') 8 - yearo slope at ?o~.;; Ho1-t~£h {8 
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As would be expected, the lowest factors of safety are those 

associated with the lowest value of c' and¢'. By increasing the 

value of c' by 100% and that of ¢' by 5° (15° to 20°), the minimum 

factor of safety is correspondingly increased by 43.25%(1.167 to 2.057). 

The same procedure applied with a water-table (V) gives an increase of 

43.5% (1.116 to 1.977). 

The influence of ¢' on the factor of safety is shown by keeping 

c' constant ( at 69 kN/m2
) and then by computing a minimum F/S for both 

0 0 
¢ = 10 and 20 • Results indicate that an increase of 5° in ¢' gives 

an increase of 14.5% in the minimum factor of safety (1.693 to 1.977). 

With a water-table, the increase is 15.7% (1.734 to 2.057). 

Surprisingly, however, the difference that a water-table exerts 

upon the minimum factor of safety for similar c' and¢' parameters is 

only 3.54%. 

A plot of c' r versus ¢' gives two straight lines of the form shown r 
in F'igure 2. 1 4., By extrapolating 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:-

c' = 47.8 kN/m2 (6.85 lb/in2) ) 

¢' 37.6° with a water-table ) = ) 
c' = 48.u ki'i/m2 (7.0 lb/in2) ) 

¢' 32-5° without a water-table) = ) 

(In many respects the trend shown here is comparable to that which is 

evident when comparing Mohn's circles for both the undrained and drained 

conditions, that is, an increase in¢' and a decrease in c' on an 

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

condition) are readily obtained from the graph:-

23.9 kN/m
2 

(3. 43 lb/in 
2 ) 

~ 
c' 

: 

1<ith ,,tater-table 

¢' " 18.8° 

kN' 2 
., 

J 
c' " ?4.2 ,m (3.5 lb/in"") 

without 

¢· " 16.25° water-table 

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

of safety ; 1.0 should result. 

For c' ; : 16.25° the resulting minimum 

F/S = 0.94. 

For c' ; 
0 ; 0 , the minimum F /S 1 .ooo6 ... 

By feeding various other parameters back into the program it would 

be possible to explore progressively all qualities of agre~ment. An 

apparently large discrepancy in the estimated F/S ; 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 c' and 

vice versa in order to eliminate any error when putting .a straight line 

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

and only apparently so within certain limits. 

It is of some interest to note that for a factor of safety of ·:..U1ity 1 

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

this material as discussed earlier. 

2.8. Stability analysis on orientation denBity distribution of discontinuitieso 

Detailed discontinuity surveys were performed on the excavation faces ~{) 

at Golden Hill and Fox Holes using the line scan technique and subseQuently 



-81-

analysing the data as per Att~well and l~codman (1972). Orientation 

data can be evaluated on the basis of an area normalisation where the 

area to be scanned .for data points is a function of the data point density 

(usually inversely proportional) or the scan area can be prescribed and 

the distribution function for the data points can be weighted by a factor 

that is inversely proportional to the product of the sample density and 

the scan area (this latt~r is usually chosen through convention to be 

0.01, or 1 per cent). For a small number of data points, the choice 

fran the two options can h~ve a considerable influence on the final density 

presentation of the data. In general, the former (area normalisation) 

produces more statistically-acceptable results for a more nearly uniform 

discontinuity orientation distribution (near-spherical fabric symmetry) 

than for a highly concentrated dist~ibution, and vice versa. Since the 

exposures in the Kimmeridge Clay presented evidence of discrete jointing 

leading to high discontinuity concentrations, the results from this part 

of the work we~e plotted by the computer on the basis of the latter 

criterion~ vis, n7{ per 1?..:~ areao 

As a result of the discontinuity orientation analysis, the poles to 

the major joint sets in the Kimmeridge Clay were shown to be orientated 

N75E and N167E and to lie vertically. At the former orientation, the 

maximum joint concentrations are 21% per 1~; area while at the latter 

orientation they just achieved a maximum of 137> per 1% area. 

In order to assess the shear response of the discontinuities, a number 

of normalized stresses and discontinuity shear strength parameters were 

applied to different discontinuity scan traverses, both length-standardised 

and un-standardised. All the stereogrruns are not presented in this Report 

on account of the numher that was actually produced and their total bulk. 

The conditions set out in Table 2.-3 were, however 11 specifically considered 

for this report. 8:1 
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In Tab~! e 2.3. i the series of c, ¢ shear strength parameters is 

terminated in the final column with the actual values determined 

experimenta~ly .. It can be seen that under the range of stress combinations 

considered'~ the Golden Hill slope is quite stable with respect to any 

possible shear movement. On the other hand, the 15 m. high Fox Holes 

slopes are just prone to possible shear failure at the lower principal 

stress ratios, and it is of interest to observe that the north face is 

more vulnerable (higher anisotropic index due to a higher orientation 

density distribution of discontinuities aligned for shear failure)than 

the east or west faces. 

A more detailed appraisal of the results as summarized in Table 2.3 

indicates the great significance of relatively small levels of cohesion 

when the discontinuities are subjected to triaxial stress differences. 

For example, in the first row of Table 2.3. (Golden Hill, 6 m.slopel 

compare the anisotropic index values for the conditions ¢ = 15, c = 5 lb/in2; 
2 ¢ = 0, c = 5 lb/in ; and ¢ = 15, c = O. In the first case~ there i;;:, :iV 

shear at all. In the second case, the removal of all frictional restraint, 

but with the retention of the 5 lb/in
2 

cohesion leads to only a relatively 

small amount of shear strain energy (0.1444 units) in the clay shale. Oa 

the other hand, if the cohesive component is lost and a friction angle of 

15° is required, there is quite 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 stress ratio and shear strength 

parameter interplay - through a close @xaEni.nation of Table 2.3 .. 

For the computer runs from which Table 2.3. has been compiled, the 

the principal stress ratic<> have been input on a logical but quasi-arbitrary 

magnitude basis. It is more logical to ac:suroe - &:i.d a:n.y ::1.'W1le.::.."ical ~ ~·o:.:· 

example 9 finite element) analysis shows - that the lnagnitude of the 

principal stress ratios changes as s function of position within the maes 

and particularly with respect to location along a slope failure plane. 



It is there:tor·e very necessar,y to incrernen·(; this ratio through a rride 

range since by so doing it might be possible to suggest 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 ahee.r m.ovement at 

a critical point in an over-consolidated 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 adjacent eleme11ts to 

the point in question (Henkel,1956; Bishop, 1971). If the stability of the 

discontinuous material is less critical with respect to ¢ then with respect 

to c, then the overstressing on an element-to element,basis along the 

eventual failure surface will be facilitated and the total failure accelerated 

in time. Acceleration will, in fact, result from progressiVe shear displac<L~ 

ments nucleating from the initiallY over-stressed source, the greater the 

displacement the more the shear strength reduction towards a local residual 

state and hence the more rapidly will total shear failure be mobilized through 

'strength shedding' to contiguous discontinuities. 

A detailed discussion of the practical failure mechanics is heJOnd 

the scope of this Report since it involves, for example, strength interactions 

between discontinuities and bounded intact clay elements. Statistical 

knowledge of discont..inuity orientation density distributions is o.f vital 

importance in the progress towards the solution of such a multi-variable 

problem, but until the implied spacial density distribution solu.tio:n is fc::·\:.;h~ 

coming the problem can be described - and a total solution prescribed - only 

incompletely. 

A further routine matter concerns the influence of the intermediate 

principal stress. It has been shown (Attewell and Woodman, 1972) that o
2 

is quite critical with respect to e shearstrain energy criterion and yet~ 

in earlier analysis, it has been specified arbitrarily as 0.5 o~. If a plane 

Strain condition is to be valid (and this is implied in most two-dimens-ional 

analyses) then~ for a more logical approach and with 8. Poisson's ratio of 
83 
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o.s, the intermediate principal stress parameter should be input to any 

analysis as one half the aum of the other two principal stresses. This 

operation has be en performed on the Fox Holes west and east face data and 

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

2 .. 16 and 2.17 .. 

The isotropic parameter is exclusively stress controlled and reflects 

the balance of deforming shear stress to restricting shear stress. It io 

independent of fabric and its amplitude is a function solely of the three 

principal stresses and the shear strength parameters. In contrast, the 

anisotropic parameter is controlled by the nature of the fabric topography 

within the 'failure' window. At the present time, shear strain energy levels 

are computed numerically. Ideally, one would wish to describe the 

discontinuity orientation distribution 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 a step function operating upon the fabric 

having certain numerical characteristics as a function of location within 

the window. There should be regular, monotonical changes fun the isotropic 

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 

concentrations create temporary surges in the anisotropic parameter as the 

isotropic window expands or contracts through them. However, since the 

window has a smoothing capacity with respect tc any non-isotropic fabric 

(noting, of course, that this capacity is a function of the stress-strength 

balance) the anisotropic parameter willusually plot quite smoothly against 

the principal stress ratio. Perturbations on this smoothness, if increasing 

the anisotropic shear strain energy, represent regions of steep fabric 

topography which could exert a particul9r control on structural stability 

with respect to shear. 

Reference to Figure 2.15 will indicate that such a condition arises under 
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a- ' pllille strain conditions for a principal stress ratio J/<11 of 0.125 a.'1d 

that the magnitude of the effect is conditioned by the c, )J 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, a consequence of the principal stress directions as applied to 

the discontinuity fabric; 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 energy criticality 

could develop at a different 
0

3/C:1 ratio. 

Although the anisotropic shear strain energy is the important parameter 

controlling facility for failure, it is generally useful to normalize it 

to the isotropic parameter in order to produce a 'danger' index.' There 

are two consequences of this operation. First 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-strength balance; the resultant dimensionless parameter thereby 

serves aa an index upon which comparisons b~tween differ~nt discontinuity 

fabrics subjected to the same ranges of deform_ing stress systems ce.n be 

built. Secondi 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 

* ·rhe inverse ratio I/ A can be regarded as a 'se.fety' index, but the resultant 

high orders of magnitude (high degrees of safety) require a log-linear plot 

(the same argument can be applied to the A/I index but the po.i.acs of high 

safety plot in this C<1se o.t the ordinate axill origin). 

85 
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t.hot. the inter-relationships 'uetween all the major variables can be 

expTessed grRphj_c:c~_lly on linear-linear scales .. 

In F.lgure 2.,1? .. the ;:,!'.isotropic .Shear Strain En~rgy Index (ASS:C::I) A/I 

iJ 
is e:howr1, :: .. or the present f[~brict to increase with decreasing ;/r. "'1.. The 

fact, for example., that AS.SEI increases through an increasing range of 

discontinuity shear s-trength is an expression of increasing discontinuity 

orientation concentration as the failure 'ttindow ( effective Ghear stress> 0) 

condenses solely under c, ¢ control towardr-: a situation. of total 

discontinuity atability. In all such stability problems it is the 

influence of the stress balance - increasing cv¢ and reducing ~2/:-x 1 , 
03/rJ4 

or r<>ducing c, ¢and increasing 
0
2/<J~, 

0
3/c;

1 
- that can generate a specific 

3nisotropic and isotropic. parameter. 
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Diecontl.nuJ.t,y Analyser.; of the Kittlllleridr;;0 Clety Slop"'"• YorkBhire, &"JZl"nc!. 

-· 
Shear strength p_arameters and Shear St ain Eneri~ Indices 

In~t stress P e 51b/in2 10° 
0 p c 2{6:o' 2 {6 = 1; = ¢ = c ., 10 lb/in< 1'6= 2( " 10 lb/i c = 5lb/in 

., A I A I A I A I 
g. 
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~ a1 vertical 
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a

3 
0.05 N-S 

~ .,1 vertical "\}· 

- ., • • - (12 0.5 E-~ 0.5349 4.1343 0.0466 0.4681 0 0 ;;.6521 42.6821 
g. a

3 
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II "' a

3 
0.1 N-S 
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~~ 4.0957 17.??86 0.5641 ;;.1037 0.0938 0.6488 14.9869 .gg a2 0.5 E-W 70.7755 

w"' 
~ 

a
3 

0.05 N-S 



TABLE 2D3G cont ••••• ea• 

Discontinuity Ana!yses of the K~eridge Clay Slopes, Yorkshire, lligland. 

'ear Str~gth Pe.r~M~jaters Bf.B Shea;:,~J;•·ain -~"t~L~o::c~e::::s~-,.,--~~rr~----­Locatio~ 
=· ="""' 

¢ = 54 c = 0 ~ = 10° lc = 0 J¢ = 15° .\ "" 0 · t¢ = 20° I c = 0 fnRPt stress I ¢ s 0°'c = 10lb/~2 0 l -_¢ "'22 c "' 9-35 lb/in 

I ' I ' ~ ' I I I ' I I I ' r, I ' I ' I ' ' 

~vertical 0 . 0.5.1273 81.6388/ 14.9895 j50.8392 j8.2818 128.9139 ~.1678 ~4.7882 I 0 I 0 

& 2 0.5 E-W 
0 

0! 3 0.2 N-S I . 

~ [;::' d, ~-"" , .. ~,~ ,._: ,j~:~~I~,. C~I:::-r.-·1 , j 

~ ~~; 0.1 N-S ' .. I J~~~~L. I --~ ; ' l 

m 0' 1 vertical ... 
.-t a Oo.5 E-\1 

&5 .g 0'; 0.0.5 N-S I 0 I 0 l49.8868 112.5.44641 3?.864BI90.684.5I2B.6364I63.7702j 21.71P9I43.7969 I 0 I 0 
I ) 1 ~ I I I 

~ a 1 vertical .

1 0! a2 0 • .5 E-\1 , 

1h 0'3 0.2 N-S 0.56Co 7.9412 2.5.1273 81.6388 14.989.5 50-839 8.2818 28.9139 4.1678 14.7882 I 0 I 0 
~ f "". ---~-~ . • ~ 0' vertical 
~:; 0'~ 0 • .5 E-W 1.20.51 1.5.2071 qo.4518 109.4274• 28.8011 75.785 20.1365 50.30941 13.879 32.0566 0.0179 l 0.1119 

~ 'i ~-~ .. 1 ~.::_ ·~·. - ~-J ··. +~--~· ---··ll ... ~~--~l·~·-···········L~=··~---~~--··-.J,.~-~. ·-~~·~·--·-·-·!~·-····-·--·-· -·-
" • <" •·o~'ical I I j · • I • I I r • 
'-'l 1.:1 ~ 7-'= F 1,?)80 19o99?6 49o8868 i125oh~61+ 1 3?.861,8 o/].6811] 21'i .• 6:JGI,I G:k/?02( 2'L'ii,09 1;},?969 i 0.103·1 <),oE/tO 

---~ J .~·~ ;~~"~n;=i:!-~.~- ! i1 ~ ~ 1 -~ !i i i :1 i 



TABLE 2oJg coutvGc¢ 

Discontinuity Ana1yses of the Kimmari_$e Clay Slopes, Yorkshire, England. 

" 

Shear Stre~ th Parameters and Shear Strain Enera Indices 

Input stress ~ "' 
15( c = 5lb/in

2 ¢= 10° c "' 10 lb/in2 ¢ " 200 c = 10lb/in~ ¢ " o" c "' 5lb/in
2 

- ' 

A I A I A I A I 

~· ~ 

' 
<1 1 vertics.l 

c12 0.5 N-S 
0,4555 4·1344 0.0077 0.4683 0 0 5-8952 42·6857 

' ' .. 5 <13 0.2 E-1; 

:. --~ . 
- =----=--==- -- -'"~"'-~ '' ~ 

o1 vertical & 
"' 2.4382 11.8269 0.1419 2.8351 0.0034 0.116~ 11.6543 60.2886 ' <1

2 
0.5 1i-S 

c1
3 

0.1 E-W 

' 
'. -~ 

--~ ~-- ~ 

c1
1 

vertical 

(]j 
11

2 
0.5 N-S 4.8273 17.7736 0.3558 5.1039 0.0523 o.6494 15.7701 70·7745 ~ 

11
3 

0.05 E-W 

- ~ - -.. , . 

~cation - Fox i.!oles 15 m.'dlig& slope, weat (and eaet) face. 



TABLE 2!],"' conte." (II. 

Discontinuity Anal~ of the KiJ!!meridge Clay Slopes, Yorkshire, England. 

Shear SUengUh Parameters and Shear Strain Energy Indices 

Input 
~ = 00 c = 10 lb/in2 ¢ = 50 c = 0 ¢ = 10° Stress 

A I A I A 

a1 vertical 0.2611 7.9404 26.Lt565 81.6346 16.5600 

a
2 

0.5 N-S 

• o3 0.2 E-W 

a1 vertical 0.8074 15.2083 42.4927 109.4229 31.3706 
a

2 
0.5 N-S 

o
3 

0.1 E-W 

a 1 vertical 
19.996.5 52-3:337 125· 41;3, 42.0110 1.3519 

., o., ':1_ 
a3 0.05- E-W _ 

_ __ __; -- '------ ---- - ----- -----

Locati~ - Fox Holes 15 m. high slope, west (and east) face. 

r..tJ 
0 

c = 0 ¢ = 1.50 c = 0 ¢ = 20( c = 0 ¢ = 22° 

I A I A I A 

50-8369 9.7279 28.9100 5.1710 ~4.7865 0 

75-7758 22.9082 50o3006 16,4137 32.04l.t5 0.0046 

90.6713 32.1822 63.7571 25.2113 43·7818 0.0689 

.. ---- ----- ---- _j--------- l____ ---- -- -- - -

C = 9o35lb/iJ 

I 

0 

0.1118 
I 

'8 
I 

o.666o 

---------
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YI1"LD AND 1,1~BORATORY IN\r.i:STIGlJ.J.1TONB ANJ 

~~NJ~LYS:F:S PERTI1INING TO CH1~TFIELD D1l.MSITE, j_.IT'I1LETON, 

COLOR,\::JO. 

) .. 1 Introdactiort. 

This site was visited j_n July 1972 and discontinuity measl.\re-

ments were carried out within the Spillway excavations for a 

subsequent study of foundation mass stability which is discussed later 

in the Chapter. 

~ 20 ft. high vertical section of the Dawson Formation was sampled 

in the vicinity of &!rehole DH 17a (D.M. NO.PC-21, Vol.I,1968.) 

Suboequent geochemical and mineralogical work waa carried out on these 

'si.i.ty' clay-shale samples >~hich were taken at 1 ft.intervals (Table 

3.2, samples 1-19). A sample of channel sandstone (very dense semi-

lithified sand) was also taken at this location (sample 21). At the 

easte:::."n end of the northern wall of the spillway, ironstaining wa.s 

pronounced well below the upper limit of the Dawson. The nature of 

this phenomenon v..as uncertain so it waa decided to sample these 

measures for fut:ther chemica::. and mineralogical consideration (Table 

3·3 9 samples Ato O). 

Although in the context of mas:::; stability the precise nature and 

clo.ssificat::..on of discontinuities is not important., it did see:n logical 

to sample the more unusual 'soft sco.ms 1
, which e.re tentatively concluded 

to be a shear feature induced within the Da'rJson during the evo>_l:~tion 

of the Rocky Mountaina, l1echanical and mineralogical work carried out 

on this material .. tcgE~ther \-·Jit-h shear-box te.::;ta and limit detenr,ine.t?-o~ 

carried out on ~s.itu block samples i,s c,lso reported U})On .. Cross-

co:rrelations bct\.;een mj..neralogJ on the one he.nd and limit.~ ancl 

Si 
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residual shear strength on the other hand imply that this type of 

approach may well prove useful in ascertaining the likely behaviour 

of other clay-shale formations. 

Visits were also made to the proposed Bear Creek damsite but 

sensible strata sampling and tiiscontinuity measurements were precludBd 

by topograpLy and the nature of the surface weathering. A sample of 

Laramie clay-shale was taken from just below the sandstone contact with 

the Arapahoe Formation. The mineralogical analyses are included for 

comparison with the Dawson. 

3.2. Mineralogy, Chemistry and Geotechnical evaluations. 

The mineralogical analyses were carried out on a quantitative basis 

in that calibration curves are availab~e for the minerals detected. The 

nature o: the montmor.illc~ite in these rocks enabled this mineral to be 

estimated from curves constructed from well-known bentonites. 

Glycolation enabled at least partial differentiation of montmorillornite~ 

mixed-layer clay and illite to be made. 

The compute~ised X-ray fluorescence output for major elements and 

element oxides is con~eniently expressed in this Report in absolute terms 

For direct statistical comparisons 

however, (e.g. Students' ! test) the normalized results used have been 

corrected for absorption. 

Nineralogy and geochemtstry of the Dawson sections .. 

a) Samples 1 to 19. 

Table 3.2 shows that the section in the vicinity of DH 1?~ is probably 

more silty than the borehole record would suggest. 

percentage is 36 whilst the upper limit is 60. 

The minimunl quartz 

Oq 
•JN 



-93-

A consideration of the clay mineralogy on its own merits infers thRt 

much of the clay mineral suite comprises pure phase montmorillonite which 

is commonly associated with mixed-layer illite-montmorillonlte. The 

trend (double arrow) is for the montmorillomite component to be 

dominant. There is the possibility that mixed-layer clay could increase 

in the more weathered sections, but as ironstaining could be detected in 

all samples bar 1 to 3 and oxides such as CaO which are susceptible to 

1caching show no marked decrease in the upper, very silty and more 

permeable materials, this possibility is unlikely. 

The overall identification is very similar to that of H.A.Tourtelot 

(D.M. NO PC-21! Vol.II,Plate 189). Compared with the latter analyses, 

the illite content in the sections analysed in Durham ~<ould appear to be 

lower and the presence of chlorite is debateable. However, these are 

very minor points. 

The chemical analyses (Table 3.1, without absorption correction) are 

marked by a high total silica content (quartz plus silica combined 

dominantly in the cl<lfminerals). Potassium is low compared with tllite-

rich Pennsylvanian sediments of the British Coal Measures~ and in any 

case some of the K~O is combined in trace feldspars. 
~ 

If we consider selected oxide/alumina ratios (Figure 3.1) certain 

variations ~hich are probably attributable to the dominant clay mineral, 

montmorillonite, are apparent. 'r.he total silica ratio is, of course, a 

reflection of quartz and combined silica. Quartz does not vary 

considerably ••ithin the section except in the upper part (e.g.Sample 19, 

Table 3.2). It is not unreasonable, therefore, to regard the total Si02/ 

alumina ratio as being symptomatic of clay mineral variations. ~!ont-

morillonite* has a high combined Si02/alumina ratio (see Grim 1968,p.578), 

whereas mixed-layer clays have a somewhat lower ratio and kaoli.nite ll.as 

a very low ratio ... indeed. 

' Montmorillonite around 2.6 to 3.0; Fithian illite about 1.98; Kaolinite 
about 1.2 

93 
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Calcite is present in detectable ~uontities in the upper part of the 

section (Table 3.2), but otherwise can be assigned to the clay minerals. 

On l!'ig~re 3.1 there is a quite surprising compatibility between the 

3i02 and GaO profiles. 
2+ This infers that Ca may well be following 

combined silica and there is good reason to accept this argument because 

ca2
+ is regarded as the dominant ion in the Dawson at Chatfield (D.M.No. 

PC-2", Vol.II, PlaLe 195, 1968). It can also be seen from Figure 3,1 

that as the Si0
2 

and GaO ratios fall, there is a tendency for the K20/alumina 

ratio to increase (although it remains relatively constant in the upper part 

of the section), This again might imply that illite and/or mixed-layer 

clay increases slightly when montmorillonite decreases. The sodium ratio 

shows no systematic variations which can be readily attributable to the 

clay minerals-
+ Generally Na is not present in particularly high 

concentrations in these sediments. 

The Laramie shale from Bear Creek would appear to be similar to the 

Chatfield ~aterial and here again the sample taken demonstrates the care 

with which the term clay-shale should be used. It is distinctly silty 

material although this is not particularly obvious in the field. 

The channel 'sandstone' (sample 21, Table 3.2) is strictly a very 

dense, weakly lit h ified sand. It is high in quartz and is devoid of 

montmorillonite, although mixed-layer clay is the dominant clay mlineral 

phase. In this material feldspars are still present in small percentazesa 

Mineralogically there is little difference between this sediment type and a 

bed described as •siltstone' in the ironstained section of the north wall 

of the Spillway [Tables 3.2 and 3.3), 

b) Ironstaining in the Dawson Formation, 

Ferruginous staining some 13 ft. below the exposed top of the Dawoon 

Formation was very pronounced at the eastern end of the north wall of the 

Spillway (in the vicinity of borehole DH 2lr0). 
94 
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The zone affected was ~bout 6 ft. in thickness and was sampled by 

Nr .. K.C. Schulte. The descriptions of the samples taken are given in 

Table 3.3, together 'Nith the ratio Fe20.;1/Fe0. Of the samples collected, 
~ 

C to 0 were chemically analysed in Durham and certain of these results 

have already been used for comparison of British and No~th American clay-

shales (Table Ll~). 

Representative samples were also analysed mineralogically (Table 3.2). 

It is pertinent that the shale (sensu stricto) is mineralogically similar 

to the other sequence just considered, but in the current section the 

Dawson is coarsening downwards, i.e. samples N and 0 (Table 3.2) are very' 

high in quartz. 

We will first of all compare this section 1<ith the previous sequence 

by comparing the means of the 13 samples C to 0 with those of samples l to ~9 

(Table 3.1.). The .Students' t test carried out on the corrected and 

·normalized data highlights a number of interesting features: 

i) The Fe
2
o

3 
content of the 'ironstained' sequence is significantly lower 

than that of the other sequence. 

ii) Calcium and Magnesium are significantly higher in the section near 

This might imply a higher degree of leaching in the 

ironstained section but this c~nnot be verified because of the probability 

of differences in original composition and rock type. Original differences 

are more likely because Na20 would also be subject to leachiqg but this 

oxide is higher in the 'ironstainedt sequence. 

iii) Sulphur which is only present in very small amou."lts in both sequences 

is significantly higher in the 'ironstained' measures. This element is 

probably present as pyrite (up to about 2~ by weight) and is again highly 

susceptible to oxidation. 

The i...,e2o
3 

figures shown on Table 3o3 indicate that total iron is not 

substantially more concentrated in the ironstained zone than in the 
95 



surrounding rocks. Percolation by groundwaters (possibly a past water 

table level) has apparently caused more ferricirau to be precipitated en the 

surfaces of the shale fragments. 

Ferric iron in these clay-shales is derived from ferrous minerals. 

The fact that pyrite is not a prime source would suggest that siderite 

(Feco
3

J is the other most likely source. 1n this context, the latter 

mineral was identified in one sample (Table 3.2). 'tie have commonly noted 

that partially oxidised siderite is masked by the resulting limonite and 

therefore is not easily identified in rocks subject to oxidation. 

In rocks which contain pyrite, objections can be raised against 

using Fe
2
0

3
/Fe0 ratios as an oxidation index (See Taylor and Spears,19?3). 

In the cu~rent 'ironstained' section the pyrite content is low and relatively 

constant (Table 3.3,) •• Although pyrite iron will be expressed as Fe2o
3 

and not FeD it will consequently have a negligible effect in the present 

exercise. 

The ferric/ferrous ratios shown on Table 3.3 do lend credence to the 

contention that the degree of oxidation is generally higher in the iron-

stained zone than in the immediately adjacent samples. 

;,.2.2 Soft seams (Clay seams). 

Very soft horizons were encountered at various depths in some of the 

boreholes during the damsite investigation (Design Memorandum No.PC-21,,Vol.I). 

In the Weir excavations, these seams were being identified, flagged and 

photographed during the period of our visit. They appeared to vary in 

thickness from 'paper thin' to more complex zones ovsr 0.5 ft. in thickness. 

Within the D>H<son clay-shale (and its more silty variations, though not in 

the dense weakly cemented sands ('sandstone')), the soft seams appeared to 

occur at any horizon and individual ones could be traced over distances 

of tens of feet. 

Of greater importance, however, is the fact that an individual seam 
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t-~ould. ch;mgE' horizo~1 nnd many \...r~re flexed and overfolded to form comp1ex 

c. on figun:tions. Discusnior.o held with Corp.s of Engineer.geologi.sts and 

members of the U • .S .. G .. S. (together with field visits~ implied that, within 

a mile or so from the damsite, the Dawson Formation is upturned as a result 

of the late~ stages of the uplift of the Rocky Hountains. In contrast, 

steep dips nnd major fou1ting is not a feature of th~ d.c-'lmsite itself. 

Bee::.. use soft seams :OlpJlear physically to be compr lsed of r rock flour' 

ond have been considered to be planar (near horizontal), non-slickenGided 

features they have been designated. in the past as bedding-plane relief 

joints produced by erosional unloading. The over-folding of the seams 

examined on site >IOuld suggest that they may well be a restricted bedding-

plane slip phenomerrmwhich occurred while the clay-shales were still plastjc. 

1~ second p:'1a.se i·:hich would accommodate the compressive stresses during the 

later uplift of the mountain belt would sensibly result in flexuring and 

overfoldlng of the seams. Being extensively discontinuous and filled with 

highly corruninuted sediment there seems no good reason Yihy they should not 

have remained as channels for later groundwater ent!'ainment after lithification 

o: the Dawson clay-shales. 

The question posed was whether the composition of the aoft seams was the 

same as the parent rock, that is, has the 'gouge material' been derived from 

the rock through .... :hich the seams pa.ss? 

!-. 12 ir~ x 12 in x 6 in block sample from the Southern end of the Weir, 

0 . 
which trends in a direction N 37 W, was forwarded to Durham for examination. 

In the middle of the block was a zone of paper thin clay layers striking at 

N h5° E and dipping at i2° North East. The lower pEcrt of the bleak (below 

the clay seam zone) comprised crushed shale, whilst the upper part was 

esse~tially intact. 

3 .. 2.1. L:.~boratory Tests. 

The block v:a.s orientated in a 12 in x 12in reversing shear box such that 
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~he clay zcne v-ms r.1ore or les0 contieuous with the plane of the sheRr. 

-;.;o a total displ<-!cement o .. 2? m. The nbtrmal pressure wc.s then incre,gsed 

. . ? h 1 to 133.69 ki'{/m end the sample sheared for a furt er disp acement of O.ltOm .. 

'E'le cycle Vfas then reJH?ated at a no:rmal pressure of 267.18 kN/m? to tl. 

further O.??m. displacement, the rate of .strain in all cases being O.OC00lt8 in/min. 

The total shear displacement was therefore 0.91, m. 

h computer Print-out r./cJ 1 versus displacement fer the highest normal 

stress used ':Figure 3.2.) shows the residual characteristics of the sample • 

.F'or comparison is shown a typica.l set of curves for a fine-groined Coal 

I'iei:ioures colliery discard (Figu::--e 3· 3). This J.ntter Figure shows charact-

eristic p~rticle reorientation peaks which occur when the material is close 

to residu;;l. The post-o::--ientf1.tion rising stress seen in the lo.tter Figure 

for the last four runs is a function of the shear-box, in th.et the leading 

edge of the box is at that sto.ge shearing the hrge-scale ridge and furrow 

sJ.icks which are a feBture of the ultimate shea;' plane. I''or the Dnwson clrty 

seam (Figure ").?.), -che slickensides were not as pronounced (possjbly a function 

of the small grain size) and no distinct particle re-orientQtion peaks are 

present. That the slickensides are not very pro.11ounced in the laboratOrJ 

could imply that this Vias originally the case ir. the field when the clay 

gouge was aeriveC - and hence their non-recognition as a ·shear phenomenon. 

The residual plot (Figure 3.1,.) highlights yet another feature. fct 

the lowe.st normal strecs it can be seen .. that the initial peak .strength is 

little different from the residual. In other words, the cloy seam \•/Ould 

appear to be essentially at its residual strength. It is difficult to 

contemplate the importance of residual however, in th.a.t clay oeams are an 

integral part of the rock mass and the fact that they are fclaed mitigotcs 

against failure occurring along a discreet clay seam 'path', P-Xcept perhaps 

locally. 
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Table: :·~.s i5 a comp<J.rison of the chemistry and mincr8logy of t~e 

clay senrn and the immedL~tely r~djacent st:-ata from the Gclmple block. 

Mejor element geochGmist"C·y :_,s a more sensitive technique fo2:"' monitoring 

ch11nees than i.::: quantitative x-ray diffraction. The strikinc feature 

of the ffii1teriGl. r1bo,;·e the soft seam and the clay seam itself is the 

a.:.mil:n .. ity in t'!lajor elements .. The differenceo (.etween the upper two 

unitF> and the lower sample are not major ones. Total SiO? comprises 
. . 

free silica ( quo.rtz) and the silica combined in the clay minerals. In 

the upper p"r~ of the block there is slightly more free silico than in the 

soft seam, which implies thnt the combined SiO~/alumina ratio for thA 

soft seam is higher than that of the overlying and unde:-lying specimens. 

CRtions such as Na
2
o and K

2
0 which in these sediments cnn be attributed 

almost entirely to the;: clny minerals, have a somewhat enhanced rAtio to 

alumina in so far as the soft seam is concerned. 

The clay rninerals:.and quartz contents confirm the very similar 

composition of the over-lying clay-shale and the soft se2m; the results for 

the u."l.derlyinc material point to differences being minor ones. The total 

major element content, X-ray diffra::tion evidence and alightly enhanced 

Fe
2

0
7 

content of the lo·~ver section infers that there is a smBll .siderite 
- .J 

(carbonate) contribution in this part of the clay-shale block. 

It can be seen (Table ~.5) 1 thnt the conGistency limits of the soft 

seam and the parento.l' rock are virtually the sa_rne. The general conclusion 

drawn from the aw'llysi.s and the limits io that the soft seam 1 flour, iG in 

fa.ct derived from the Dawson shale-type rocks .. 

Oth~r shear-box tests. 

Two other 12 in. square blocks of undisturbed, slickensided silty ffiale 

from the 1/leir section adjacent to sampling are2i. ( 1 to 19, Table }. i) 1:Jere 

forwarded to Durham. Although one,of these samples (block b) had burst 

open in transit, the other (block a) ;1as intact. Because there was 
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insufflc:L Pnt nn tf!rial on which to conduct large size pec,k shec:.r strength 

tests, block a was used for small size shear-box peak .:lnd :.tltimate* 

strength tests (3in x 3ir. x lir. shear-box samples). Tne rate of shear 

displacemt-~r; t vms C.OOOb3 in/minute, thP. mean dry density of the specimens 

w<?.s 12:-5.6 lb/f'!;3, and the bulk density being 128.3 lb/ft3'. The quartz, 

content of these samples 1vas 1·5~:~, so confirming that the material sampled 

v.rr1s a very si~ty horizon of the Dawson formation. 

*(ultimate is defined as the shear stress value after 0.5 in.horizontal 

shee,r displacement (see Design Memorandum No.PC-21,, Vol.II, 1968)). 

'l'he liquid limits were auite high (51~(· block a, h8;; block b), but only 

marginally greater than a number of specimens featured on Plate 185 of 

Design Hemorundum No.PC-21t, Vol.II. The plastic limits (?07~:) are not 

unlike o~Der silty Dawson specimens. 

rl'he resu::..ts of t.he shear-tests (Figure _).)) imply that ¢ 1 peak is of 

the order of 31J_
0
(statistical) and that ¢' ult is between .20° and 2lt.S0

• 

The statistical fit for the Hohr envelope suggests that c' in both cases is 
0 

around 1.?5 lb/in~ 1 but the test carried out at the lowest possible normal 

prGSsure is not incompatible ~·ith a cur-ved envelope (i .. e. c' possibly=()).. 

Compared with -;he v,ride sp€'Jctrum of resulta assimilated by the Corps of 

Engineers (Plate 187) it is clear that the peak ccnd ultimate ¢' values 

conform to the silty shale/siltstone bracket C0p = 27 to 37.7°,~lt = 22 .. 8 

~his is in accord with the visual description of the 

undisturbed blocks and their quartz content (also sampleR 1to19 9 rRblP. ;) ... 2). 

j.?~'' Co~relations. 

Plates 185 10nd 186 (D.H. No.PC-21•, Vol.II,1968) show e;enerally that 

reciproco.l rel0.tionships exist between moisture content and liquid limit 

on the one hand nnd ¢]> cmd iit.lt on the other hand. In Final Report 

1.GJ 
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cbi":m exir;t bet~o1ee~ 0 1 and cpecific mineralogical components irl Britioh . r 

~_md ;illJ.erican cJ c=ty-shale rock types. .1'-:oreover in this current report 

,:Figure 4.·~2.) it is concluded th~t the negative correlation of ¢' and 
r 

the logSJ.;:-:_th:n of the quzrtz 1 'totCJ.l clay minerals ro.tio is stn.tistically 

.·.lthough limitP.d in number there are proximate m~'-neralogio~J 

~ma::.yses for cert.::dn De.wson shale samples tested in direct shear. 

of interest to see that for this material _0' falls as the totnl clo.y 
r 

It is 

minerals to quartz ratio increases (Figure 3.6)). Similarly, the influence 

of expaJJ.dable minerals (montmorillonite and mixed-layer clay) are again 

an important control on ¢' - the latter decreases as the specific clay 
r 

minerals to quartz ratio increases (Figure .3.6). 'vii th A :arger number 

of results, it is probable that the relationship would be a log-line<Or 

function. Unlike Kenney's( 1967) conclusions, it has be:en show.n by 

Fleming, Spencer a:J.d Banks ( 1970) that ¢' may to some extent be related 
r 

to the liquid limit of the shale. Figure 3.6 does suggest that in the 

case of Ch.:: ... ,tfield, the .Jawson Formation 2-imits increase as ¢• decreases. 
r 

Here again, (Figure 3·.7) limits may well reflect the mineralogy fairly 

closely', but as mentioned in the Interim Report (31-5-72) the method of 

preparation (crushing or ultrasonic disaggregAtion) may affect the actual 

values obtained. However, their usefulness as an index of engineering 

behaviour on a comparative basis within a sequence \VO.S nlso mentioned 

previouBly, ;;::.nd this is substa::1tio.ted by the Chatfield results. 

* Ratios of platy to equant habit minerals (i.e. clay minerals to quartz) 

1vould t;.:ppe.:lr to give the b{)st mineralogical correlation \.·Jith limits.. A 

log-linear relationship is suggested by the distribt:.tions shown~ Results 

computed frora Tables 3.2. ond 3.6. and D.N. No.PC-2t.~,Vol.II,1968,Plate 189 .. 

1.01. 
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i\ .i:'e:\·: diocontinuity rneocurements Here taken in the silty me,")sures 

of t.he Dawson ;:!t the d21.msite by the Resident Ge-ologist .. 'Yne discon-

tinu..i.t:i.e.s ·~;ert: idenLified as slickenside.s and fracttn~eo ii.nd although their 

nur.1 beJ:Ev;cre too fcv.· to ensure that the orientation density distributions 

remain m€'a::lingful, it ·.vas ;:hought worthwhile to reproduce the fabrics in 

Figures 3.8 to 3."'11 inclusive. Density distributions are reproduced as 

n% per cent per 17<.- area es cqw:..l area, upper hemicphere projections. 

I.etter.s ~ through I1: denote 11~·- through 2U~., the obliques / indicating 

Tne extremely high concentrations ere, of courBei :~ 

function of the paucity of date. from \vhich the denoi ties are compounded. 

In general, the evidence suggests that at the spillway, the inclined 

slickensides could be affected with respect to shear by any imposed stress 

[.;ystem, w!1ilE' the horizontal and sub-horizontal fractures r~re less sie;-

nificant \Vith respect to shear failure. Figure 3·.10 also ir:dicates thftt 

the slickensides at the weir section are dominantly inclined and as such 

might be required to mobilize their shear strength under strong stress 

differences .. 

In their site measurements, the present authors djd not attempt to 

differen:.i:"lte between fractures (in the sense of a predominantly tensile 

str;J.ctural feature) and slickensided shear di5conlinuities. Heasurements 

ver~ tnken nt the cpillv.:ay (Figure 3.12) and weir (Figure 3.13)t both sets 

of measurements indic,;ting that CJ. lower degree- of significance should be 

allocated tc any horizontal discontinuities. I'-1e.jor concentrations at the 

spillway appear to dip at about 50° in a direction nlightly east of 

north-e;-,st ;_,;hile the m2jor cnncentrations at the weir djp ve:--~::_cally n.nd are 

aligned along north-oouth- and east-v;est axeso Compounded orientation 

density distributions frOm both areas are shown in F'igure 3. iJ~-· 1.02 
i.o.'i th the P-vnilabili ty of this discontinuity data and shenr strength 
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pe,ro.:neters fo1· Davu'.SOn mntcrial it seemed nppropric~tc to p\;rform n rapid 

:invcc-;tit;~•tion of disc0~1tinuity st<:Lbility under t\'.!O pos.s:ible stress systems 

th:.~t rc.it;ltG bt> imposed :1 the dam foundc-ttlon when the Lake h::_ts been fully 

established. From the Cor:tJs Design flemor~ndum No.FC-?1· 1 the following 

information has been accessed for computer input: 

ii) l'aximum height of embankment ( 11•2 ft,over South Platte River Chc,nnel) 

iii:- He.9.d of water fully impotmded (115 ft.allmdng ~)7 ft. for a full 
pool belo<~ crest of dam) 

iv) Dcnaity of fill (Plate 200 - Corps D.H.No.PC-21,) 

--·-· .,_ 

I Type In situ \•:ei~ht j saturated \olt'iQht submere;ed 

lbirt3 I 7 ;rei,ht3 lb/ft_} 
1b ft 

lrmpervious 120.0 1?6.0 63.6 

Random 120.0 126.0 6;,.6 

Fervious 130.0 136.0 7_5.6 
I 

Dawson I 120.0 
I 

126.0 6:;. 6 

v) Founcio:ttion st::-ength (~late 187/8 - CorpG D .. }rJ..No.PC2L)o 

Description h 92. 

~) In lieu of Da\-.'oon 'S' strength 15° 0 I 
ib) Minimum for clay shnle '19.8° 0 

' Boundary, clay-shale-silty shale &siltstone ?70 0 c; 

p) Boundary, silty shale & siltstone - sandy 
shale & siltstone ~·7. 7° 0 

lc) Haximum, sandy shale and ' sandstone lt2° 0 

) 'deathered sandstone 21° 0 ~ 
03 
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f<'ct:.nd~Ltion ::;trength (ndditional to Corps D.l'o'J. No.FC-?1~) 

I dcscr:~''tion 2_ _ I 
i -------------+---+------! 
(g) Slicked lean of fat clay sh;:l;_e (&nkr;, in 1 

1

\ ~ ~th 0:yr:lposium on Rock lviechanics Illinois 
1971) lt.j

0 (r) 
i 
' h) Dclwson clo.y se<'•ffi - present .:mthors' tests 

8 ~0 ~t Durh:o.m University. .:; 

i) Dawson silty clay-shnlc from '.veir- present 
authors' tests fit Durham University .. 

0 

The bvo simple stress systems used in the stability analysis ha.ve been 

cD.lculc>~ted for possible upstream and do,,mstrearn face conditions of the dcm. 

:ln both cases, the major principal stress has been assumed to act vertically 

Uo,.,•rnrards and to be imposed in the former case by a buoyc:mt fill density 

to top-water-level plus R dry density from top-water-level to darr: crest 

c.nd in the : tter case by a saturated density from top-water-level plus 

again a dry der...si ty to crest. This is taken as an intermediate downstream 

case for e>...nalysis. If the core is leaky~ then it could be argued that the 

sar£.e conditions should be input as for the upstream face. If significant 

flow through the core is inhibited, then an extreme dry density cc::J:se might be 

cor.sidered~ In ·oath cases, for equilibrium, a maximum t>Jater pressure is 

assumr::>d to act hydrostatically at foundation level and thereby to provide 

the minor principal pressure component. The intermediate principal stress 

is ~ssumed to net along the line of the dam and, for a condition of plane 

strain within a section normal to the line, to take an amplitude equal to 

hrtlf the sum of the other two principa1 stresses. 

The resuJ.to of the sta-bility analysis are tabulated over and are 
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discuss~d subse(j_uently; 

Table 3·7 Stability analysis on meosured discontinuities in the 

D~\·tson n.t Chatfield Dam foundation. 

I :itrength ?o_rametero Figure .Shear Strain Enere;.y: .Shear [Jtrain EnerEiy 1 
Position Number Para:neter Index I 

No. 0 c Anisotropic :=sotropiy "I77l i -- i 

Upstream 1.(V)BJ 1~0 -' p 0 ).1) 3-3381, 3.91·90 1.1829 
., 1.(V)b) 1').8°_ 0 3.16 0.1·180 o.s838 1.3966 

1.(V)c) -,70 ,; p 0 - 0 0 0 
,, 1.(V)d) 37.7°]: 0 - 0 0 0 

I ,, 1.(V)e) 0 0 0 0 0 /,2 p -

" 1.(V)f) ~1o 0 3-17 0.1800 0.2775 1.51•17 c p i 
" 1.(V)g) 0 0 3.18 32.0298 36.2529 1.'318 l,. 5 'r I 

8.5° 
I 

" 1.(V)h) 39311:/ 3.1s 11.1563 12.6203 1.131;? I ftL ,, 1.(V)i) 21.
0
ult 1851~/ 3.20 0.0001 0.0003 3.000 

ft 
Dm·mstream 2 .. (V)a) 15°p 0 - 0 0 0 

" 2.(V)b) 19.8°p 0 - 0 0 0 ' 
" 2.(V)c) 27°p 0 - 0 0 0 ! 

2.(V)d) ' 70 ' " 37· p 0 - 0 0 0 ' ' 
" 2.(V)e) 0 

0 0 0 I 
l 

l2 p - 0 ' 
" 2.(V)f) . 0 

0 0 0 I 21 p - 0 
I 

" 2.(V)g) 0 
0 3.21 3.11dJ9 3.6J!!,f! 1.1588 I 11 .,5 r 

" 2.(V)h) I 8 ~0 93~b/ - 0 0 0 ._., 
ft 

2. (V)i) 2h
0 ult 18~lb/ - 0 0 0 

ft 

In the diacontinuity fabrics Figures 3.15 to 3.21, X at north andY at 

·,:est define axes nol1th-south and east-west respectively (the third-L:-axis is 

overprinted by charc.lcter P) .. P,Q,R define the axes of major. intermediate 

and minor principal stresSD The plus (+) characters delimit stnblc and 

potentially unstable areas in global and principal stress space (note that the 

1(15 
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natul:"e of any streoo space can-be identified by the requirement that e 

principal stress axis P,Q,R must be in stable space). Direction cosine 

matrix: 

a11 "·,z a13 

a21 a'")., 
LL 

"-o7 
L/ 

a_;:,1 
/ 

a32 a33 

referring principal stress to global caxes: is bracketed beneath the 

discontinuity fabric together with the normaliz;ed stresses,normalized 

cohesion parameter and tan ¢. The Anisotropic and Isotropic shear strain 

energy unit v;;lues as proposed and defined by Attewell and >loodman ( ·,97?) 

produce a shear strain energy index for ·the stressed material which is unique 

for the particular discontinuity suite matched to a particular triad of 

orthog:mal stresses. Shear strain energy values are the summation of all the 

individual shear strain energies along each discontinuity, the influence of 

the sampling density boing largely offset by the available normalisation to an 

isotropic shear strain energy value (a Wlity probability density distribution 

of discontinuities over the sphere of projection). 

It must be emphasised at this stage, and when discussing the stability 

fabric.si that the indication of a failure regime does !!£i mean that failure will 

necessnrily occur. It simply implies, through the relationship between the 

projected potential failure areas and the probability density distribution 

of the discontinuity orientations within those areas, that shear movement 

could take place along such discontinuities given that the principal stress 

ratios and their directj.ons of action as applied to the~ problem are valid 

and that the compounded shear can only be accommodated through free bounda'y 

displacement - such .9. displacement facility being available. 

The stability fabrics in Figurea 3.15, 3.16, 3.17, indicate that,in 

the absence of any cohesion mobilisation, failure becomes increasingly less 

likely in the formation \o:ith respect to an upstream stress condition. as the 

1UG 
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friction angle exceedo 21°. Po.tential fail orientations are easily 

identified ·:.rtrough the condition that the principnl stresF: axes,P ,Q,R 

can of course, by definitior..~ never accept any normal shear streoo and their 

presence therefore indicates a safe area or areas on the projection. 

Ho\vever, .F'igures 3.15, 3.16, 3.17 suggest that the c~_ay shale and weathered 

sandstone horizons could be suspect if the stress input conditions used in 

the analysis are renlistic. Inevitably, through similar reasoning, Banks' 

( 1971) residual friction condition for slicked lean or fat clay shale 

(Figure 3.18) could be problematical with respect to shear failure. The 

Durham ahear strength parameters for the Dawson clay seam are insufficiently 

high to preclude shear failure (Figure 3.19) and it can also be seen that 

there is still a failure possibility (Figure 3.20) for the silty clay 

>ti th the Durham shear strength parameters of 2h 
0
ultimate friction angle ::md 

8 ' I ? . 
1 5 ~b ft cohes~on. 

From Table 3.7 it can be seen that >tith respect to the proposed but 

simplified Q.o\mstream strecs conditions, only Banks 1 op cit very lOIJ! 

residua: friction condition (2.(ll)g; Figure 3.21) could create any problems, 

bu~ here the anisotropic strain energy parameter is an order of magnitude 

down an the equivalent parameter for the upstream side of the dam cr.rable 

).7 l.(V)g.). Since the dam foundation comprises a whole suite of rock 

types, it cou:d be totally unrealistic to select quite arbitrarily this 

single lithologic type as a source for BnY concern unless it could be 

demonstrated quite unambiguously that its presence was vddespread over the 

foundation area. 

It is clear from the fabric analysis that the upstream side of the core 

could impose rather more searching stress differences upon any foundation 

discontinuitieo but since equilibrium conditions must be maintained across 

the dam as an entity, the stability of the structural :foundation is only 

really as otro:ng as its weakest portion. 
1.07 
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There arc Ddcquate references in the literuture to the fnct that the 

strength of a fissured ma~er:i.al is a function of the strength of the fissures 

themBelveo. If this strength is to be taken fully into account it can only 

be ~tsGcsaed in the context of a three-dimensional analysis. It is totally 

inadequate to present planar discontinuities as line features ,.,..hich are 

required to respond to a two-dimensional stress input. These analyses on 

Chatfield Dam have "cknowledged the importance of the intermediate principal 

stress in such problems and as demonstrated mathematically by Attewell and 

\Ioodman ( 1972). 

1C8 



TABLE 3.1. 

~ : 3102 Al203 Fe
2
o
3 

l < 6',.33 16.07 3-85 

2 I 61.29 16.55 5-47 

3 67.85 11•.95 3.82 

J, 67.29 15.0b 1,.!.2 

5 G7.60 11 •• 10 :'-87 

6 61~.63 15.99 5.1.3 

7 66.68 15.63 3-98 

8 I 72.29 
-----------+--· ---

13.65 3 .. 57 

9 68.74 11,.87 3.8!. 

10 
~-· 

'73.00 12.71 3-31 

11 62.58 16.33 5·99 .... 

'12 62.13 16.67 5.48 

13 i 6tJ.36 16.12 b-73 
i 

11, I 
1--· 

62.74 16.82 I,. 77 

15 63.33 1'?.06 h.73 
--~·-~--~~---·· 

16 62.11 16.72 3-94 

17 ,... 67.36 '1t!e98 3-28 
--· 

18 t6 68.hh 11· .. 21 3-36 r-------
19 + 7h ... 39 11.28 ? .. 93 

'-------·--'-· 

" Base of section (3levation 51~70 ft.) 

Cil_&,:TSTRY C:HATFIELD- S~~PLES (Boreho-le DE 17h vici_nity) 

MgO CaO Na-:>0 IS? TiO..., 

1.50 1.1.2 0.13 . 2.14 o.6l~ 

1.61 1.53 0.1L 2.1!. 0.68 

1.34 1.31 0.20 1.82 0.61. 

1.37 1.b0 0.1t 1.64 o.65 

1.26 2.52 o.o8 1.41o 0.62 

1 .. 39 1.31 0.12 1.33 0.72 

1.3b 1.20 0.12 1.37 0.73 

1.06 1.01 0.12 1.31 0.68 

0.98 1-37 0 •. 11 1.1,1 0.66 

1.16 1.06 0.15 2'.12 0.53 

1.35 1.2!. 0.15 2.00 0.66 

1.42 1.31 0.13 1. 75 0.70 

1.34 1.24 0.13 1. 71 0.70 

1.h5 1.20 0.23 2.00 0.?2 

1.1.5 1.19 0 .. 13 2.01, 0.7?. 

1.83 2.15 0.11 2.48 0.69 

1.56 1.1o3 0.15 2.25 0.60 

1.38 1.62 0.12 2.!.8 0.57 

1.18 ?.02 . 0.28 2.03 0.1·6 

·------- -------· '--·--· 

·• Top of section (Elevation 51· 50 ft.) 

s p ;>05. 

0 0.06 

0 '.).07 
. --

0 0.06 

0 o.o6 

0 o.o~ 

0 0.06 

0 ' o.o6 

0 0.06 

0.17 0.07 

0 0.14 

0 o.o6 

0 o.o6 

0 o.o6 

0 o.o6 

0 0.07 

0 0.11 

0 0.09 

0 0.11 

0 O.OQ 

TOTAL 

91.16 

89.10 

91.98 

92.03 

91.53 

91.03 

91.13 

93-75 

92.22 

91•.19 

90.36 

89.64 

90.38 

90.00 

90.71 

90.1h 

91.70 

92 .. 29 

91•.65 
·--

' -" 

>f 
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S<;mple 

l,aramie "" 
(Bear Creek) 

21 (sandstone) 

19 

16 

1 '! 
13 

Qua_::tz 

h5 

80 

60 

'·5 

36 

1,2.5 

------'------
MlNiRALOGY OF SF:CTIONS Si\MPL.O:D. 

Kaolin.itc IJ.Jjte ---

[, 5 

5 

lc 

, 
.,_ 
~ 

3 

Mixed-layer 
cl"Y• 

10-15 

lr0-50 

10 • 
4 60 

Montmorillonite 

1·6 

LO 

~ 

53 

7 1.1 -5 5'·=----l~ 

5 45 1-2 4 53 ~ 

3 lo6 ,, Trace 50 

1 39·5 5 Trace • 55 

c 52 8 LO 

F lc3 9 10 LO 

J 1r6 I, 50 

N 82 Tr.:>.ce 18 

0 72 28 

~ surface location from just below sandstone contact with the Arapahoe. 

Note: Double arrow point5 to dominant clc:ty mineral contributor. 

Potassium 
Feldsp::;r 

5 

Trace 

Trace 

Trace 

Trace 

Trace 

Trace 

Trace 

Tr.sce 

Trace 

Trace 

Carbonate .. 

Trace( calcite) 

2(cald.te) 

2-5 (siderite) 

' ... _, 
0 

' 
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TABLE 3-3 

Ironstained section - North \Vall of Spill\;ay (Sta.8+22S? Lt) 

.s~_.,.n:.ule Dcmtht Elev.::.tion ~ulphur, }'e
2

o-..; Fe20-z/ Descri;etion. 
ft. ft. /J by wt .. ~ t FeO ratio. - . ;., y ...,., .. 

A 0 53')8.5 (dominantly Clay-shale,silty 
as :pyrite) 

B 1.5 " " 

c 3.0 o.8o 4.05 1.88 " " 

D '1·5 " 
,, 

'1 

E 6.0 0.78 1,.83 1.73 Clay-shale 1 fat 

F 7.5 0.77 1,.65 1.h4 Clay-shale,silty 

G ').0 0.79 L.L2 1.1th " 
,, 

" 
H 11.0 0.78 2~03 1.31 Siltstone 

I 13.0 0.76 2.18 1.67 " 

J 15.0 o.So 3-43 1.68 Clay-shale,silty 

K 17.0 0.78 1 •• 5o 1.70 " slightly 
'-' siltyo 
z 
H 

L 19.0 z 0.76 5.21 1.89 Clay-shale, fat to H 
<~ 

silty. 8 
tO 
7. 

H 21.0 0 0.83 3-65 1. 73 Clay-shale, sl.ightly "' H silty. 

N 22.0 0.79 2.20 1.68 Siltstone 

0 21,.0 537u.6 O. 7L 1.62 1.62 Siltstone, sandy. 

111 



TABLE ~.1• -----·-·-
Da_wson Formation, G_eochc~_cal compo..risons (corrected und nor:nuli.zcd). 

Section in vicinity of DH 171· ( 19 samples) Section in vicini t;z of DH2l,Q ( 13 samples) 

Mean Stondard Deviation Mean Standard Deviation 

wei_gl~-~!- ce~- weight ;Eer cent 
1--

Total Sib2 72.32 2.77 71 •• 1,7 6.10 

Al2o
3 

16.55 1. 72 16 .. 37 3· 1.6 

Fe2o
3 

h. 21! 0.92 3·?·8 1.19 

NgO 1. 23 0 .. 3l.J o.89 O.lt2 

CaO 2.63 1.11 1.06 o.w 

Na
2
o 0.11, 0.05 0.57 0.56 

K~O 2.2!! 0,36 1. 76 0.50 
' 

Ti02 0.69 0.07 0.61 0.11· 

s 0.05 0.10 0.81 0.05 

P205 o.o8 o.o6 o.o6 0.05 

N.S.D. = Not significantly different. 

D = Significantly different at - 955-::,99),;,99.91-;-. confidence lev~ls. 

~ 
f-A 
N 

I t value 

I --
1.3050 

0.17)6 

2.2138 

2.3951 
I 

L, 7509 

3-2179 

3.05~2 

1.9667 

23.8095 

I 
0.-?013 

!3i~nifican 

N.S.D. 

.. 

D 95~ 

D 95:: 

D 99.9>-

D 99i: 

D 99);. 

N.S.D. 

D 99.95 

!{.S .. D. 

ce 

' ~ ... 
'l' 



~or element geochemistry, mineralogy and llmits for 'sC?ft ~~-L 

and o.djacent strata. 

X~_Andysc~ (weight percentages) 

Total SiC,., Al
2
o

3 E'e.~7- ~13.2 GaO :'.Ja,{2 
--·c_ -- / 

-,_ 

Above soft se;:o.m 67.82 17.?1 1t,.60 1.56 1.26 0.1!0 

Soft seam 70.21 16.73 /_\s-17 1.29 1.30 O.h3 

Below soft seam 60.28 18.6s 5.98 1.70 1.56 0.37 

X-ray d)ffr~C?E_ (Principal components), weight percentages. 

P.bo·te soft seam 

Soft seam 

Below soft seam 

Composite sample 
(e~cluding soft seam) 

Soft seam 

~ 
~ 

""' 

Montmorillonite (dominant) 
and mixed-layer cla;y_ .. 

57 

60 

69 

Liquid limit 

54 

51• 

K 0 TiO.., Jl'.nO s !~5 Total 
-2- -L 

1.19 0.78 0,15 0.77 0.09 95,8L 

1.22 0.73 0.15 0.78 o.o8 97.11 

1.15 0.88 0.16 0,77 0.09 91.60 

Kaolinite ~w1rtz 

' 1,0 
/ 

3 37 

3 28 

Plastic limit Plasticity Index 

24 30 

22 32 

I 
-' 
-' 

"' I 
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FIELD AND LABORATORY INVESTIGATIONS AND 

ANALYSES PERTAINING TO BLOOMINGTON ~~D SAVAGE RIVER 

(W.VIRGINIA(MARYLAND) DAMSITES WITH REFERENCE ALSO 

TO CURWENSVILLE DAMSITE. 

1,.1 Introduction. 

The following damsites were visited in June 1972 at the tail-end 

of the floods in Pennsylvania and W. Virginia: 

a) CURWENSVILLE on the West Branch of the Susquehanna River, 

Pennsylvania. 

b) SAV.~GE RIVER, West Virginia. 

c) BLOOMINGTON, on the North Branch of the Fotom ac River at the 

State line between Garrett County, Maryland. and Mineral County,West 

Virginia. 

IJ.1. 1. Curwensville: Unfortunately, due to Corps of Engineers personnel 

problems as a result of the floods, we were unaccompanied during most of 

this period. Thunderstorms and heavy rain precluded much useful work being 

carried out at the Curwensville site. Moreover, strip mining exposures 

suitable for discontinuity measurements appeared to us to be few in number. 

However, the systematic joints recorded implies that a principal ESE-WNW 

set exists, with a minor set at right angles. Systematic joints (see 

Nickelsen and Hough, 1967) are planar or very slightly curvi-linear joints 

>~hich cut completely through the rock units. They appeared to be essentially 

vertical. It had previously been brought to our attention th~t the Lower 

Killanning underclay had proved troublesome under certain part construction 

conditions. Consequently we collected a sample of what we believe to be this 

horizon from strip mine workings near the right abutment of the dsm. 1.15 
Mineralogical and geochemical considerations of this material are included 



-116-

4.1.2. Savage Riverl Discontinuity measurements were carried out in the 

vicinity of the Savage River dam and reservoir. Generally, the interbedded 

Mississipian limestone and dark red flaggy sandstones which dip at 12° in 

an apparent direction downstream at the dam-site are far stronger rocks 

than the seatearths, shales/mudstones and siltstones of the Pennsylvanian 

at Curwensville or Bloomington. In other words,they are unlikely to pose 

a stability problem. For comparative mineralogical and chemical purposes 

both limestone and sandstone samples (used as rock-fill in the dam) were 

collected for analysis. 

An orientation density distribution diagram of joint discontinuities in 

the dark red sandstone on the north bank of the river (Figure 1,.1.) suggests 

a dominance of discontinuit~es dipping at about 80° WSW and striking at 

about N165°E. There is a further trend of almost vertical discontinuities 

striking N105°E and a minor trend dipping at about 85° WNW and striking at 

N15°E. An indication of the orientations of partings in the silstone and 

shale on the south bank of the Savage River is given in Figure 4.2, and this 

projection generally confirms the discontinuity trends on the north bank. The 

fabric diagram compounded from the discontinuities on both banks is shown 

in Figure 4-3· 

1,.1.3. Bloomington: Discontinuity measurements were carried out in 

Pennsylvanian brown, flaggy sandstones and siltstones outcropping on Route 

135 - to the West of Bloomington dam-site. The discontinuity plots in 

Figure .4.1; show two near-orthogonal concentrations, one dipping at about 

85°SSW and striking N120°E and the other more dominant concentration dipping 

When compounded with the totB.l 

Savage River discontinuities in Figure 4.5, the dominant strike trend becomes 

more north-south with the steep 80° dips being retained. At the dam-site 

itself, measurements were made (Figure 1;.6) in the siltstones and shales 

1:16 
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between the overlying Buffalo Sandetone and Lower Mahoning Sandstone of 

the Penns:ylvanian Conella\lgh series (UDits 6A to 6I, Design Memorandwa No.8, 

Part I, Bloomington Reservoir). Meaeureaents were also taken (Figure 4.7) 

in the Lr. Mahoning Sandetone (Unit 7) and in the immediately underlying 

ailt:y shales (Figure 4.8) (~it ?A), All discontinuit:y measureaents relate 

to the right abutaent . Mr. Richard Ro:yer (Baltillore District, Corps of 

Engineers) discussed the reservoir proposals in detail and demonstrated the 

rock t;rpes in the field and froa core B&llples. Because there are a number of 

differences in the tel'llinolOg of carb0niferoll8 rocks appertaining to Britain 

and North Aaerica it was a,reed that two veey different non-weathered clq­

stone saaples would be forwarded to Durhaa for Rineralogical analyees.(Unit 

6CD, 53·5 to 54.0 ft,Bh.182; Unit 4J, 29.5 to 30.0 ft.Bh 198). 

From Figure 4.6, it will be seen that the dolllinant discontinuit;r 

concentration in the clqstone dips at abOut 65° just to the east of north 

0 and strikes at N100 E, with a eub-dolllinant concentration dipping alaost 

verticalq and striking at N30°E. The latter concentration is clearlf 

compatible with the major concentration recorded in the road cutting to the 

west of the demsite, but the dominant concentration in Figure 4.6 is consistent 

in strike with the sub-dominant trend in the sandstone on the north bank of 

Savage River, although the concentrated average dip at about 65°NNE is 20° 

less severe thaa at Savage River. 

Discontinuities in the Lover Mahoming sandstone have a strong preferred 

orientation, dipping verticall.T and striking E-li (see Figure 4. 7). The 

apparent lack of COIUlistency with the fabric in Figure 4.6 ie not carried 

over to Figure 4.8, the dominant·coneentratioa in the latter fabric reflecting 

that in Figure 4.6. There is, however, in Figure 4.8 an additional. 

concentration of diecoatiDuities dipping due east at about 20° and striking 

N-8. All the damsite discoatiauities are compounded ia the Figure 4.9 

fabric to produce a maximum concentration of disccatinuities of 11% per 1% 

6oo o area dippiag at to the aorth and striking at N105 E. There is also aome 

117 
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evidence or a sub-dODiinant concetration (maxillull or 8% per 1% area) of 

vertical discontJauitiea striking E-W. Finally, a composite fabric 

(Figure 4o10) for the discoatiauities surveyed over the whole of the 

Bloomington area (including the ~;t:te) cOJtfil'lu a preferred diacOlltinuit:J 

dip of 60° at a full dip direction of 15°E of ll (via a lllaXiaua coacentration 

of 7% per 1% area). 

The above fabric diagraaa, ud particularly those referred t<r •the dallaite 

itself c.D be compared with the fabric ia Figure 4.11. In this case, joint 

data acquired for the appropriate Corps Memorandum have been processed in the 

same manner as for the earlier fabrics, and it will be aoted tbat there is 

little oo.patabilit:J between Figure 4.11 and, for exaaple, Figure 4.9, except 

for the fact that a genera11y steeply dipping discontinuity field for aost 

aziautbal directioDB is conftr.ed. The au:.m'b!'rof data points upon wbicb both 

fabrics are conetructed is al.llost the same (84 aad 85) IIDd the aaxiaua 

coacaatration in both cases is 11% per 1% area. The aaia concentration in 

the .Cor,p&· data iS, ·.Jlowev;or, a preferred, near-vertical discontinuity dip at 

0 a strike of about NllO E compared with the writerlf' preferred northerly dip 
0 of about 60 at about the sallle strike angle. Since the main concentration 

in the Corps data is more nearly tending towards a southerly dip, the differences 

in the two fabrics cannot be accounted for solely by possible errors in 

angular dip measurements. 

Joint strikes aa~easured by both Corps personnel and by the present 

writers are entirely compatible with the joint strikes in the coal sealllS 

measured in the Appalachian Plateau in Pennsylvania by Nickelson and Hough 

(1967, plate 2). The orthogonal joint set depicted by Nickel~on and Hough 

op.cit. is indicated much more firmly on the processed Corps data (Figure ~.11) 

than on the fabric COBpounded by the present writers froa all their damsite 

data (Figure 4.10). Corps data suggests a second concentration of joints 

dipping S-E at about 85° and striking at N25°E. This concen.tration, at 10% 
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per 1% area, is only 1% per 1% area less than the amplitude of the 

doainant concentration. At a .similar strike, the secondar7 concentration 

of discontinuities in Figure 4.9 is limited to a aaximum of 5% per 1% area. 

Tbe apparent discrepancy between the orientation densities determined by 

the Corps and by the present writers ia almost certainly related to the 

geographical position of the data acquisition and to geological structure 

at the damsite. At the point of interest, the Potoaac River flows in a 

broad s~clinal basin which generall7 follows the gentl7 down-plunging axis 

or the George's Creek s~cline. The dam is located on the left flank and 

close to the axial plane or the Potoaac S~cline (see Plate 5 of the Corps 

Design Memorandum). Since the Potoaac axial plane passes approxiaatel7 to 

the right or the dam, the beds are nearl7 flat on the right abutment but have 

about 3% plunge on the left abutment. The present writers had the benefit 

of measuring discontinuities within exposed measures near to the right 

abutment that would not have been accessible to Nickelsen and Hough, op.cit. 

nor to the Corps personnel prior to their report preparation. It would seem 

that the dip of the measures just off the axis of the anticline is responsible 

for the awing of the jointing dip along the axis of the dam. 

No detailed stability analysis on these discontinuities has been 

attempted for two reasons. First, the foundation strata to the dam,although 

of varying lithologies, are basically strong. Second, since the line of the 

dam at 13°E of N is in the plane of maximum c<>ncentration full dip (data from 

both the Corps and the present authors), there would be no question of shear 

instability along discontinuities even under cond1,1•nsof vertical stress 

IIUch greater than will actuall7 be applied to the foundation at DaXimua 

construction height (about 296 ft. above the stream bed at the centre line). 

119 
4.2 Mineralogz/geochemistrz. 

All the Pennsylvanian rock typea examined in the field are very similar 
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in lithology to their British equivalents. However, in so far as the clay­

shales (claystones) are concerned, the intensity of slickensiding would 

appear to be greater than in the British equivalents. This is undoubtedly 

a function of the degree of foldiDg i.e. the tectonic setting or the 

Appalachians. In terms of Bloomington, Unit 6 CD is highly slickensided 

claystone, whereas Unit 4 J is very similar to British non-marine shales 

of Penncsylvanian age. 

From Design Me11orandum No.8, Part 1 it is clear that the mineralogy ot 

the Pennsylvanian shales and siltstones is similar to British equivalents:­

quartz, illite, kaolinite, minor or moderate amounts of mixed-layer clay, 

minor chlOl:ite and occasional feldspar. 

Table 4.1 is a semi-quantitative analysis of all the samples mentioned 

in the Introduction. Unit 4J was recorded as a soft grey claystone in the 

borehole log and this is substantiated by its lower quartz content than 

Unit 6 CD. Alumina (Al20
3

J, which can be attributed to the clay minerals 

almost entirely, is somewhat higher in the latter sample (Table 4.2) and this 

is borne out by the clay minerals total of Table 4.1 •. The non-detrital 

iron carbonate, siderite, which is resistant to chemical weathering, is 

concentrated at a relatively high level in sample 4J. This again is eon­

firmed by the Fe2o, values (Table 4.2), particularly when oxides are normalized 

in terms of alumina. Some of the Fe2o, and MgO must be attributed to minor 

chlorite in Unit 4J, but the higher CaO/Alumina ratio in this sample is almost 

certainly a function of carbonate affinities. 

It can be seen (Table 4.1) that illite plus mixed-layer clay are the 

dominant clay minerals in all the samples considered in this study (Table 4.1) 
.. ....... ------ -------- ----- --- --- -- ----- -------- -- ----------------~· -·------- .. ·--~---·---.,-., . 

• Quantitative estimates of clay minerals are correct within ; 10% (e.g.Eeeves 

1971). The totals in Table 4.1, which exclude organic carbon and trace 

minerals such as rutile do not consequently sum to 100%. 120 
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On an X-ray diffraction chart 1 mixed-layer clay occurs as a 'tail' on the 

low 29 side of the 10A0 mica reflection. If running conditions are fixed 

(degrees per minute and amplitude) then the width at half peak height to 

peak height ratio of the 10A0 mica reflection can be used to monitor changes 

in micaceous minerals. For example, a muscovite of high cystallinity from 

Miami gave a shape factor of 0.0001, whereas the A.P,I. reference Morris 

illite which contains mixed-layer clay, has a ra~ of 0.134 (Taylor 1971). 

Marine shale from Tinsley Park, Sheffield, England gav.e a ratio of 0.213 to 

0.215 and dark shales from the same horizon (but from a dif!erent location) 

gave ratios ranging from 0.100 to 0.141 (Table 4.1). Similarly in the 

un-burnt Yorkshire Main Colliery Spoil Heap which comprises dominantly shales 

and mudstones with minor siltatone1 the shape factor is 0.171. Hence, rocks 

containing micace.ous minerals of high crystallinity (e.g. muscovite or hydro-

muscovite) have a low ratio, whilst those with a higher concentration of mixed-

layer clay have a higher ratio. 

Tbe two shales from Bloomington have a relatively high shape factor 

compared with the Savage River sandstone, which has a lower content of illite 

(strictly speaking, hydromuscovite). It is of interest to record the 

? Lower Kittanning underclay w~ich is relatively rich in quartz, has an 

illite shape factor which is again indicative of hydromuscovite. It is some-

what paradoxical that the latter underclay should have posed problems because 

mixed-layer clay is the usual source of trouble, being commonly composed of 

expanding interstratified illite-montmorillonite. The slaking characteristics 

of the Bloomington shales and mudstones are therefore not unexpected on this 

score alone. 

The K20/alumina ratios for the shales and siltstones are an expression 

of illite content and mica cystallinity. Thus the illite (mica) in Unit IW 

which has a lower mixed-layer content than 6 CD (see shape factors,Table ~.1) 

has a higher K20/Al20
3 

ratio. The ratio of Unit 6CD (Bloomington) is not 

121. 
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unlike that of illite-rich British Coal Measures shales (colliery tips, 

Table 4.2 •). The higher K
2
0/Alumina ratio for the Sayage River sandstone 

reflects the higber cystallinity of the mica which ia present in a lower 

concentration that at Bloomington. 

It is important to note that the kaolinite (the second most common elay 

mineral)+ in the Bloomington samples is a disordered type. Alternatively, 

the clay platelets may be of very Slllall grain size, but this is unlikely 

because kaolinite is usually of larger grain size then fine-grained illite 

(see Grim,1968). Apart from certain underclay&, the kaolinite in the British 

Coal Measures is usually reasonably well-ordered, so this feature may be one 

aspect of the mineralogy which ie different in the two countries - more 

samples require analysing if this possibility is to be verified. In rocks 

of Pennsylvanian age, Na2o is usually a component of micaceous minerals 

(including mixed-layer clay). The savage River sandatone .. has a higher 

ratio than Bloomington because it contains a small percentage of alkali felepar 

as well. Similarly, the same applies to the !ritiah Coal Measures types 

(Table 4.2.), because si]Btones and sandstones ere also present to some extent 

in spoil-bank materials • 

• 
The 68 samples from British Colliery tips give a good indication of the 

composition of Coal Measures shale-type rocks in Britain. 

+ 
For currently exploitable coals in Britain 'inert• kaolinite is dominant 

in the associated rocks of the Northern coalfielda. In the Midlands and 

the Southern coalfields micaceous minerals (including mixed-layer clay) are 

dominant (Taylor and Spears, 19?0) • 

•• 
This reck type is marginally a siltstone using the British Coal Measures 

classification of Elliott and Strauss(19?0) which is based on quartz content 

(sandstone/50%; siltstone 2C-50%; mudstone( 20%). Very few geologists :t22 
however, would classifY the two Bloomington samples (Table 4.1) as siltstones. 
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In general, the similarities in chemistry between the Bloomington 

specimens and the British Coal Meaeures are quite IIIBl'ked and it now remains 

to comment on the Savage River specimens. 

Thin sections of the limestone were observed under the microscope. 

The limestone is comprised mainly of fragmental calcitic shell debris and is 

therefore classified as a shelly limestone. Free silica (quartz) and clay 

minerals (probably mica - see K20/Al2o3 ratio, Table 4.2) are present in 

very small percentages. Recasting the CaO (Table 4.2) as calcite implies 

that this rock comprises about 76% calcite. 

In contrast,the sandstone bas a small calcite contribution. Its red 

colour is not obvious from the mineralogy because neither hematite nor limonite 

could be detected qy X-ray diffraction. 

that a relatively small amount of ferric mineral is present. Work on other 

rocks such as slate (for example Attewell and Taylor, 1968) has shown that 

a very small percentage of hematite is sufficient to give a distinct dsrk red 

colour. Similarly, recent work on our colliery tips (Taylor 1973) shows that 

with low-grade combustion the hematite derived by oxidation o:f' ferrous minerals 

is finely divided amorphous material, somewhat similar to that found in 

tropical red soils. This latter type of poorly cystalline hematite would not 

be detected by X-ray diffraction. It is, therefore, very probabl·e that the 

small amount of ? hematite or limonite in the Savage River sandstone may be 

symptomatic or the climatic conditions of the original source area which provided 

the arenaceous sediment. 

4.3. Mechanical characteristics. 

The Design Memoranda for Curwensville (No. 8) and Bloomington (No.8,Part I) 

record very little mechanical data which are applicable to the shale-type 

rocks themselves. However. certain germane implications do arise and these 

tend to highlight the many problems pertaining to indurated clay shales. 123 
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Invariably, the inherent discontinuities preclude shear tests being 

carried out on large size specimens. Hence, many results concerning shales 

in the literature are derived from tests carried out on small intact 

specimens. At the other end of the spectrum, shales that can be extruded 

to torm small triaxial specimens are commonly very weathered; consequently 

they sbow many similarities with sediments. Tne peak strengths recorded by 

Mesri and Gibala, (1971 ) were obtained from non-standard rotary core sized 

specimens (3 in.long x lt in.diameter). The latter size is however, 

compatible with specimens extruded for soils work. The peak shear strengths 

given by the latter authors are possibly those applicable to the shale in a 

partly weathered condition. In contrast, the unconfined tests carried out 

on Curwensville material give near-origio h;gh ¢ values which can be 

expected for rocks with a very high compressive to tensile strength ratio. 

It is unlikely that these particular Curwensville values are in essence 

greatly different from the effective stress parameters obtained for similar 

rock types from the British Coal Measures (Table 4.3). This behaviour 

represents one extreme, the other being the very low ¢r' values which Mesri 

and Gibals (1971) obtained !or pre-cut Pennsylvanian shales and completely 

remoulded shale sediment. 

The intact siltstones are quartz-rich, but with a reduction in this 

mineral and hence increase in clay minerals, the ability to store strain energy 

(Price 1959) is reduced and the mudstones. (in particular fissile Shales) 

are progressively more joinhd and fissured. Their shear strength charac-

teristics are therefore more in keeping with fragmental shales (e.g. the 

Curwensville Strip Mine waste, ~loomington unprocessed weathered rock, and 

British colliery tps). The ~· range is undoubtedly a function of the 

angillaeeous content. 

The next stage in the breakdown towards a fundamental grain size is 

probably conducive to a fall-of! in ¢ to within the range of residual values 

that are customarily associated with ehale-type rocks (compare ~loomingtoJ-24 
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weathered shale, Misri and Gibals ( 1971) and McKechnie ThOIIISon and Rodin 

1972 - Table 3). 

The pre-cut and remoulded residual value of Misri and Gibals (1971) 

implies that this is the true residual for the fundaaental particles on 

the shear plane are no longer aggregated and hence constrained. However, 

the ehear displacement (cOIIIIIIinution process) necessary to reduce a shale to 

this condition from an initial discontinuous mass would currently seem to be 

ver,y many tens of metres (based on large-scale shear bOx tests). The 

importance of chemical weathering necessarily must be entered as another 

variable which may accelerate the process, but chemical weathering is a 

function of climatic conditions. 

For clay-ehales of Pennsylvanian age it would, therefore, seem reason­

able to suggest that a 111e.xiumum peak ¢' value of around 45° could be 

assigned to the more silty types in the discontinuous 111e.ss, whereas at the 

0 other end ot the scale a peak ¢' of around 25 is not unlikely. CurTature 

of a Mohr envelope may quite easily result in both values being attributed 

to the same rock type, but for the ueual range of structur"l loads (e.g.earth-

dams) it is feasible to take a normal stress level applicable to the problem 

in question and rotate the Mohr envelope so that e'=O (see McKechnie Thomson 

and Rodin, 1972). 

Figure 4.12 (~lor 1971), shows that ¢~as conventionally determined 

within the stress range 10 to 40 lb/in2
, correlates with the quartz/clay 

minerals ratio (a log-linear relationship). The results shovn are for weak 

rocks in various stages of weathering and some sandstone, siltstone and shale 

samples were pre~cut. In view of the previous discussion it way well be that 

the statistical 'best fit' may ineiude residuals in the conventional sense 

and others in the 'sedilllent' sense of Mesri and Gibsla ( 1971). One could, 

therefore, pre-suppose that intense weathering could result in a residual somwbat 

lower than that obtained in the laborator~ from an intact core, The quartz 

1.25 
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to clay minarals ratio applicable to Figur~ 4.12 is determined fra~ the 

0 0 0 integrated area of quartz d " lj.26 A to that of the 7A plus 10A clay 

minerals peaks on the X-ray diffraction Chart. ApplJing this technique 

to the aloomington specimens of Table 4.1 suggests that¢~ is around 20 

to 21 degrees. Remembering the limitations of the method, this ie not 

greatly different from the aloomington weathered shale (Table 4.3, shear box). 

It is therefore of interest to speculate that these latter weathered shales 

may be close to their residual strength. 
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TA!ILE 1;.1. 

MINERALOGY -.l-ray diffraction (semi-quantitative). 

!!LOOMINGT<:tl 
quartz Illite & Kaolinite Chlorite Siderite Feldspar Illite shape factor 

Unit 4J l!h198 • 

Unit 6CD l!h182 * 

SAVAGE RIVER 

Sandstone 

CURWENSVILLE 

Lr. Kittanning seatearth 

Mansfield Cyclothem 1 

Wales,Nr.Rotherham,Yorkshire, 
England. 

Mudstone 

Dk.shale(5 samples) 

Yorkshire Main Colliery tip 

Unburnt shales and silty 
mudstones (13 samples) 

• Limits for crushed shale 
Unit 4J LL = 22 PL "' 16 
Unit 6cD U... 24 PL : 16 

21 

'31 

50 

33.5 

Mixed-1ayer Cl&y 

50 

54 

39 

51 

6 4 

12 

4 2 

16 

9 

Trace 

5 
(calcite) 

Trace 

0.240 

0.268 

0.161; 

0.059 

0.073 
0.120 

range 0.100 to 0.11;1 

0.171 

I .... 
1\) 

i' 



.!LOOMING TON 

1 ) Unit ~ llh 198 

2) Unit 6CD !b 182 

SAVAGE RIVER 

3) Siltstone/sandstone 

!j) Limestone 

5 ):IIRITISH COAL MEASURES 
COLLIERY TIPS \bSj 
Standard deviation 

1) 

2) 

;) 
4) 

.5) 

1-" 
N 
00 

SiO 2 

53.16 

55-76 

56.96 

11j • .55 

lj6.29 

7.98 

TABLE 4.2 

Major element geochemistry (vt, percentage,) 

Al2o
3 

Fe2o
3 

MgO CaO Na2o K20 TiO 2 

19,68 12.51 1.86 1.6o o.oa lj,25 o.86 

25.67 3-27 0.92 0.6.5 0,21 1,.16 1.16 

13.72 5-01 2.75 5-54 0.48 3o23 0.74 

1.59 0.68 0.23 lj2.99 0,01 0.47 0,11 

19.68 _5,1j2 1.02 0.7.5 0,41 3.38 0.87 

2.67 2.77 Oo3.5 0.74 0,20 0,_56 0.10 

Ratios ( ~ Al20~ 

Si02 Fe2o
3 

MgQ CaO Na2o K20 Na2o!K20 

2.70 0.64 0.09 0.08 0.004 0.22 0,019 

2.17 0,13 O,Oij 0,03 0.008 0.16 0,050 

4-15 0.37 0.20 o.r,o 0.035 0.24 0.149 

9·15 0.43 0.14 27.04 o.oc6 0.30 0,021 

2.3.5 0,28 o.os 0.04 0.021 0.17 0.121 

s P205 Total 

o.oc 0.30 94.3 
o.oc o.o3 91.83 1~ - total 

• Organic carbon, 

o.oc 0,14 88.57 
co2 and H2o 

o.oc o.oc 6o.63 

• • occurring as 0.98 0.19 78.99 p7rite (from the 
coal) or as 

0.73 0.28 sulphate (ex-
oxidation processes 

I 
~ 

fi', 
I 



Undrained !riaxial Shear-box Shear-box 

LL PL ¢u Cu ¢' c• f6' c• ¢' 
T/f't2 

p p ; p p 2 r 
% % degree! degrees lb/in' degree lb/in degrees 

llre,r shale 

::aael!ille 37 22 29 .. 32 29 38 19 
For111ation 11 • 

(Mesri &: Gibala 
19?1) 

~6-38.5 Curwensville 0 
I D.M.No.8 135-39 0 
I Plate 8-24 

Strip Mine Waste I 
! 
I Curwensville i 

?under err 28.3 6.25 ! 
I ('!'able 3 
i 

Carbonaceous 81.5 7·5 i 

Siltstone 81.7 1.83 ! 
(Table 3) ' i 

I 

Bloomington I TP-C,CH-48 44 21 4.5 1.2 15.5 0 7·7-18 I 
' DM.NQ.8 8.5 0.6 I Part I I 

Weathered l ~ I I 
.Bloomington 28 21 j 38 I 0 I 
Unprocessed to to I ! 
Weathered i 

Rock 31 20 I (Plate 41) I 
I 

Range tor i 
British Colliery 25-lj(J! 0 17.5-22.0 I 

(McKechnie tips. i Thomson &Rodin 
I 1972) 

weathered shale 
39 26 28.5 1.3' and mudstone--

Gt.l!ritain to to 
(Spears &: Ta,r lor, 

49 30 1972) 
Siltstone( lower) 

(1)* 
Gt.Britain 30 19 77-5 58.5/C 28.0 1 
low confining to to (2)' 
pressures 

28 

I 
' 35·0 35 

high confining 
' pressures 34.0 2000 

(Spears &Ta,ylor, 
1972) :129 

• pre-cut and remoulded samples ( 1) saturated \2J non-saturated 
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MINERALOGICAL AND GEOCHEMICAL STUDY OF CUCARACHA 

CLAY SHALE SAMPLES TAKEN DURING A FIELD INVESTIGATION 

IN THE :PANAMA CANAL ZONE. 

In mid-Dec~ber, 1971 1 six horizons of the unstable Cucaracha formation 

were ssapled. Three of the horizons sam;pled are designated Lower Cucaracha, 

being en embankment exposure (devoid or vegetation) just to the north-west 

of the East Culebra extension slide (Old Station 1769 E). ~e other three 

samples (designated Upper Cucaraclla) were from Cerro Escobar hill (Old 

Station 1830, traverse at right angles to Canal), whiCh is capped by basalt. 

All the specimens were of slickensided and fissured 'clay-shale' type, 

the descriptions being as follows: 

Sample 

3 
Up.Cucaracha 

2 

Up. CucaraCha 

1 
Up. CucaraCha 

Al 

Lr.Cucaracha 

(orientated specimen) 

Ill (orientated) 

152 (dieturbed) 

Lr.Cucaracha 

Cl & C2 

(orientated) 

Lr.Cucar.acha 

Description* 

Furple-red shaly mudstone 

with sharp upper boundary: 

fissured. 

Grey-green silty mudstone; 

fissured and slickensided 

(mammal remains(pbophatic) 

on surface of outcrop) 

Greenish-grey sllaly mud­

stone; heavily slicken­

sided. 

Mottled grey-brown heavily 

slickensided shale: clay 

ironstone nodules lying on 

surface of exposure. 

Location 

Cerro Escobar 

(30 rt. below basalt) 

Cerro Escobar 

(100 ft. from highway) 

Cerro Escobar 

(50-60 :ft. from highway) 

N.W. of extension slide 

(elevation 190 ft.) 

Green grey heavily slicken- N.W. of extension slide, 

sided shale with iron- 8 ft. vertically below Al 

staining. 

Grey slickensided and 

fissured silty sbale, 

Specimen Cl more iron­

stained than C2. 

20 ft. above eon@omerate 

band. 

1.30 

• colour after ova£ drvin£. 
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According to Mr. R.H. Stewart (P.c.c.) locations A,~ and C vere close to 

a fault. The dip of the strata as measured in the field however, vas 

0 
2 to 5 East. It is also vorth noting that the Cucaracha clay-shale 

materials of Miocene age are notorious for their slaking behaviour in vater 

and their lov residual 

Cof peak ¢' = 18.86° + 

0 0 
shear strength (¢' = 7.12 + 1.52 , 15 results; 

r -

4.85°, c• = 29.00 + 35.22 kN/m2, 7 results). 
p 

Tbe purpose of the current report is to record the mineralogical and 

geochemical characteristics of the horizons sampled and to place these findings 

in the context of ~evious vork (summarized by Luttan and Banks, 1970). 

5.2. Mineralogical and chemical methods. 

Representative sub-samples of all horizons vere ~alysed in a Philips 

PW 1212 X-ray fluorescence spectograpb, using previously vet analysed 

standards vhich closely bracket the unknowns. Computer processing allows 

standards to be selected so that the calibration between them and the un-

knowns is such that the ultimate analyses attain a very high degree of 

precision. Major elements, and elements expressed as oxides (Table 5.1), 

are on a vater-free, carbon dioxide-free and organic carbon-free basis. 

Early work (e.g. MacDonald, 1915) implied that the clay minerals of 

the Cucaracha were dominated by the mineral chlorite. In more recent 

times, however, it has been eminently clear that montmorillonite is the 

major clay mineral present. Because the exchangeable cations associated 

with the smectite group of minerals have an important bearing en their 

behaviour it vas decided to determine exchangeable Na, K, Ca and Mg. using 

the ammonium acetate (see Spears, 1973 for details of the method currently 

adopted)., Cation exchange capacities are given in Table 5.2. 13:1 
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A Philips PW 1130 3 Kw X-ray machine (Fe filtered,Co radiation) was used 

to identify the minerals present in the samples and to assess quantitatively 

quartz, carbonates and clay minerals,(Table 5.3). Additional techniques such 

as progree~ive hydrationJglycolation, acid dissolution and heat treatment were 

used in an attempt to identify clay mineral species in more detail. 

5·3• Thin sections and X-raz texture goniometry. 

From the orientated, undisturbed ssmples it was only possible to impregnate 

one specimen (sample C.2) using Carbowax 6000. Other impregnating techniques 

were also tried (see Attewell and Tayler, 1971), but unfortunately rapid slaking 

precluded the making up of either thin secticne or X-ray goniometer disc 

specimens. The thin sections and X-ray texture specimens from C.2 were cut 

orthogonally and aligned with respect to magnetic north. The former were 

examined optically in detail and the latter processed using a Philips texture­

goniometer used in conjunction with a PW 1310 2 kW diffractometer (see Attewell 

and Taylor, 1971, for details). 

Because montmorillonite is unsuitable for X-ray texture work (the main 

reflection having a Eragg angle which is lower than those conventionally resolved) 

it was necessary to scan the 7A0 kaolonite/chlorite peak. The texture output 

did not reveal any strong preferred orientation and although the clay minerals 

are exceedingly fine-grained and at the limit of optical resolution the ~ame 

conclusion can be drawn from the thin sections. Several striking textural 

features could be elucidated from the thin sections and because they may well 

have a bearing on the subsequent behaviour of these r9cks, they will be considered 

prior to the mineralogy and chemistry. 

5.3.1. Thin Section observations. 

It ia accepted that the Cucaracha source materials were volcanic in origin 

(e.g. Thompson, 1947). Occasional angular, very cloudy rock fragments up to 

3.5 mm. in size, may well represent degraded parental material. Of mere 

~32 
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importance, however, are more rounded (often pseudomorphic} fragments of similar 

size which are optically identical to the ground aass clay. In other words, 

there is s~e evidence that this lower Cucaracha shale has itself been re-worked 

after deposition, possibly in an environment not unlike that postulated for 

seatearths, or underclays (see Moore, 1968 p.120}, Although the interconnected 

curviliniar slickensides of the Cucaracha are not unlike those developed at 

some horizons in seatearths, there is a marked absence of rootlets in the 

Cucaracha, ao any analogy is by no meens direct. 

Another important feature mentioned by Mead and MacDonald (1924} concerns 

the discontinuities in the rock. Evidence that there was an early phase of 

shrinkage (presumably after the shale had been re-worked} is seen from the fact 

that 15econdary clay mineral growths occur around some of the included fragJIIents. 

Optically, these secondary clay minerals are micaceous in character, but the 

fact that micaceous minerals were not identified by X.R.D. and are therefore 

below the level of detection by X-ray diffraction implies that on a weight per-

centage basis they are present in very low concentrations indeed. Other ragged 

discontinuities (probably shrinkage cracks} which in places appear to grade into 

slickensides are an interesting phenomenon on their own merits. 

Sample C.2 contains myriads of spherulitic siderite (Fe co
3

} bodies, most of 

which are nucleated around a chlorite grain. Tnese spherulitic bodies (of 0.1 mm. 

average diameter) tend to concentrate, particularly along the ragged discontinuities. 

It is generally accepted that siderite is an early diagenetic carbonate, so the 

above relationship suggests that the shrinkage disoontinuities pre-date the form­

ation of siderite, and hence the discontinuities themselves must represent a 

very early sedimentological feature. The probable inter-relationship of the 

shrinkage discontinuities and the slickensides could well imply that the former 

would be subject to shear stresses under a rapidly accumulating over-load and 

slickensiding would be induced. i.e. the slickensides being developed 

from the earlier shrinkage cracks. 1_33 
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In preparing the thin sections it is very clear that, under conditions 

of desiccation, discontinuities around the rock fragment inclusions, together 

with the inherent shrinkage cracke and the slickensides open up, thus reducing 

the mass strength. A similar situation can be envisaged in the field. 

Aaongst the minerals identified as relatively rare constituents under the 

microscope were plagioclase feldspars, chlorite, ? feldspathoids and strained 

quartz grains up to 0.03 mm. in size. Most of. the quartz content (see Table 

6.3) must therefore be of clay-grade size. 

5.4. Chemical and mineralogical considerations. 

From Tables 5.1, 5.2 and 5.3, certain features of the sediments can be 

elucidated. 

1. In the first instance it is pertinent to note the quartz is present at 

quite a hgih level in all samples, except tor sample 3. Sample 2 and horizon 

C should perhaps be regarded as siltstones from their quartz content. 

2. The principal clay mineral present is montmorillonite (Table 5.3). 

However, the areal ratios of montmorillonite/boehmite (Table 5.3b) are not in 

direct proportion to the amount of montmorillonite computed by subtraction of 

the other principal mineral components from 100%. This could infer that the 

composition of the montmor~llonite may be variable. 

Cation exchange capacities (CEC) recorded in Table 5.2 show that Ca is 

the dominant exchangeable cation present in all horizons. In the Interim 

Report (}1.5.72), exchangeable Ca vas considered to be unreliable in the 

Ampthill sediments (Gt. &itain) because of interference by carbonates and 

sulphates. With the Cucaracha formation, however, Ca, Mg, Kg carbonate is 

only present to a marked degree in sample 1 and from Table 5.1 (sulphur values) 

it is clear that sulphates will be absent in virtually all horizons. The 

sulphur that is present in two samples can be more readily attributable to 

organic carbon and pyrite. Hence, apart from sample 1 the exchangeable Ca is 

of si~ificance. The interim Report showed that exchangeable Na could be 
134 
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closely related to montmorillonite in the Wyoming bentonite and the 

Stafford tonstein (see Table 5.2 f and c). !!be maxiUIIUID 8JIIount ot Na-

montmorillonite in the mixed-layer clay eompon~t of the Ampthill was 

believed to be less than 10 per cent. On the other hand, the Wyoming 

bentonite is dominantly a Na-montmorillonite and the Stafford tonstein 

contain ?0 per cent mixed-layer elay which comprises 65 per cent mica and 35 

per cent montmorillonite. The slaking behaviour and ewell pressures 

obtained for the Stafford tonstein are not inconsistent with a Na-mont-

morillonite component. 

Exchangeable Na in these Cucaracha samples is only of significant 

interest in horizon 1 for which the 15 A0 monmorillonite peak area to 6.18i 

boehmite area ratio is low compared with, say, sample 2 which contains 

about the same proportion of the mineral by subtraction. 

a&eed on the behaviour of this clay mineral on treatment (Table 5.3 c) 

and the exchangeable cations, there is strong evidence that the Cucaracba 

contains dominantly Ca-montmorillonite with a subsidiary Na-rich inter-

stratification. It should be borne in mind, however, that Na-saturated 

montmorillonite may expand in water to such an extent that it dissociates 

into platelets which are of the same order of thickness as the unit cell 

(10A0
) (see Gillott, 1968). 

From sample 3, quartz was deducted from the total Si02 (see Table 5.1 

and 5.3) and after making allowance for the Kaolinite present, the chemistry 

was re-computed after Nagelschmidt (1938) in order to derive a proximate 

chemical formula for the montmorillonite component. The resulting formula 

(st
3

• 44 Al1•
73 

Fe0•76 Mg0•18o;1lwould imply that on Nagelschmidt's ternary 

plot the mineral corresponds closely to a beidellite. 

3) Of all the areas along the canal which have been ~ it is unlikely 

that this could apply to the area from which samples A to C were taken. 

1.35 
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Lime treatment in the field lllaY provide a llls<UlB of stabilizing Na-IIIOnt­

morillonite by C E C , but aDY major policy involving tbis technigue should 

now be carefUlly considered in view of the dominance of Ca as the 

exchangeable cation, at least in the near-surface zone samples examined. 

It has been mentioned that a remote possibility exists that areas like 

Cerro Escobar JIJB.y have already been limed (exchangeable Na possibly having 

already been replaced), but this could always be checked. 

4) A 7A0 mineral which appears to be highly disordered with a broad, 

ragged, two-tailed reflection is thought to be kaolinite rather than chlorite. 

We know from microscopic examination that chlorite is present. However, the 

following points mitigate against chlorite as being the second most important 

mineral in these samples: i) no 14A0 X-ray reflection was recorded, ii) heat 

treatment results in the disappearance of the 7A0 reflection (a positive 

kaolinite test), iii) warming sample 3 in dilute HCl at 8o°C overnight did 

not reduce the 7A reflection significantly (see Erown, 1961 re. tests 

pertaining to chlorite of poor cystalliuit,J. 

5) Siderite and calcite have been recorded as non-detrital minerals present 

at two horizons. Tbe chemistry (Table 5.1 b) infers that the 'calcite' 

may be a slightly more complex Ca,Fe, Mg, Mn carbonate. Tbe slightly enhanced 

P2o5 
figure for this horizon is indicative of a phosphatic mineral (? organic 

affinities), which would mean only about 1.6% by weight if the mineral is 

hydroxyapatite. 

6) lt will be recalled that sample 3 horizon is purple-red in colour. 

There is no evidence from the chemistry (Table 5.1) of any leaching, so 

a penecontemporaneous buried soil origin (Mead and MacDonald, 1924) is 

unlikely. Tbe enhanced Fe2o
3 

value of sample 3 and the colour may well 
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imply the presence of very finely divided haematite. A very small amount 

of this mineral will produce the colour effect. The proximity of the 

overlying basalt is a more reasonable source for early oxidising effects 

(see Lutton and !auks, 1970). 

The above appraisal should be read in conjunction with Table ~3, Lutton 

and ~. 1970, which summari:i!es earl'ier mineralogical work. 

It vas mentioned in the interim report (with respect to the ~ritisb 

Upper Jurassic Ampthill Clay) that exchangeable Mg. values for marine shales 

are generally higher than those of non-marine shales. Lutton and !anks 

( 1970) refer to the Culebra formation in tel'llls of marine deposition, with the 

Cucaracha be:ing generally non-marine, The higher Mg C.E.C. of the Lower 

Cucaracha could imply that these beds have q_uasi-marine Affinities, and 

comparison with Culebra sediments would be of interest. 

5·5• Comparison of the chemistry of the Cucaracha with N.American and British 

Clay-shales. 

Although the Student's - t test is a comparison of sample means and does 

not take into account variance, it is of interest to compare Cucaracha samples 

with Up. Cretaceous/Tertiary samples froa the u.s.A. and with the Jurassic-

Cretaceous specimens from 8ritain. Chemistry is more sensitive than 

mineralogy in such circumstances so the comparisons are 111ade on this basis 

(Table 5.4). 

The general conclusion is that there is a greater difference between the 

Cucarachs and the N.American chemistry than there is between the former, and 

the older British clay-shales. Careful examination of the values are 

necessary to bring out the general trends. The elevated q_uartz contents 

of N.American samples are referred to elsewhere in the Report and this feature 

is brought out by the total Si02 means (Table 5.4). In terms of specific 

clay minerals, the mica-rich British shales are highlighted by K20 comparisons. 

However, although Na2o in the Cucaracha and British shales is not significantly 

different;the clay mineral types in which this element is found are different 
13'7 

(montmorillonite in the former, dominantly micaceous minerals in the latter); 
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The fact that the N.Americao shales have a h~er (significantly different) 

Na
2

0 mean that the Cucaracha is pertinent. The general conelusioo has already 

been drawn that the montaorillonite in the Cucaracha is dominantly a 

Ca-rich variety and tentative backing evidence ie,therefore, provided by 

comparison with the N.American rocks which also contain montmorillonite. 

The latter rocks have a significantly higher Na20 mean (Table 5.4). 

5.6. Atterberg Limita. 

Published Atterberg limits for the Cucaracha show that there may be 

quite large variations from sample to sample. With the reaaining material, 

it was possible to determine limits for Sample Bl and a mixture of samples 

1 and 2 (Table 5.5). Sample Bl with an overall high clay content has 

elevated limits, whilst the combined sample with a much lower clay content 

(higher quartz and carbonate values) shows significantly lower limits. 

138 
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TABLE 5.1. 

") Chemical Ana1yses wt.% 

~ Si02 Al<f2.3 Fe;:;2.3 !!2 CaO Na;{2. !20 Ti02 .!!!!£ s !.A Total. 

' 48.88 19.97 11.08 1.34 2.01 0.24 0.41 0.93 0.05 o.oo 0.05 84.96 

2 6o.06 16.09 8.03 1.58 2.01 0.26 0.15 1.21 o.oa 0.25 0.05 89.76 

1 44.07 14.16 7.52 1.31 12.47 0.07 0.41 0.73 0.57 o.oo 0.69 82.63 

H 54.83 18.50 9.08 1.76 1.40 0.32 0.73 1.13 0.02 o.oo 0.04 87.81 

Bl 54.33 18.66 9o13 1.70 1o41 Oo37 0.72 1,1b 0,01 o.oo 0.03 87.50 
• 

~2 51.43 16.63 12.42 1.74 2.27 0.16 0.74 1.50 0.20 0.15 0.13 87.37 

C02 = 6,14%, organic C = 0,05%, H20 = and - = 6.44% (by deduction from 100%) 

b) Using alumina (Al;{2.
3
l as denominator (i.e. in terms of clay mineral content) 

Sample Total Si02 Fee£.3 !!2 2!2... Nae£. !# MnO 

3 2.96 0.491 0.095 0.076 0.017 0.039 0,001 

2 2.91 0.489 0.091 0.076 0.020 0.039 0.001 

1 3.09 0.747 0.105 0.137 0,010 0,044 0,012 

Al 3.11 0.531 0.093 o.881 0.005 0.029 0.040 

Bl 3·73 0.499 0.098 0.125 0.016 0.009 0.005 

C2 2.45 0.555 0.067 0.101 0.0~2 0.021 0.003 
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TABLE 5.2. 

Cation Exchange Capacities (C.E.C. in m.eq(100g.) 

a) Panama 

Sample !!!!. K Ca .!!It· 
3 4.8 1.2 48.1 5·9 

2 2.1 4.3 42.7 11.5 

1 10.8 4o4o 100.7 7.2 

Al 3o1 1.3 34.9 14.4 

Bl o.4 1.2 47.6 17.9 

C2 2.2 1.3 3Q.1 17.0 

b) Ampthill claz 

B4 1.5 1.7 30·3 22.4 

U7 5.2 2.2 116.8 14.4 

CF 1.3 1.7 102.4 6.3 

c) Stafford tonstein (mudstone, ex-volcamc fall-out) 

14.2 4.9 6.1 2.5 

d) Coal Measures Marine shale (LS 24) 

1.6 1.1 3·6 12.9 

e) Harvey aeatearth (Coal Measures) 

5·3 2.8 3·9 1.2 

f) ~omin~ Bentonite (1) 

54-0 -· 11.0 15.0 

g) Kaolinite 
(1) 

-· -· 0.5 0.4 

• below detection level 

(1) Carroll and Starkey ( 1958). 
1ti0 
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TABLE 5.3. 

X-ray Diffraction data. 

SIUIIJ)le Quartz KaoliniteLChlorite Montmorillonite• Carbonate PlafiiOclaae 
Feldsi!!!r 

3 7.0 10.2 82.8 

2 38.7 3·5 57.8 ? trace 

1 20.0 5.0 56.0 19.0 Present 
calcite ..;!::5% 

Bl 15.8 9.0 75.2 ? Trace 

Cl 31.0 19.0 5Q.O Present == 5% 

C2 16.18(1) 
siderite 

• subtraction of total major components frOIIl 100% 

( 1) Re-calculated from chemical analyses 

b) MontmorilloniteLboehlllite 6.18 A
0 ratios. 

Sample ..2, 
6.1;0 

.1 .!ll 
3.02 6.61 

c) Treatments (Montmorillonite) 
0 

Sample Treatment d A Spacings 

3 Ethylene Glycol. 17·25 

3 Air dry 15.09 

3 Heated at 100°c 13.10 
1 hour 

0 

3 Saturated in water 19.36A 
overnight. 

Remarks 
0 

Expansion from 15.0 A 

? some Na montmorillonite. 

1.4:1 
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T~LE 5.4. 

Comparison of ebemical means (Student's -t test) of Cucaraeba with 

N. American and British samples (data normalized to 100%) 

~ ~ 
Cucaracba u.s.A. Sitl!!ificance Cucaracba Gt.Britain Sitl!!ifieance 

Si02 60.26 67.00 Different 99.9% 60.26 56.39 Different 98% 

Al2o3 
20.02 17.60 Different 99% 20.02 22.11 Not aig.ditf. 

Fe2o3 
11.03 5-55 Different 99.9% 11.03 6.13 Different 99.9% 

MgO 1.81 2.35 Not aig.diff. 1.81 1.93 Not sigodiff. 

CaO 4.27 1.49 Different 99% 4.27 6.37 Not sig.di:tf. 

Nai 0.27 1.41 Different 99% 0.27 0.41 Not sig.diff. 

K20 0.61 2.73 Different 99.9% o.61 3.65 Different 99.9% 

Ti02 1.28 o.8o Different 99.9% 1.28 0.99 Different 99% 

MnO 0.19 0.11 Not sig. diff. 0.19 o.o8 Not aig. diff. 

s 0.08 o.83 Different 99.9% o.os 1.8o Different 99.9% 

P205 0.20 0.:5() Not sig.dif'f. 0.20 0.15 Not aig. diff. 

Panama (Cucaracba) ~ 6 samples 

u.s.A. = 46 samples 

G.B. = 20 samples 

T~ 5·5· 

Liquid and Plastic Limits (Air dried material) 

Liquid Limit Plastic Limit Plasticity Index 

Sample Bl 

(Lr.Cucaracba) 

Combined samples l & 2 

(Up. Cucaracba) 

108 

61 29 32 
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JOINTS BELOW MAHON!NG SANDSTONE IN FLAGGY SILTSTONE CLAYSTONE 
HEMISPHERE UPPER PROJECTION l6.0~CM CIRCLE 
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