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SUMMARY 

Natural weathering systems and resultant changes in the engineering 
properties of weathered rocks cannot be analysed in detail due to their 
inherent complexity. However, laboratory simulation of natural reactions 
under controlled conditions facilitates identification of specific 
factors which may contribute to changes in the physical behaviour of 
weathered rocks. 

Experiments in which the Carboniferous Edale Shale was reacted with 
sulphuric acid of a concentration commensurate with that generated under 
natural conditions showed that the acid composition was markedly altered. 
Furthermore, the acid composition became qualitatively similar to that 
observed in a natural shale weathering system by Vear & Curtis (1981). 
Natural reactions may thus be reproduced in the laboratory. 

The influence of pore solution composition on the residual shear 
strength and plasticity properties of Edale Shale were investigated using 
KNO , NaN03 , acid and groundwater from a major landslip at Mam Tor, 
Der~yshire. These engineering properties were found to be sensitive to 
porewater composition and concentration. 

The effects of physical breakdown on rock properties are less easy 
to assess because standard techniques for measuring grain size distribu­
tions, particularly the < 2 ~m size fraction are unreliable for in­
durated rocks. A statistical correlation between the < 2 ~m fraction and 
the Si02/A1203 ratio was found to give a better estimate of the amount of 
fine material present in a sample. Using this method it was determined 
that rapid physical weathering does not reduce consolidated material to 
its fundamental grain size. In addition, residual shear strength and 
plasticity were found to be independent of the state of physical break­
down and are apparently influenced more strongly by mineralogy. 

The implications of these investigations to slope stability are 
considered for the case of a major rotational landslip at Mam Tor, 
Derbyshire. Finally, a model is proposed in which weathering is divided 
into distinct components, each capable of separate investigation. 



Approach to Mam Tor, June 1983 

"Landslide refers to the 
statistical fact of a vote count; 
landslip has to do with the 
movement of mountains." 

The Times - pre-Election period, June 1983 
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CHAPTER I 

INTRODUCTION 

1 

Together with other varieties of mudrock, shales are among the 

most commonly encountered rock types in engineering operations. Kuenen 

(1941) estimates that these rocks occupy about one half of the strati­

graphical column. Shales frequently form the foundation materials for 

buildings, bridges, tunnels, dams and in embankments and cuttings. 

They are also a common source of backfill material in construction work 

and are a significant component of colliery spoil due to their close 

association with coal seams. 

The engineering behaviour of shales varies widely and each formation 

presents its own challenge. The types of problems encounteredw1th.shales 

are summarised by Bell (1980). They include slaking, which is the tend­

ency of shales to break up in water, rapid physical disintegration and 

low strength, particularly in the presence of high moisture contents. 

Shales are characterised by anisotropy with regard to strength, deforma­

tion and permeability due to their property of fissility. Swelling is 

also a common occurrence and is caused in a number of ways, for example, 

by rebound after unloading, or due to water uptake by certain minerals. 

The growth of secondary minerals within the rock structure also induces 

swelling as a result of pyrite oxidation and the subsequent formation 

of sulphate minerals including gypsum and jarosite. 

1.1 Examples of engineering problems 

There are many examples of ways in which the problems presented by 

shales have created major difficulties in engineering. 



2 

1.1.1 Physical disintegration 

The tendency of certain shales to disintegrate physically on 

exposure to air and water has created difficult conditions for a number 

of building projects. Twort. (1964) reported on the behaviour of shale 

during construction of the Tittesworth Dam in Yorkshire with particular 

regard to frequent collapse during tunnel driving. The soft, blue, finely 

laminated and thinly bedded material rapidly reverted to 'clay' in the 

presence of moisture and significant disintegration was experienced over 

periods of only one week, continuing as mOist air penetrated bedding and 

newly exposed joints. Instant support and covering of exposed shale 

by concrete was required as tunnelling proceeded. 

Nakano (1967) discovered that landsliding in Tertiary mudstones of 

Japan was related to their slaking properties and that mudstones easily 

deteriorated within the zone of fluctuating water vapour or groundwater 

levels, particularly within fracture zones. Hepworth (1965) considered 

that the capacity of shales to swell and slake was enhanced by the 

chemical and mechanical effects of gypsum formation within the material. 

The physical degradation of shales may have extended effects. 

Fleming et a1. (1970) described movements at the Point Lookout Landslide 

in Mesa Verde National Park, Wyoming, where about 613 m of thinly bedded, 

silty Mancos Shale with sandstone layers and limey concretion zones 1s 

overlain by sandstone in a flat topped spur. The shale disintegrates 

rapidly in the presence of water to the extent that about 18 m of col­

luvium now covers the slope. Slides occur at the contact between col­

luvial material and intact shale. Continuous weathering and disintegration 

steepen the slope until the angle of shearing resistance of the weathered 

material is reached and slides are then triggered when water levels are 

high. Eventually, the overlying sandstone is undermined and block fail­

ures are initiated as support is removed. 
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1.1.2 Low strength 

Low shale strength and evidence of strength reduction by weathering 

are frequently blamed as a cause of slope failure. Subramanium & Carr 

(1983) give an account of a road embankment on the A55 Chester to Bangor 

trunk road at Pw11 Me1yn, 2 km S.E. of Ho1ywe11, C1wyd. The embankment 

failed seven years after construction for realignment work. A shear 

surface was identified comprising very soft light grey and yellow-brown 

clay between 5 and 25 mm thick at the top of the Holywell Shales and 

immediately below boulder clay (Fig. 1.1). The failure involved slipping 

at the interface between the glacial deposits and the completely weathered 

top of the shales with the failure surface extending up through glacial 

material and embankment fill. 

The stabili ty of the embankment was judged to be controlled by the 

weak weathered shale at the interface together wi th the porewater pre­

ssures on the failure surface. The process of progressive failure may have 

occurred, initiated by earlier movements which resulted in cracking. It 

is perhaps worth noting here that Pwll Melyn may be so called as a result 

of iron oxides deposited in the pool derived from weathering solutions 

which have passed through the Ho1ywell shales. Similar deposits occur in 

streams and ponds where mudrocks or iron-rich deposits are weathered, 

for example, in Namurian shales at Mam Tor(Vear 1981) and Parys Mountain, 

Anglesey. 

Prior & Graham (1974) made a study of shallow rotational slides in 

Carboniferous 'Ca1p' shales in the Magho district of County Fermanagh, 

Northern Ireland. In this area, the slides are responsible for consider­

able road damage for a distance of 3 km on the Enniski1len to Be1leek 

road and'they occur in strata comprising limestone underlain by Lower 

Carboniferous shales. The rate of movement of the slides are not cer-
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tain but they are known to occur sporadically. They are typically less 

than 2 m in depth and the base of each scar is defined by slickensided 

o 0 plane surfaces at inclinations between 23 and 29. One particular slide 

was investigated in detail where soft fissured clay overlay hard strati-

fied Calp shale wi th a single pronounced shear plane at a depth of 80 cm. 

The failure surface was confined to a relatively thin layer of clay about 

I cm thick and coloured grey/blue in contrast to the grey/brown of material 

above and immediately below the slip plane. Intact clay shale was en-

countered only a few centimetres below the shear zone. The shales weather 

to a clay-rich soil and it was considered that slope stability in this 

material was dependent on a reduction in strength as a result of weathering. 

1.1.3 Strength reduction along ancient slip planes 

In their classic paper on the landslide at Walton's Wood, Staffordshire, 

Early & Skempton (1972) described how slopes in mudstones of the Upper 

Coal Measures had suffered landslipping and rapid weathering. The slopes 

had been oversteepened by erosion of an ice marginal drainage channel during 

the retreat stage of the last (Weichselian) glaciation. Over steepening 

oc·curred to such an extent that final equilibrium was not attained by 

1961 when construction of a motorway embankment was started. Failure 

of the partially built embankment occurred with maximum rates of movement 

of about 5 cm per month. 

The landslide had a width of 300 m and extended about 200 m up the 

hillside from its toe to the highest scarp. The geology of the site is 

shown in Fig. 1.2. The landslide mass, or colluvium, attained a maximum 

thickness of 10 m and consisted of fragments of mudstone, sandstone and 

coal. At the top of the hillside weathering of the rocks was visible to 

a depth of roughly 3 m. In borings and trial pits, slip surfaces were 
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identified by their polished and striated appearance. It was inferred 

that movements had occurred on an old slide surface. 

The clay in the immediate vicinity of these zones had a light grey 

colour in contrast to the adjacent yellow-brown clay with orange mottling. 

This colour change was attributed to secondary chemical development due 

to reducing waters percolating along the slip zone. Chemical analyses 

revealed a marked reduction in Fe20 3 content along the shear zone compared 

to that in the ambient clay; the values obtained as weight percent oxides 

were 2.5% and 11.9% respectively. No changes in clay mineralogy across 

the slip surface were observed although a higher percentage of clay-size 

material « 2 ~m) was recorded. The last property probably indicates that 

clay aggregates had been broken down during displacement of the landslide. 

However, Taylor (1973), in a further consideration of possible secondary 

chemical reduction along the slip plane, suggested that under such condi-

tions, clay mineral changes towards kaolinite could be occurring. Such 

changes are unlikely to be detected by X-ray diffraction even if kaolinite 

increased by about 10% at the expense of illite and mixed layer clay. 

The possibility of clay mineral alteration was supported by a decrease in 

the K20/A120 3 ratio from 0.092 in ambient clay to 0.068 in the shear zone 

(Early & Skempton 1972, Table 1, p.l05) which was said to be symptom-

+ 
atic of K leaching from illite and mixed layer clays. 

The problems reviewed in sections 1.2 and 1.3 were remedied by 

excavation of the softened, weathered material and founding the new 

structure on sound bedrock. 

1.1.4 Rebound and weathering 

Swelling and rebound have been found to cause problems during construc-

tion work. Bjerrum (1967) studied the Culebra slides which occurred during 

excavation of the Panama Canal in 1907-15. The most dramatic problems 
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apparently arose in excavations 92.3-123.1 m deep 1n the Gaillard cut 

which involved disturbances to the montmorillonitic Cucaracha Shale (Fig. 

1.3). The most massive slides were termed breaks and contined to move for 

about 19 years. These were characterised by heaving of the cut bed and 

coincided in time with nearly vertical subsidence of the area at the upper 

boundary of the slide. Simultaneous movement of material between the 

cut and upper boundary was nearly horizontal. Sliding was thought to 

be initiated by a local massive failure in unweathered clay below the 

excavation due to a horizontal expansion of the clay and progressive 

development of a horizontal slip Plane.1 

Fleming et al. (1970) have made extensive stUdies on a number of 

major engineering projects in shale materials which have involved failure 

at some time during construction work. In their account of the Oake Dam 

project on the Missouri River, they described two slides, both in Creta-

ceous Pierre Shale which is a thinly bedded, dark-grey to black, over-

consolidated clay shale with thin layers of bentonite. It is covered 

with about 30.8 m of valley fill above the floor of the river trench. 

Upon weathering, the bentonite swells and the shale is reduced to a 

'gumbo clay' • These processes occur rapidly and the volume increases 

result in generally weaker zones. Fault gouge and slickensided areas are 

affected similarly. It was anticipated that slope stability is controlled 

mainly by the strength of the weak zones, particularly along the randomly 

distributed, closely spaced faults. Other factors were thought to contri-

buteto instability including long term reservoir seepage, an irregular 

distribution of weak zones and the activity of certain component clay 

minerals when exposed to water. In both instances, weathered shale was 

removed in order to found the structure in firm unweathered material. 

1 It is also possible that slip plane development was structurally 
controlled. 
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Fleming et al. (1970) also reported slides which interrupted the 

building of the Gardiner Dam on the south Saskatchewan River. These took 

place in Bearpaw Shale, an Upper Cretaceous formation which had been 

heavily compressed under 769 m of overburden prior to the Pleistocene 

Glaciation. The overburden was removed during glacial activity and rapid 

vertical elastic rebound was instigated accompanied by swelling due to 

water uptake. The latter process is still occurring. The river banks 

are scarred by slumping from the post-glacial period, but gradual creep 

in the soft zone still takes place. This progressive reduction in 

strength was attributed to softening due to successive wetting, drying, 

freezing and thawing activity, particularly when combined with expansion 

of shale within weathered 'chunks'. Creep movements in the soft near­

surface material were thought to remould soft shale and to open additional 

joints. Major movements were probably initiated by radical imbalances 

in stresses created by toe erosion, loading and unloading during construc­

tion operations and high water contents. Smaller, localised failures 

were also triggered during embankment building and excavation activity. 

The planes of movement were invariably in the soft shale 'zone and at 

some localities within a bentonite layer. Many of the affected areas 

were removed immediately by excavation. 

1.1.5 Salt precipitation 

Rock swelling due to secondary mineral preCipitation has been 

commonly observed in shales that have been recently exposed. The types 

of problems experienced involve uplifting of floors beneath buildings 

founded in shales or on shale fill. Nixon (1978) described a series of 

failures of the ground floor slabs of new houses in the Teesside area 

which were founded on local sources of shale fill. Lifting of the floors, 

interior walls and pushing out of external walls was reported: in some 
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cases movements of several centimetres were found. The timescale on 

which the problems became serious were short, of order 5 years. The 

shale associated with the failures was found to be extensively weathered, 

soft and laminar with gypsum crystals abundant on the shale surface and 

along laminae; jarosite was also identified. Detailed examination of the 

shales revealed that floor heave resulted from the oxidation of pyrites 

and the subsequent formation of secondary minerals. The volume increases 

which accompanied the transformation of pyrite into other minerals, 

namely gypsum and jarosite, accounted for the swelling experienCed in 

the bedrock. 

Grattan-Bellew & Eden (1975) gave a detailed account of the causes 

of extensive heaving in the basement floor of a church founded on the 

black, carbonaceous Eastview Shale in Canada. The church was built in 

1913 and had to be repaired 15-20 years later. Investigations of the 

foundation material discovered that the concrete in the basement had 

been reduced to a mushy consistency and the top 4 cm of shale were badly 

weathered with abundant gypsum. Although material about I m below the 

floor was competent, gypsum and a little jarosite were seen along joints 

and bedding planes. Calcite veins were also present within the un­

weathered shale. Pyrite in the affected mass was very fine grained which was 

felt to be conducive to bacterial acceleration of pyrite oxidation. The 

production of sulphuric acid from pyrite oxidation was important and, 

furthermore, self-perpetuating since the residual acid after gypsum 

generation reduced the pH of the shale to a value of 3 which encouraged 

bacterial growth and continued oxidation reactions. An importa~observ­

ation at this particular site was that the conversion of calcite to 

GYPsum did not necessarily occur at the location of gypsum crystallisation 

since calcium sulphate may be transported in solution by capillary action. 
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Migration of gypsum to sites of crystallisation was considered to be 

restricted initially to areas of maximum heave where the pressure 

gradient, opposing crystal growth, was lower. The deterioration of 

under-floor concrete was thought to result from acid dissolution of the 

cement from between aggregate particles leading to void creation. Dis­

integration in this manner is apparently caused in most cases if a slab 

is immersed in sulphate solution or when solutions are drawn through a 

slab due to evaporation on one side. In the example quoted here, 

however, disturbance took place well above the water table, thus it 

demonstrated a need to minimise contact between bedrock and concrete 

in buildings on shales where sulphates are likely to be hazardous. 

Alternatively, sulphur resistant concrete should be used. 

Bell (1978) also discussed reactions which 'occur where calcium 

sulphate forms in the vicinity of Portland cement. Tricalcium aluminate 

in the cement can react with calcium sulphate to produce ettringite 

which has a greater volume than the aluminate and therefore ,causes 

breakdown of the cement. 

Heave phenomenon attributable to gypsum formation in shales beneath 

buildings have also been reported by Quigley & Vogan (1970) and Penner 

et ale (1966). Thiobacillus and Ferrobacillus bacteria were found to 

aid pyrite oxidation. Remedial proposals recommended submerging the 

bedrock during building operations in order to .exclude oxygen or to 

maintain a water-tight coating with asphalt to prevent access of 

oxygenated waters (Berard,1970). 

1.2 Links between engineering problems and geochemical properties 

The nature of these diverse problems suggests that there is a 

link between the geochemical properties of shales and their engineering 

behaviour. This is particularly true for shear strength, swelling and 



Yaa10n (1961) Shaw & Weaver (1965) Spears & Amin (1981) 

Shale 
Average for a Average of Carboniferous 

number of analyses 400 samples Mam Tor Beds 

Quartz 20% 30.8% 22.1% 

Feldspar ~ 4.5% 3.5% 

Clay minerals 59% 60.9% 35.7% 

Carbonates 7% 3.6% 9.8% 

Fe oxides 32% < 0.5% 

Organic matter 1% 1.0% 5.3% 

Other minerals 2% < 2.0% 3.6% 

TABLE 1.1 The average mineral composition of shale 
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salt precipitation. If this is the case then an understanding of the 

geochemical properties will assist in predicting the likely behaviour 

of a formation under particular physical and chemical conditions. 

Implementation of preventive measures rather than remedial action after 

failure would appear to present a more practicable and economical 

approach where disturbance to natural systems is incurred. 

Unfortunately, natural shale-water systems are difficult to analyse 

owing to the inherent complexity of this rock type in terms of chemical 

composition, structure and reactivity in the weathering environment. 

However, controlled investigations in the laboratory may provide valuable 

information on the rates and nature of chemical reactions which occur 

In the field. Even if complete natural systems cannot be simulated 

it is still helpful to take components and individual problems for 

separate investigation. The effects of chemical activity on specific 

physical properties of materials can also be studied under laboratory 

conditions. 

1.3 Shale properties 

1.3.1 Definition of shale 

The term shale does not appear to hold a universally accepted meaning 

within engineering practice and the discrepancy between geological and 

engineering terminology is even more cQnfusing. The lack of agreement 

probably arises from the complex composition, appearance and behaviour 

of shales resulting from their geological history. 

Table 1.1 gives some average mineralogical compositions for various 

shales. Briefly, the main components are clay minerals, including illite, 

smectites, kaolinite and some Chlorite, with large quantities of quartz. 

Other, less abundant constituents include feldspars, carbonates, organiC 

matter and varying quantities of iron oxides. 
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These minerals are laid down in low energy, aquatic conditions in 

deep or shallow water. They are mainly related to deltaic and turbidite 

deposition on and near continents and to deep ocean environments where 

they are deposited from suspension. Shales are therefore nearly always 

marine and of fine grain size, typically with 50% of the components less 

than 62 ~m in size (Potter et al. 1980). These authors give four major 

settings of ancient shales, shelf-to-basin transitions, rifts, island 

arcs and deep oceans and consider that these account for 80-90% of 

ancient shale occurrences. Other suitable conditions are found in lakes, 

alluvial valley fills formed by meandering river systems and in low energy 

deltas. 

Small changes in sedimentation conditions, such as fluctuations in 

sediment supply, water chemistry or resuspension and settling during storms 

or floods, produce a laminated sediment. Post-deposition diagenesis within 

the muds then results in the formation of other minerals, such as pyrite 

and siderite, depending on the chemical environment. The importance of 

lamination and diagenetic processes are discussed in Chapter 2. 

During subsequent burial, often to considerable depths of thousands 

of metres (Powers 1967), mineralogical and physical changes occur in 

response to the increased temperatures and pressures. Under intense 

compaction, components of platy habit, such as clay minerals and organic 

matter, become oriented. The sediment thus obtains anisotropic characteris-

tics with regard to strength and permeability. 

During erosion of the overburden, the large stresses imposed on the 

underlying shales are gradually released. As a result of ,burial and 

uplift, most shales are overconsolidated which is defined by Fleming et al. 

(1970) as a condition in which the existing overburden or load is less than 

the load at which the material was consolidated. Shales which have not 

experienced overburden pressures greater than present-day pressures are 

normally-consolidated. Underconsolidated (overpressured) shales occur 



After 
Blatt et al. 
(1972) 

After 
Spears 
(1980) 

Composition Fissile 

2 
> 3" silt SUt shale 

1 2 Mud shale > - < - clay 
3 3 
2 

> "3 clay Clay shale 

> 40% quartz F1aggy si1tstone* 

30-40% quartz Very coarse shale 

20-30% quartz Coarse shale 

10-20% quartz Fine shale 

< 10% quartz Very fine shale 

*fo11owing McKee & Weir (1953) 

TABLE 1.2 Classification of shales 

Non-fissile 

Siltstone 

Mudstone 

Claystone 

Massive siltstone 

Very coarse mUdstone 

Coarse mudstone 

Fine mudstone 

Very fine mudstone 
- -
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where high porewater pressures are developed during deep burial due to 

compaction dewatering in the presence of a permeability barrier, which 

inhibits upward fluid migration (Weaver and. Beck . 1971). 

When exposed at the surface, shales are subjected to weathering and 

develop their characteristic fissility, which is defined by Spears (1980) 

as the property of splitting or separating along approximately parallel 

surfaces in the plane of bedding. 

Geologically speaking, shales are fine grained sediments containing 

silt and clay-sized material « 63 ~m) in varying proportions. In a 

number of classifications they are included under the general heading of 

mudrocks, e.g. Pettijohn (1975), Blatt et al. (1972) and McKee & Weir 

(1953). The term mudrock was described by Spears (1980) as embracing all 

fine-grained, lithified sediments. Shales are mudrocks which are distin-

guished from other members of the group by their fissility. Non-fissile 

mudrocks are called mudstone, siltstone or claystone depending on their 

silt-clay proportions (Table 1.2) • 

• For ancient, well-lithified rocks in which grain size distributions 

are difficult to measure reliably, other classification parameters may 

be more useful. Stow (1981) considered that the classification based 

on quartz percentages which was proposed by Spears (1981) for Coal Measures 

rocks (Table 1.2) is particularly appropriate for such instances. The 

fissile/non-fissile division is still incorporated. 

Geological definitions, however, in requiring that shales possess the 

characteristic of fissility do not convey any meaning to the engineer who 

classifies materials in terms of appearance and mechanical properties 

(Geological Society Engineering Group, 1970). Peterson, quoted in Johnson 

(1969) described shale as: "uncemented bedrock containing a high pro-

portion of illite and montmorillonite, which has been overconsolidated 

and breaks down on weathering to form a clay". Bjerrum, also 1n Johnson 
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(1969), concurred that a high degree of overconsolidation is a character-

istic feature of clay shales. If this condition is satisfied he proposed 

that: 

(a) clay without cementation should be termed overconsolidated claYi 

(b) weakly cemented material should be referred to as clay shalej 

(c) strongly cemented material should be called shale. 

To the latter recommendation, Taylor, in the same discussion of 

Johnson (1969), concluded that the characteristic of high overconsolidation 

was common to all engineering definitions of shales. Cripps & Taylor 

(1981) noted, however, that on a strictly geological basis no distinction 

is drawn between mudrocks and overconsolidated clays. The current British 

1 
Standard code of practice for site investigations recommends that the 

term mudstone should obtain to lithified, homogeneous argillaceous rocks 

and that shale should be used if the constituents of the mudrock are 

laminated or fissile on the bedding planes. 

The nomenclature problem 1s indeed complex and clearly in need of 

clarification. A recent paper by Stow (1981) has attempted to define 

mudrocks in terms acceptable to both geologists and engineers. This is 

a timely contribution which hopefully reflects improved interdisciplinary 

communication. He advised that the terms should be simple and readily 

applied in the field, using the results of more detailed laboratory or 

field analyses to provide descriptive modifiers. His classification in-

corporates basic terms based on a siliciclastic compOSition and still 

maintains the fissile/non-fissile division. Additional classes using 

metamorphic terms, textural descriptors and composition descriptors, such as 

carbonate mudrocks are included. The terminology is shown in Table 1.3. 

In this work the classification of Stow (1981) is adopted and the 

term shale is intended to describe a lithified, fissilemudrock. 

1 
British Standards Institution. Site Investigations. CP 2001 1957 



Mudrock (> 50% siliciclastic, > 50% less than 63 ~m) 

Basic terms 

Un1ithified Lithified/non-fissi1e Lithified/fissile 

Silt Siltstone Siltshale 

Mud Mudstone Mudshale 

Clay Claystone Clays hale 

Metamorphic terms 

Argillite 

Slate 

Slightly metamorphosed/non-fissile 

Metamorphosed/fissile 

Textural descriptors 

Approximate proportions/ 
grain size 

> f 4-63 ~ (silt) 

< 63 ~ (mixture) 

> f < 4 ~ (clay) 

Silt & clay mixture 

Silt & clay mixture 

Approximate proportions 

Silty 

Muddy 

Clayey 

Sandy~ pebbly etc. 

> 10% silt size 

> 10% silt or clay size (appUed to non-mudrock sediments) 

> 10% clay size 

> 10% sand size~ pebble size etc. 

Compositional descriptors 

Calcareous 

Siliceous 

Carbonaceous 

Pyritiferous 

Ferruginous 

Micaceous & others 1 

Approximate proportions 

> 10% Cac03 (foraminiferal~ nannofossil etc.) 

> 10% Si02 (diatomeceous~ radiolarian etc.) 

> 1 % organic carbon 

commonly used for contents greater than about 1-5% 

TABLE 1.3 Mudrock terminology - from Stow (1981) 
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1.3.2 General engineering properties of shales 

Attewell and Farmer (1976) regard shales as intermediate between 

rocks and soils in geotechnical terms. The distinction between a rock 

and soil appears simple in that rocks are recognised as hard, competent 

materials and soils are merely deposits of rock particles. Shales, how­

ever, have an intactness, continuity and strength superior to that of 

soils yet their overall strength is lower than rocks generally because 

they comprise large quantities of.clay minerals. In addition, their 

mass strength is lowered by the presence of fissures and partings in­

cluding the property of fissility. Morganstern & Eigenbrod (1974) devised 

a rock-to-soil classification for mudrocks and clays based on the relative 

stability of asarnpleimmersed in water; a soil disintegrates and loses 

most of its strength when exposed in an unconfined manner to water and 

a rock does not. 

Terzaghi & Peck (1967) considered that the behaviour of shales is 

controlled to a large extent by their degree of compaction and cement­

ation which governs the number of permanent interparticle bonds per unit 

volume of shale. The classification of Mead (1936) divides shales into 

compaction and cemented types (Fig. 1.4). Cemented shales are usually 

stronger and more durable, particularly with respect to disintegration 

when subjected to cycles of wetting and drying; de Graft-Johnson et al. 

(1975), for example, found that the cemented variety of Accra shale from 

Ghana could be distinguished from the uncemented variety on the basis of 

wetting and drying cycles. 

Heavily overconsolidated clays possess low compressibility(compression 

occurs if the normal stress is increased and the pore fluid free to drain 

such that particles are forced closer together), low sensitivity (defined 

as the ratio between natural and remoulded strength) and low permeability 

(a measure of the resistance to movement of water through the voids). 
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These properties are related to the near-horizontal orientation of 

platy constituents adopted during sediment compaction •. However, the 

overall properties of a shale are controlled more strongly by fissure 

development due to subsequent erosion and weathering by the micro-

structure of the particles. 

1.3.3 Shear strength 

One property of particular interest is shear strength. This is 

essentially the resistance offered by a soil to an applied shear stress. 

The concepts of shear strength are given in Appendix Bl. Briefly, shear 

strength is considered in terms of two parameters, cohesion (c) and 

angle of friction (~). The magnitude of these values depends on the 

physical and mineralogical properties of the soil, principally the void 

ratio (defined as the ratio of voids to solids in a soil), particle 

friction characteristics, particle size, shape and sorting, degree of 

overconsolidation and soil-water content. 

Cohesion is a property characteristic of clay minerals due to the 

electrical forces developed between clay particles. This is distinct 

from the apparent cohesion developed in soils.of low clay mineral content 

in the presence of small water contents. Overconsolidated sediments 

containing clay minerals possess cohesion through the development of 

diagenetic bonds. Rocks and sOils which are not overconsolidated do not 

have significant cohesion. One major effect of weathering on over-

consolidated materials is the reduction of cohesion due to bond destruction, 

hence in shear strength tests on highly weathered clay or shale specimens 

a zero value for residual cohesion (cr' = 0) is commonly recorded (Bishop 

et al., 1965; Spears & Taylor, 1972). 

I 
In dry cohesionless soils, the peak angle of friction (~p) depends 

partly on particle interlocking, which is a function of the initial void 
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ratio and particle size,shape, sorting and on the sliding friction 

between surfaces. Whilst the residual angle of friction (~~) is 

also dependent on particle interlocking and on interparticle friction, 

it is not related to the initial void ratio or water content of the 

soil since considerable structural adjustment and particle comminution 

takes place during development of the residual condition. A parallel 

orientation of platy minerals occurs in the direction of shearing. The 

residual shear mechanism is governed by particle shape. Angular 

particles tend to roll (turbulent shear) rather than slide like platy 

ones (sliding shear). This is discussed in detail in Chapter 6. 

The amount of clay size material present has a strong influence 
, 

on ~r. Clay particles reduce the effects of interlocking due to their 

readiness to adopt parallel orientations during shearing. Surface 

friction is also lower compared to other important constituents like 

quartz. In addition, in wet soils clay mineral behaviour is influenced 

by porewater composition and concentration. 

Attainment of ~; requires large displacements along a shear surface. 

Skempton (1964) stated that post-failure stability on natural shear 

surfaces is governed by residual shear strength since these have exper-

ienced large displacements. La Gatta (1970) emphasised the importance 

of shearing for large distances in laboratory shear strength tests in 

order to obtain the true residual condition for a sample. There is a 

real danger of stopping a test prematurely at an apparent residual shear 

strength which may in fact only represent an intermediate 'minimum shear 

resistance'. This is particularly important in highly indurated shale 

aggregates which may not be completely disaggregated either in preparation 

or during subsequent shearing. To account for this risk, all experi-

mentally obtained values of ~r' in this work are assumed to be apparent 

and are designated ~ra'. 
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1.3.4 Index properties 

The plasticity characteristics of shales are another important 

engineering property. Briefly, the water content of a sample determines 

its consistency. The water contents which represent the upper and lower 

limits of plastic behaviour are known as the liquid limit (L.L.) and 

plastic limit (P.L.) respectively. The difference between these limits 

is the plasticity index (P.I.). The mineralogy of a soil strongly 

influences its plastic properties. The liquid limit increases as the 

ratio of clay minerals to quartz. increases. Porewater composition and 

particle aggregation also affect plasticity. The liquid limit has been 

found to provide a good indication of the slaking tendency of a shale 

(Morganstern & Eigenbrod, 1974). 

1.3.5 Swelling and physical breakdown 

Swelling due to water uptake in shales presents problems not just 

as a physical disintegration mechanism, but also where it causes heave 

in structural foundations. The magnitude of swelling depends on a number 

of factors including the nature and quantity of clay minerals present, 

presence and type of matrix cement, cation composition of the clay minerals 

and porewater, particle size and void distribution, soil structure, 

moisture content and applied pressure(Attewell and Farmer, 1976). 

Swelling may be interparticle (water adsorption between individual 

clay minerals) or intraparticle (swelling of the crystal lattice). The 

latter is important in smectite, vermiculite and mixed layer clays. 

Swelling is also caused by salt precipitation within shales. This 

process, together with water uptake and physical diSintegration, are 

considered in Chapter 2. 
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1.4 Research objectives 

The occurrence of shales in engineering projects does not imply that 

problems are inevitable. 

Kennard et a1. (1967) studied the behaviour of a Carboniferous shale 

wi th the intention of using the material as a fill in an embankment at 

Balderhead Dam, North Yorkshire. They were especially concerned about 

fragmentation, surface breakdown and hardness with a view to long-term 

changes in fill condition. Physical disaggregation was observed on expo­

sure of fresh shales but this was found to be prevented by rapid excavation 

and placing of the shale in the embankment, hence further disintegration 

was not anticipated. Loss of cementation through leaching was not 

expected to occur significantly after compaction in the dam, particularly 

as the fill permeability was predicted to be reduced by rapid fragment­

ation of the surface shale, in the presence of water. This would provide 

an impermeable skin while still allowing free drainage and dissipation 

of porewater pressures. It was concluded that the shale. available for 

construction would be suitable as a fill in the dam embankment, especially 

in view of the capabilities of modern plant to achieve rapid placement. 

In an investigation on the geotechnical characteristics of colliery 

spoil at Yorkshire Main Colliery, Taylor & Spears (1972) found no evidence 

to show that unburnt spoil once buried after initial rapid breakdown is 

likely to suffer long-term degradation effects which would create ground 

engineering problems. This is encouraging in the context of coal-tip 

stability and to users of this material elsewhere, as in foundations or 

embankment fill. Burwell (1950) considered the behaviour of shales 

when subjected to large loads and concluded that well-cemented shales 

under structurally sound conditions presented few problems for large 

constructions such as dams, although he did state that their strength 

limitations and elastic.properties may be of importance in the design of 

concrete dams of appreciable height. 
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Knowledge of possible difficulties and appropriate preventive 

measures have, of course, been advanced through experiences of failure 

elsewhere. While some shales behave satisfactorily others present 

massive problems to engineering. The types of problems created are 

diverse and in nearly all cases weathered material and/or weathering 

processes seem to make a large contribution to the circumstances. The 

susceptibility of shales to weathering is a function of their physical 

structure and geochemical properties. 

This project aims to look at the nature of some of the links between 

geochemical and engineering properties in pyritic shales. The work 

follows directly from an investigation by Vear (1981) on the chemical 

weathering system at a major active rotational landslide seated in pyrite­

bearing shales. In a study of groundwaters at Mam Tor, 2 km. N.W. 

of Castleton, Derbyshire (Fig. 1.5), chemical weathering was concluded to 

be aggressive due to the production of sulphuric acid through pyrite 

oxidation. Mineral reactions such as carbonate dissolution, clay degra­

dation and dissolution were considered to be occurring at rates comparable 

to acid generation. 

Since some of the analysed groundwaters are derived from depth within 

the slide it is probable that weathering reactions involving sulphuric 

acid are concentrated along discontinuities where oxygenated waters have 

access to fresh rock. The slip plane of the slide is an important major 

discontinuity where chemical actIvIty is probably taking place. Hence, 

the engineering propertIes of material on and adjacent to the shear zone 

are likely to be affected by chemIcal reactIons. It is speculated 

that landslide activity is related to modification of engineering pro­

perties by aggressive chemical weathering. 

Studies on the links between chemical activity and engineering properties 

in weathered pyritic shales focus on aspects which are applicable to 
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continued landslide instability. The research comprises investigations 

into the rates and nature of chemical reactions involving shales and 

sulphuric acid and changes in ~ra' due to pore fluid composition 

effects. The influence of physical breakdown on ~ra' and plasticity 

is also considered together with a method for estimating particle size 

distribution in indurated mudrocks and clays. 

The project 1s essentially concerned with the residual shear strength 

properties of materials and centres on Carboniferous Edale Shale which 

outcrops in the Hope and Edale valleys, Derbyshire, and at Mam Tor. 

A detailed description of this material is given in Chapter 3. The 

studies undertaken were laboratory based. However, the appearance of 

Edale Shale at Mam Tor provided an opportunity to consider the results 

of laboratory tests in the context of slope stability. 
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CHAPTER II 

GEOCHEMISTRY, STRUCTURE AND 

WEATHERING OF SHALES 
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The diversity of engineering problems which are frequently encountered 

with shales has been outlined in Chapter I. The type of difficulties 

which arise centre on the tendency for these materials to be both 

physically and chemically unstable when exposed to wet oxygenated condi­

tions, hence it is often vital to reduce the exposure of shales during 

construction activities to prevent rapid disintegration and collapse. 

The inherent instability of shales in weathering situations is 

fundamentally related to their environment of formation and subsequent 

geological history. Briefly, shales are deposited in low energy condi­

tions which exist in a variety of geographical environments such as ocean 

basins, shelf seas and in water bodies with restricted connection to the 

oceans, as for example, the present day Black Sea. Suitable conditions 

are also thought to occur in basins which have experienced intermittent 

marine invasion, an environment in which Carboniferous Coal Measures rocks 

probably formed. Shales have developed throughout Earth history and in 

all parts of the world which, according to Tourtelot (1979), suggests 

that geological processes rather than geological settings control their 

accumulation. Didyk et al. (1978) proposed three types of environment in 

which these sediments are deposited. The models, which are based on the 

degree of oxygen deprivation experienced within the whole sediment-water 

system, are illustrated in Fig. 2.1 and are distinguished as follows: 

(a) Oxic waters and sediments - organic matter settling through the 

water column consumes most of the oxygen and only a little remains for 

further oxidation reactions in the top levels of sediment. This type of 
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system was applied by Tourtelot (1979) to continental shelf situa­

tions. 

(b) Partially anoxic waters and anoxic sediments - oxygen availa­

bility is controlled by water circulation but on a larger scale, as in 

open oceans. 

(c) Totally anoxic waters - atmospheric exchange of oxygen is 

limited. Such systems are typified by water bodies with restricted· 

circulation. 

There are certain characteristics which are apparently common in 

all shale depositional environments. First, slow settling rates in low 

energy conditions allow precipitation of clay and silt-size material. 

Secondly, the availability of oxygen is severely restricted, hence 

a reducing environment is produced within the sediments and also at 

depth in the waters. These conditions favour the preservation of organic 

matter and the accumulation of fine, muddy deposits. It follows that 

post-depositional diagenesis takes place in the presence of very low 

or zero oxygen partial pressures. 

The mineralogical composition of shales is complex, as shown in 

Table 1.1 (Chapter I). They comprise fine detrital material and bio­

chemical or chemical additions which may be deposited by sedimentation or 

formed during diagenesis. The derivations of the most common components 

are summarised in Fig. 2.2. The detrital fraction includes quartz, 

feldspar and clay minerals while the chemical constitutents are varied, 

depending on the chemistry of the depositional environment. Iron oxides 

and organic matter are common. Pyrite (FeS2) and siderite (FeC03) are 

also frequent but because different chemical factors probably govern 

their respective occurrences, as shown by Ashby & Pearson (1978) and 

Spears, in Curtis & Spears (1968), they rarely coexist in the same 

hori~ons. Pyrite is normally restricted to marine shales While side­

rite is characteristic of non-marine mudrocks. 
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During subsequent deep burial, increased temperatures and high ionic 

activities in the porewaters lead to structural modifications in the clay 

minerals (Curtis 1977). Interparticle forces are increased (Taylor & 

Spears 1981) and shales adjust physically to the imposed overburden stress. 

Later removal of overburden by erosion processes generally entails expos­

ure to an oxygen rich atmosphere and to groundwaters of low ionic activities. 

Inevitably, shales formed in strongly reducing conditions and in the 

presence of high ionic activities in solution will be out of equilibrium 

with the new environment. Physical changes also occur as a consequence 

of the reduced overburden pressure. 

Reiche (1950) defined weathering as: "the response of materials which 

were in equilibrium within the lithosphere to conditions at or near its 

contact with the atmosphere, the hydrosphere ••• '~ although OIlier 

(1969) and Keller (1957) criticised the assumption of equilibrium exist­

ing between a rock and its formation environment, Since shales form under 

conditions far removed from those which exist at the earth's surface, 

according to Reiche's definition, their potential for weathering is 

obviously considerable. Chemically, however, the various components 

react in different ways and at different rates depending on their origins. 

The detrital minerals, including some clays such as kaolinite, have 

already passed through at least one cycle of erosion and transport and 

therefore are relatively stable compared with those constituents which 

were formed in the reducing diagenetic environments. Pyrite is of prime 

concern in this latter respect. Reactions involving clay minerals such 

as illite and smectite also take place and are complex owing to the 

nature of their structure. The structures and properties of the common 

clay minerals are discussed in section 2.3. 
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This chapter reviews the geochemical and physical properties of 

shales which render them peculiarly reactive in the weathering environ­

ment. The post-depositional processes which occur in muddy sediments 

during their accumulation are considered together with the recent concepts 

of chemical weathering and physical processes of adjustment to new stress 

conditions. 

2.2 Chemical diagenesis in shales: pyrite and siderite formation 

According to Curtis & Spears (1968), pyrite formation proceeds in 

diagenetic environments characterised by slow detrital addition, abundant 

organic matter and readily available sulphate. Under these conditions, 

high sulphide activities are maintained so that all iron compounds will 

tend to transform to pyrite. Clearly, the low energy, oxygen depleted 

marine conditions described by Didyk et· ale (1978) potentially satisfy 

the requirements for pyrite development. 

Sulphide is derived partly from structurally bound sulphur in 

organic matter and from waters in which the activity of the sulphate ion 

is high, as it is in seawater. Under conditions of slow settling rates, 

sulphate (S04--) is able to diffuse into the sediment where intensive 

reduction occurs by microbial action (Lein 1978) • 

Iron is available mainly in the ferric form as hematite or adsorbed 

on clay minerals and newly deposited organic matter. After precipitation 

from normal depositional waters, ferric compounds are transferred to the 

ferrous form. Ferrous iron may also be derived from within clay minerals. 

Sulphide and ferrous iron elements are subsequently concentrated 

into pyrite via a less stable iron monosulphide phase, as shown in 

Fig. 2.3. Pyrite is finely disseminated within the sediment or may occur 

as distinct bodies, as described by Love (1965). 
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In view of the preference for pyrite formation, even at very low 

sulphide activities, it is highly unlikely that pyrite will form 

simultaneously with other ferrous minerals. In the Coal Measures mudrocks, 

for example, Spears (1968) observed that pyrite beds were distinctly 

separate from overlying siderite-bearing material in the rock sequence. 

Curtis (1977) noted that sulphide producing processes could only occur at 

shallow depths where effective diffusive contact with overlying deposi­

tional waters is maintained. When the pyrite body becomes isolated from 

a sulphate source, for example after a large build-up of sediment or a 

freshwater incursion, or in the absence of sulphate reducing bacteria, 

other iron minerals may form of which siderite is particularly common. 

Spears, in CUrtis & Spears (1968), describes its occurrence as nodules 

in Coal Measuresrocks and as ooliths and matrix material in Jurassic 

ironstones. 

The optimum conditions for siderite formation appear to involve zero 

sulphide activity and severely restricted porewater circulation. Here, 

abiotic reaction between organic matter and precipitated ferric compounds 

are likely to result in the high dissolved ferrous iron and carbonate 

activities favourable for siderite formation. 

Other ferrous compounds (pyrite not formed in the presence of 

appropriate bacteria, pyrrhotite, magnetite and chamosite) may also form 

where suitable conditions exist but only within sediment porewaters 

(Curtis & Spears 1968). 

2.3 Clay mineral diagenesis 

Table 2.1 summarises the structures and properties of the different 

clay minerals. They are all built from the same basic units, called 

sheets, which consist of silicon atoms in tetrahedral coordination with 

oxygen atoms (tetrahedral sheet) or aluminium in octahedral coordination 
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with oxygen atoms and hydroxyls (octahedral sheet). The sheets are 

bonded together in 2:1 or 1:1 layers, as shown in Table 2.1, and these 

are separated by an interlayer. 

Ionic substitutions of A1
3

+ for Si4+ in the tetrahedral sheet and 

Mg2+ or Fe2+ for A1 3+ in the octahedral sheet bring about imbalances in 

charge on a clay structure and, less importantly, changes in the physical 

arrangements of the layers. Since substitution introduces ions of lower 

valency to the sheets a net negative charge is imparted to the minerals. 

The level and location of sUbstitution varies between the types of clays, 

consequently they each carry different layer charges (Table 2.1). The 

negative charge is satisfied in the interlayer in a number of ways: 

(~ 
+ + 2+ by cations, e.g. K in illite, Na or Ca in smectites 

(b) by sheets, e.g. the positively charged octahedral hydroxyl 

sheet in chlorites. 

(c) by islands, e.g. the brucite (Mg(OH)2) or gibbSite (Al(OH)3) 

in some vermiculites and montmorillonites (Jackson 1963). 

(d) interlayer unoccupied, e.g. in kaolinite where ionic substitu-

tions within the clay structures are insufficient to create a large charge 

imbalance. 

Water may also be adsorbed within the layers, particularly in smectites. 

Although the clays are made up from the same basic units, their range 

of properties is immense, depending almost exclusively on bonding types in 

the different sheets. The tetrahedral sheet is held together by covalent 

bonds while the interlayer is dominated by ionic bonds. The octahedral 

sheet is intermediate, possessing both types. From their widespread 

occurrence, the tetrahedral and octahedral sheets appear to be very stable 

in spite of the fact that, theoretically, they are thermodynamically un-

stable (Prof. C.D. Curtis, pers. comm.). However, Powers (1967) found 
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that almost perfect octahedral sUbstitution occurs during diagenesis 

3+ 
where displaced Al is taken into the tetrahedral sheet to give the Al-

rich composition frequently present in surface specimens; this is presum-

ably a more stable arrangement. 

Two very important chemical properties of clays which are of special 

relevance to this work are ion exchange capacity and swelling potential. 

Exchange processes and changes in basal spacing of the structure due to 

swelling or contraction dominate in the interlayers. The two reactions 

are linked since minerals with a high cation exchange capacity, notably 

the smectites, expand most and the energy for expansion is thought to be 

derived from the hydration, or solvation, energy of ions entering the 

clay structure. 

Cations also occupy other exchange sites on the edges of silica-

alumina layers to satisfy charges arising from broken bonds. This 

source of ion exchange capacity is important in kaolinites and, also, in 

highly crystalline illites and chlorites but in smectites and vermiculites, 

the contribution of broken bonds to total exchange capacity is very small. 

A third source of the exchange property involves the replacement of hydro-

gen ions on exposed hydroxyls but again, this is minor and only signifi-

cant in kaolinite. 

A detailed account of clay properties is given by Grim (1968,. 

Chapters 7 & 8). It is sufficient here to appreciate that: 

(a) ,The properties of ion exchange capacity and swelling are related 

to charge density in the mineral structure. The reactivity of the clays 

thus decreases in the order smectite> illite> chlorite> kaolinite. 

(b) Interlayer reactions involve changes in energy. The energy is 

probably derived from the dehydration of cations entering the clay and 

associated changes in bonding between cations, water and clay structure. 
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(c) The exchange mechanism relies on activity ratios (effective 

concentrations) between clay interlayers and solution. In rock diagenesis 

and in weathering, clays react in order to attain equilibrium with the 

porewater composition. 

(d) In very aggressive chemical conditions, or after prolonged 

weathering, the octahedral sheets, or more rarely the tetrahedral sheets, 

may be altered. 

Post-depositional modifications of the clay minerals in buried 

shales are both physical and chemical, as noted by Pettijohn (1975). 

As temperatures and pressures increase due to burial, clays show 

progressive mineralogical changes which Pettijohn (1975) considers to be 

largely isochemical in that during reaction the system bulk chemistry 

remains essentially unchanged. There is general agreement (Keller 1963; Potter 

et al. 1980; Yaalon 1969) on the fact that smectites gradually disappear 

at depth with a concomitant increase in illite so that the latter becomes 

the dominant clay mineral in deeply buried sediments. This transformation 

may be related to the onset of decomposition of detrital mica and K-

feldspar which was estimated by Curtis (1977) to commence at burial 

depths of 3 to 4 km. Powers (1959) introduced the concept of an. 

+ "equivalence level" below which K is adsorbed into clay inter1ayers in 

2+ F 2+ preference to Mg and e • These 10ns are presumed to move into the 

octahedral layer while in turn, the displaced A13+ sUbstitutes for 814+ 

In the tetrahedral layer. The whole conversion results in illite form-

ation. 

Kaolinite and chlorite are relatively stable at high temperatures 

and pressures. CUrtis (1977) considers that neither of these clays 

appears to react under the deep burial conditions which impose changes 

in other clay minerals, although Blatt et al. (1972) report two instances 
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of a reduction in kaolinite accompanied by an apparent increase in illite 

and chlorite with depth. 

Accompanying clay mineral alteration is the exclusion of porewaters 

under the physical influence of compaction pressures. Clays may also be 

dehydrated if temperatures are raised sufficiently for interlayer waters 

to be driven off. 

Quartz and feldspar undergo very little change, except perhaps for 

minor sericitisation of some feldspars observed by Blatt et ale (1972) 

and the reaction of K-feldspar at depth as postulated by Curtis (1977). 

2.4 Physical response of shales to burial and unloading 

In addition to the chemical changes which occur during deep burial 

muddy sediments are also subjected to increased tectonic and thermal 

stresses. Important structural modifications are imposed under 

the influence of increasing overburden stresses. Void volumes are 

reduced which consequently increases sediment density and in saturated 

materials water is simultaneously expelled from the voids. This is the 

process of consolidation as described by Fleming et a1. (1970). When 

the maximum consolidation pressure is reached, the sediment remains for 

a considerable length of time with very little change in load. During 

this period of burial Bjerrum (1967) postulates that physical and chemi­

cal processes take place which result in bond formation between constitu­

ent particles. At particle contacts, stresses are sufficiently high for 

recrystallisation to occur and for adhesion to develop from molecular 

bonds. Cementation may also result from the precipitation of certain 

minerals betwen particles. The combined effect of the bonding processes 

creates diagenetic bonds (Bjerrum 1967). The sediment structure, there­

fore, becomes stronger with no further volume change occurring. Bond 

strengths depend on consolidation pressure, on the minerals involved, on 

pore fluids, temperature and time. Clearly shales which formed early 
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in geological history can be expected to possess stronger diagenetic 

bonds than shales of a younger age because they have probably been buried 

at deepe.r levels for longer periods of time. 

The porosity and permeability of buried sediments are reduced 

substantially during compaction under the pressure of overlying beds. 

Hedberg (1936), for example, quoted a value of 9-10% for a shale under an 

overburden of 1800 m compared with 70-90% for a freshly deposited mud. 

Compaction begins immediately after deposition and continues for a long 

period of time. Structural changes are also induced, including a progres­

sive reorientation of clay platelets into a more parallel alignment, as 

reported by Oertel & Curtis (1972). The growth of diagenetic carbonate 

concretions is also affected as shown by their lensoid appearance 

(Raiswell 1971). 

Later in geological time, erosion of the overburden causes the 

buried sediment to be unloaded and thus to experience lower overburden 

stresses. The sediment is then in an overconso1idated state; materials 

which have not been subjected to greater overburden stresses than at 

present are said to be normally consolidated. 

The response of overconsolidated materials to a new stress environ­

ment depends on diagenetic bond strength and on the recoverable strain 

energy stored in those bonds. Sediments will tend to expand and increase 

their water contents as a result of possessing recoverable strain energy. 

According to Fleming et al. (1970), a system will tend toward equilibrium 

with the existing stress state and moisture environment. However, expan­

sion is restricted by the strength of the bonds, consequently the final 

water content will be much lower than the original pre-consolidation 

water content. Expansion and water uptake is also time-dependent since 

the mechanism relies on the breakdown of bonds; Bjerrum mentions that 
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many shales may not yet have achieved their equilibrium water content 

owing to the time-dependent effect. Skempton (1964) also noted an 

increased water content in unloaded clays and considered that over­

consolidated clays possess higher shear strengths than those which are 

normally consolidated because of their denser packing. Changes in water 

content and shear strength as proposed by Skempton (1964) are shown in 

Fig.2~4. 

Effective horizontal stresses due to continental compression, are also 

influenced by unloading. Bjerrum (1967) explains that during deposition, 

the effective horizontal stress increases as well as the effective vertical 

stress, depending on the shear resistance properties of the material. For 

weak sediments, the horizontal stress is larger than for strong ones. On 

unloading, the material expands but is only free to do so vertically, hence 

changes of vertical stress are larger than changes in horizontal stress. 

In stronger bonded sediments, expansion is inhibited and horizontal 

stresses are thus reduced because the diagenetic bonds retain a larger 

amount of lateral-strain energy. Terzaghi (1962), quoted by Bjerrum (1967), 

noted that at each depth there is an upper limit to the possible horizon­

tal stress, When the difference between horizontal and Vertical stresses 

reaches a certain level, shear stresses become larger than shear strength 

and failure ensues. In brittle, overconsolidated material, small move­

ments may result after the development of incipient shear planes which 

would reduce horizontal stress to a limiting value. In strongly bonded 

materials the movements required to reduce the stresses are small while 

in those with weak or no bonds, the movements need to be greater. The 

effect of unloading on horizontal stresses is included in Fig. 2.4. 

The consolidation history of many shales, especially very old forma­

tions, is often extremely complex because they have suffered several 
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cycles of deposition and erosion, glaciation and surface weathering. 

This was noted, for example, by Scott & Brooker (1968) for the develop­

ment of the Bearpaw Sediments in Canada where a relatively recent glacia­

tion event probably increased overburden stresses considerably. Changes 

in the stress environment imposed by processes such as glaciation and 

river valley erosion may exert a significant influence on the behaviour 

of shales because the rOck-water system will tend to equilibrium with 

each new set of stress conditions. 

2.5 Physical weathering in shales 

Once uplifted and stripped of a large portion of overburden, shales 

are subjected to surface weathering processes. Bjerrum (1967) identified 

two distinct phases in weathering. The first phase is one of disintegration 

involving bond breakdown and results in disturbance to the soil or rock 

structure. During the second phase chemical changes and mineral de­

composition occur. 

The disintegration phase can be considered as a continuation of the 

unloading process, although Chandler (1972) emphasised that weathering is 

a distinctly separate stage. Its major effects are further bond destruc­

tion and liberation of the strain energy imparted to the rock during 

burial. Consequent upon these effects are material expansion and water 

uptake which in turn reduce shear strength. The total amount of expan­

sion which occurs will depend on the stored energy; if the bonds are 

weak most of the strain energy will have been released during unloading 

and therefore the effects of diSintegration will be small but in the case 

of strong bonds, little strain energy is lost on unloading, thus expansion 

in the disintegration zone is large. 

Bjerrum (1967) found that the effect of disintegration reduced with 

depth and that it is possible to distinguish zones in which disintegration 

has proceeded to different degrees. He defined three zones: 
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(a) Zone of complete disintegration in which material has been 

subjected to freezing and thawing, repeated wetting and drying and 

temperature changes. Some chemical alteration has also occurred. The 

water content and strength in this zone are primarily dependent on 

climatic conditions rather than the state of the present material. 

(b) Zone of advanced diSintegration probably affected by the cyclic 

variation of effective stresses caused by pore pressure changes and 

seasonal freezing in the overlying soil. There is usually a system of 

open cracks which permit the circulation of water; this aids breakdown 

through slaking. There is possibly some chemical alteration. The 

material will generally be softer and have a higher water content than 

the underlying zone. 

(c) Zone of medium disintegration where the effects of near-surface 

conditions are not felt. Non-uniform swelling resulting from a mixed 

clay mineral assemblage and consequent variation in water content within 

the zone is thought to be an important source of differential straining 

necessary for disintegration. 

The existence of zones has been frequently observed in other studies of 

weathered materials. Herstus (1971) investigated weathering in a 

Miocene clay in north-west Bohemia and found four zones which were 

distinguishable on the basis of fissure frequency and hardness of the 

material. Similarly, Chandler (1969) subdivided weathered Keuper Marl 

into four zones by looking at the variation in particle size distribu­

tions while in Lias Clay, Chandler (1972) identified weathering classes 

by their different degrees of oxidation. 

The effects of physical weathering apparently extend to considerable 

depths. Gould (1960) observed weathered zones to depths of 7 m to 13.7 m 

in some Tertiary shales of California. Skempton (1964) found weathering 



at 9.9 to 12.1 m in London Clay and Spears & Taylor (1972) recorded 

visual weathering in Coal Measures rocks down to 6.6. m. Chandler 
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(1972) described typical depths of oxidation in London Clay as large as 

10 m. 

2.5.1 Nature and causes of physical breakdown 

Shales break down very rapidly on exposure to the weathering environ­

ment. Taylor & Spears (1970) recorded that medium- and fine-grained Coal 

Measures rocks were reduced to a gravel size aggregate in only two years 

while Kennard et al. (1967) observed that disintegration features deve­

loped within a few minutes of fresh shale being exposed. 

From accounts of physical weathering, disruption to the rock fabric 

appears to take place in three ways: 

parting along bedding planes 

polygonal cracking on bedding surfaces 

expansion of joints 

The observed modes of shale disintegration appear to be strongly con­

trolled by pre-weathering structures. Perhaps the most obvious effect 

is that bedding or stratification act as zones of preferential parting 

giving shales their characteristic fissility. This property is often 

attributed to mineral segregation into fine laminae and is not simply 

related to clay orientation as commonly believed, as for example, by 

Pettijohn (1975, p.263) •. Spears (1980) defined a lamina as a stratum 

less than 1 cm in thickness. A stratum is a single layer of homogeneous 

or gradational lithology, separated from adjacent strata by surfaces of 

erosion, non-deposition or abrupt change in character (McKee & Weir 1953). 

Spears (1981) considered that lamination in Coal Measures sediments is 

an important genetic feature and that fissility is secondary, a surface 

manifestation of thelamination. The existence of lamination in shales has 

been attributed to a number of factors. Potter et al. (1980) noted that 
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lamination may be defined by differences of grain size, composition 

and/or fabric arrangement and perfection of orientation by particles. 

Curtis et al. (1980) observed a laminar segregation of silicates 

from organic matter and detrital minerals in a highly fissile "paper 

shale" in the Hepworth sequence, Yorkshire. Spears (1969) described 

alternating lighter and darker bands. in mudrocks due to differences in 

clay structure; darker layers tended to control breakdown because of 

their open fabric and propensity for water uptake and swelling. Spears 

(1976) demonstrated that the sizes of shale flakes was strongly con­

trolled by the thickness of laminations; where these were widely separ­

ated or absent, shale flakes were thick and more equant compared to 

the disc-shaped fragments which were derived from more thinly laminated 

shales. 

The disintegration mechanism for parting parallel to bedding planes 

has been explained by Taylor & Spears (1970) as a capillaryphenomenon 

termed "air breakage". During dry periods, air may occupy pore spaces 

within a rock. On immersion in water, capillary pressures in the outer 

pores pressurise the air and the rock breaks along the weakest planes, 

thereby increasing the surface area exposed to subsequent drying and wet­

ting. Capillary pressures are related to pore radius, therefore small 

pores will suffer greater pressurisation of air. Swelling from water up­

take in layers with flocculated clay fabrics may reduce pore sizes and 

make these laminae more susceptible to air breakage. The above authors 

also pointed out the probability of air-filled cul-de-sacs occurring in 

flocculated fabrics which would enhance the likelihood of high capillary 

pressures. 

In rocks, or layers within rocks, containing a high proportion of 

smectites, clay mineral expansion may be a significant factor in break­

down. Smectites are not necessarily present as a separate phase and 
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frequently occur as a swelling component in mixed-layer clay minerals. 

Work by Badger et al. (1956) on the disintegration of shales in water 

found that clay dispersion was a general cause of rock breakdown and was 

most effective with sodium as the interlayer cation. Although dispersion 

was attributed to dissociation of ions from clay colloids, it is also 

possible that intraparticle swelling may be responsible due to the up­

take of water into the interlayers of smectites, particularly in the 

presence of sodium which has a high hydration energy and therefore 

produces higher swelling pressures. 

Once bedding surfaces are exposed, desiccation causes polygonal 

cracking perpendicular to the bedding. Breakdown in this style is 

controlled by rock isotropy on these surfaces and results from the 

development of negative pore pressures with pore pressure gradients 

emanating radially from discrete centres in the material. The stress 

distribution is ultimately manifested in a hexagonal pattern of fracture 

which, according to Christensen (1970), suits the optimum shape of deform­

ation required for maximum conservation of energy. Taylor & Spears 

(1970) observed that the development of a polygonal fracture pattern 

depended on the degree of interaction with jointing. 

Joint frequency is a function of rock strength with the highest 

frequencies occurring in coals and mudrocks. Attewel1 & Taylor (1976) 

considered that joints preconditioned material for breakdown on exposure 

to a weathering environment. Initially, they will open up in response 

to wetting and drying while their subsequent role is to focus percolating 

solutions, not just at surface levels but often at depths below the 

zone of effective weathering. Percolating waters carry dissolved ions 

and if they become saturated with respect to particular minerals, these 

will be precipitated. Spears & Taylor (1972) noted that ironstaining in 
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joints at depths down to 6.6 m in Coal Measur~rocks was indicative of 

water movement through the rock. 

Physical disintegration is a rapid process. However, the complete 

breakdown of a rock into its constituent particles is relatively slower 

and is rarely seen below surface levels in weathering profiles. Kennard 

et ale (1967) concluded that mechanical effort or chemical decay were 

required to reduce particles below coarse sand/fine gravel size. This is 

not always the case and again, the presence of smectite clays provides an 

example. In many instances, however, the mechanisms by which physical 

disintegration takes place are insufficient on their own to produce 

material of fundamental grain size. Berkovitch et ale (1956) drew 

similar conclusions in their investigations of 'shale breakdown in 

water. It was found that physical abrasion was not enough to produce 

particles smaller than 10 ~m in diameter but clays possessing swelling 

+ properties, particularly in the presence of Na , broke down to sizes less 

than 5 ~m. 

Longer term breakdown involves the removal of cements and non-

detrital minerals such as pyrite, accompanied by the degradation of un-

stable clay minerals such as smectites and illites. These slower 

chemical processes form the secon~mineral decomposition, phase of 

weathering in Bjerrum's (1967) two-fold weathering scheme. They act 

most effectively after physical disintegration has increased the surface 

area of rock available for attack. 

2.6 Chemical weathering in a thermodynamic context 

Powers (1967) stated that "the direction of diagenesis is reversed 

during weathering" which is a fundamental maxim, in the case of shales. 

Krauskopf (1967) subdivided chemical weathering into ionisation, hydra-

tion, carbonation, hydrolYSiS and oxidation processes, commenting that 
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the reactions themselves are basically simple but weathering is complicated 

by the simultaneous operation of several reactions and by the complex 

nature of minerals and mineral mixtures. Curtis (1976a) considers that 

the concept of stability is essential to the comprehension of chemical 

reaction. A precise definition of stability is difficult to achieve but 

in qualitative terms it can be described as the property of resistance to 

change. This implies that a stable state has no spontaneous tendency to 

change with time (Curtis 1976b). 

Several theories have been advanced to explain why some minerals 

are more resistant to breakdown than others. Krauskopf (1967) noticed 

similarities between the Goldich Stability Series and the number of 

silicon-oxygen-silicon bonds in minerals. The series lists minerals in 

descending order of apparent resistance and is the reverse of Bowen's 

crystallisation sequence from a rock melt. With the exception of 

muscovite and plagioclase, as bond number increases so does stability • 

.Keller (1954) calculated bonding energies for some common oxides and the 

energies of formation for common silicate linkages. He found a positive 

correlation between stability and formation energy but agreement with 

the Goldich Series collapsed when other bond types were taken into 

account. Loughnan (1973) considered that mineral structures control the 

access of percolating waters to soluble cations. 

A more modern approach involving chemical thermodynamics was 

proposed by CurtiS (1976a). Thermodynamics deals with stability through 

the analysis of energy changes. All substances possess energy bound in 

their structures so that in a chemical system comprising several differ­

ent substances, the total energy is equal to the sum of its individual 

parts. In any spontaneous chemical reactions there is a net release of 

free energy, denoted 6Gr. The standard free energy change of a reaction 
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o . 
(~G r) is the sum of the free energies of formation of all the reaction 

products in their standard states (1 atm. pressure, 2SoC temperature, 

concentration of solutions 1 molar or 1 molal) minus the sum of the free 

energies of formation of the reactants in their standard states thus 

(products) reactants 

where ~Gof is the standard free energy of formation of a substance, 

-1 usually expressed in Kcal mol • 

If ~Gof of the products is less than the ~Gof of the reactants, 

energy must be liberated and the products are then stable relative to the 

reactants because of their lower potential energy. The maximum stability 

of a system occurs when the potential energy of a particular state is 

zero or at a minimum value. If the calculated energy change of reaction, 

~Gr, is zero, products and reactants are in equilibrium, that is, they 

coexist. If ~Gr is positive, the reverse reaction is spontaneous. 

Almost without exception, free energy changes for realistic natural de-

composition reactions are negative and thus they occur spontaneously in 

the natural environment. It is logical that the greater the magnitude 

of -~Gr, the greater is the tendency for reaction to occur. Curtis 

(1976a) found a fair degree of correlation between ~Gor for particular 

o minerals and their persistence in weathering, for example, ~G r for dis-

-1 solution of albite is -0.75 Kcal g atom which is two orders of magni-

o -1 tude smaller than ~G r = -17.6 Kcal g atom for pyrite oxidation. A 

net energy change associated with chemical reaction is due to the break-

ing of molecular bonds and their reformation in a new, more stable 

configuration under the prevailing temperature, pressure and compositional 

conditions. 
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1 These principles may be applied to any chemical weathering processes. 

Examples are given in Curtis (1976a). This author also notes that the 

standard states of temperature and pressure for expressing formational 

free energies closely approximate to average weathering conditions. 

Solution concentration and gas partial pressures vary in the natural environ-

men t but assumption of the standard states is sufficient to faclli tate com-

parison of different mineral stabilities under particular conditions. 

Although for most chemical reactions the net energy liberated during 

a reaction is a measure of the stability of reactants relative to the de-

composition products, the rate at which they proceed is generally not 

linked to the magnitude of the energy change. Rates and mechanisms of 

reaction are dealt with in the subject of chemical kinetics. Briefly, 

rates are connected with the activation energy of a reaction. This is the 

energy that must be supplied to a system before reaction can begin; a high 

activation energy implies that a given system will change slowly relative 

to one with a low activation energy. Reaction rates also depend on the 

concentration of reactants, that is, the surface area of solids in a mixed 

solid/solution system and the partial pressures of individual gases with-

in a gaseous phase. Furthermore, rates are very sensitive to temperature and 

to the addition of catalysts or inhibitors which alter the reaction mechanism. 

Unlike most traditional explanations for.' the differential 8uscepti-

bility of various minerals in the weathering environment, the thermo-

dynamic approach considers the chemical environment in addition to the 

solid material involved in reaction. The value of this concept lies in 

the ability to predict the potential instability of a particular rock/ 

mineral assemblage. It also allows for different weathering environments. 

IThermodynamic calculations for clay mineral alterations are not straight­
forward, however, since equilibrium end-products of reactions under given 
weathering conditions are difficult to predict. 
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to be compared and contrasted in terms of their reactivity with respect 

to mineral breakdown, simply by writing realistic, balanced equations 

involving both reactants and products and by calculating the free energy 

changes of reactions. 

2.7 Chemical weathering in shales 

Three levels of reaction can be distinguished in the chemical 

weathering of shales: 

(a) Rapid breakdown of minerals which participate in redox reactions, 

for example, pyrite. 

(b) Very slow degradation, for example, quartz dissolution. 

(c) Intermediate reaction times, usually involving clay minerals 

which commonly experience more than one rate of alteration, depending on 

mineral structure. Interlayer cation exchange is immediate but the more 

stable tetrahedral and octahedral sheets change much more slowly. 

Taylor & Cripps (in press) express pyrite oxidation in humid condi-

tions in terms of a series of chemical reactions: 

2FeS2 + 702 + 2H20 ~ 2FeS04 + 2H2S04 

FeS04 + 2H20 ~ Fe(OH)2 + H2S04 

4FeS04 + 02 + 2H2S04 ~ 2Fe2(S04)3 + 2H20 

7Fe2(S04)3 + FeS2 + 8H20 ~ l5FeS04 + 8H2S04 

Penner et a1. (1972) haveestab1ished that reactions 2.1 and 2.3 are 

2.1 

2.2 

2.3 

2.4 

dependent on the activities of autotrophic bacteria. Ferrobacillus and 

Thiobacillus species have been identified as participants in oxidation 

reactions in a number of investigations, e.g. Quigley & Vogan (1970), 

Penner et ale (1966), OIlier (1969). The bacteria require certain condi-

tions for continued activity. An acid environment in the pH range 2 to 

4.5 is necessary and optimum temperatures for reaction are between 300 

and 350 C. Oxygen 1s also essential. SHEFFIELD 
UNIVERSITY 

LIBRARY 
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According to Berard (1970), however, bacteria are not always 

essential for pyrite oxidation since reaction still proceeds under suit-

able redox and temperature conditions. Complete reduction of ferric 

iron to the ferrous form is achieved by reaction 2.4 given by Penner 

et ale (1972), where ferric sulphate formed in 2.3 reacts with remaining 

pyrite to reduce the ferric iron. 

Pyrite breakdown occurs rapidly due to its thermodynamic instability, 

particularly when catalysed by moisture. Experiments reported by 

Kuznetzov et ale (1963) indicate that pyrite oxidation is most rapid for 

fine-grained, amorphous and impure forms but the process is apparently 

retarded by organic matter and cool temperatures. 

The oxidation reaction is exothermic and since the energies 

-1 liberated (-17.68 Kcal g atom ) are of the same order as the oxidation 

-1 
of methane (-20.54 Kcal g atom - Curtis 1976b), spontaneous combustion 

in pyrite-bearing material may occur, particularly in loose colliery 

spoil or in mine dust, as reported by Berard (1970). 

Sulphuric acid production is ubiquitous and according to Krauskopf 

(1967) it is particularly strong due to the concomitant production and 

precipitation of a very insoluble ferric oxide (or hydrated oxide). H+ 

and S04 are thus left in solution and when added to the pre-existing 

H+ concentration of natural waters derived from the equilibration of 

atmospheric CO2 in H20, the potential for aggressive weathering of fresh 

rock is greatly enhanced. 

The production of sulphuric acid clearly results in a dramatic 

change of chemical environment of the shale-porewater system. Again, 

certain minerals will be affected more than others and of concern in 

this respect are carbonates, including siderite and calcite, phosphates 

if present (e.g. apatite) and, most importantly, the clay minerals. 
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The structure and properties of the common clay minerals were 

discussed in section 2.3. During weathering, leaching of interlayer 

cations and attack on the alumino-silicate layers are important processes. 

The transitions between clay types which occur during degradation of the 

structures are summarised by Jackson (1963) in Fig. 2.5. Feigenbaum & 

Shainberg (1975) found that decomposition of montmorillonite clays appears 

to take place through the consecutive action of two mechanisms. Initially, 

H+ in solution is rapidly exchanged with the adsorbed cations to form H+-

clays. Fe, Mg and Al are then released from the octahedral and tetra-

+ hedra1 sheets into the interlayers to transform H -clays into Fe, Mg and 

AI-clays. These cations are then ready to participate in further ex­

change reactions with H+ from solution. The second reaction is slow and 

determines the rate of clay decomposition. In acid environments, Cook & 

Rich (1963) also found that hydrolysis of Al was promoted to form Al-

hydroxy compounds within the interlayer which satisfied the negative 

charge in the clay structures; this corresponds with the "intergrade" 

stage suggested by Jackson (1963). 

Rapid leaching of illite and smectite interlayer cations followed by 

decomposition of their lattice layers tends to bring about degradation 

into iron oxides, AI-hydroxides (gibbsite) and kaolinite (Norrish 1972) 

which, according to Paces (1978), are the thermodynamically stable, or 

metastable, products of a1uminosilicate transformations at low tempera-

tures. Ch10rites are also thought to degrade to these secondary minerals 

through an aluminous inter1ayer "intergrade" phase (Jackson 1963) and are 

especially susceptible when Fe rich (Evans & Adams 1975). Year (1981) 

and Attewel1 & Taylor (1971), however, observed in cores from boreholes, 

that chlorite can in fact increase on weathering. The reason for this 

unexpected behaviour is unclear, although in experiments to equilibrate 
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a soft clay fraction with sewage effluent in the laboratory, Wall et al. 

(1974) produced an increase in chlorite relative to mica; expandable 

clays and vermiculite. This suggests that microbial activity may 

possibly playa part in similar clay mineral alterations under natural 

conditions. 

Apart from clay degradation, free gibbsite can appear as a weather-

3+ ing produc.t where Al is released into solution by rapid leaching. 

Goethite (FeO.OH) and hematite (Fe203) are also formed in weathered 

2+ 3+ shales, partly from the release of Fe or Fe from clays and, more 

importantly, after pyrite oxidation. Chukrov et a1 (1972) observed that these 

minerals form where weathering processes are slow. In situations where 

Fe2+ is oxidised rapidly due to bacterial action and in the presence of 

high iron concentrations, an amorphous iron oxide termed ferrihydrite 

can be precipitated. This compound is unstable at'low temperatures and 

depending on climate and availability of organic matter, spontaneously 

transforms into goethite or hematite (Schwertmann 1971). Chukrov 

encountered ferrihydrite precipitated from waters percolating through 

sulphide ores in mines and although its occurrence is not well documented, 

the observed conditions for its formation are not far removed from those 

associated with pyrite oxidation. 

Leaching of cations from clays alters the composition of porewaters 

resident in the weathered material. Acid attack on other minerals also 

I 
results in soluble cations being released into porewaters. Carbonate 

minerals such as siderite or ferroan dolomite were identified by Vear & 

Curtis (1981) as an important source of Ca, Mg and Fe. Although dia-

genetiC, like pyrite, these minerals degrade at a slower rate because 

they generally occur in a more massive, nodular form. Acid consumption 

of calcite also occurs. 
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Release of certain cations frequently leads to the production of 

secondary minerals, notably gypsum, jarosite and limonite. Taylor & 

Cripps (in press) gave equations 2.6 and 2.7 for the formation of gypsum 

+ and jarosite after calcite dissolution and the release of K from illites 

respectively: 

H2S04 + CaC03 + 2H20 + CaS04 ·2H20 + H20 + CO2 

H(KA13Si308(OH)2) + l2FeS04 + 5H H20 + S02 + 

2.6 

H(KFe3(OH)6 (S04)2 + l2Al(OH)3 + l2Si(OH)4 +4H2S04 2.7 

Taylor & Cripps also reported that various other iron minerals may form 

including coquimbite, hematite and amorphous gels and base exchange 

reactions may give rise to sulphate minerals such as sodium jarosite, 

alunite and a variety of intermediate forms. 

Gypsum precipitates within discontinuities which allow the passage 

of solutions under conditions facilitating evaporation of water. The 

requirements are met in fissures and along bedding planes where shale 

fissility is exploited, particularly in material where dry air can pene-

trate. This includes foundations beneath buildings where air gains 

access to unweathered rock through crushed rock fill or drainage systems 

and central heating ducts (see Penner et al. (1966) and Quigley & Vogan 

(1970». In natural situations, fissures play an important role in the 

presence of air at depth. Surface evaporation also creates conditions 

conducive to gypsum precipitation. Jarosite is generally observed at 

greater depths than gypsum although in theory the two salts may occur 

together (Penner et a1. 1966; Year & CUrtis 1981). 

The heave problems associated with secondary mineral precipitation 

are well-known and arise from the volume increases which accompany the 

transformation of pyrite sulphide into the sulphate ion. Fasiska et a1. 
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(1974) discussed this in terms of packing densities of ions and gave a 

volume increase of about 350% for the oxidation of the closely packed 

hexagonal sheets of the sulphide structure into the tetrahedrally co­

ordinated sulphate structure. Greater expansions are induced on hydra-

tion of these compounds. Volume increases of 115% for pyrite to jarosite 

and 103% for calcite into gypsum are reported by Penner et al. (1966). 

Although the former reaction gives a greater volume increase, Nixon 

(1978) considers that gypsum formation is a more serious factor in shale 

swelling. He also mentions that the formation of calcium sulphate solu­

tions creates the possibility of sulphate attack on concrete in contact 

with shale. Penner et a1. (1966) determined that very small amounts of 

pyrite can support the processes of sulphate formation, particularly in 

the presence of bacteria. Significant alteration was attained after one 

month in a shale containing only 0.1 % pyrite innoculated with Ferrobacillus­

Thiobacillus bacteria. The alteration zones contained jarosite which 

implies that in a very short time, pyrite oxidation and subsequent reac­

tions such as clay mineral leaching and carbonate dissolution had taken 

place. The experiment, which was carried out under high temperatures 

(30oC) in humid but not wet conditions, illustrates the rapidity with 

which significant chemical weathering can occur on exposure of pyritic 

shales to humid, oxidising conditions. 

2.8 The effects of weathering on engineering properties 

Weathering processes have a great influence on the engineering 

properties of mudrocks. The processes involved, namely bond destruction, 

fissure development, water uptake and possibly chemical degradation, 

progressively return indurated rocks to a normally consolidated condition. 
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Table 2.2 presents physical data on a selection of rock types in 

their weathered and unweathered states. Generally, it appears that 

weathering results in higher plasticity and water content and lower shear 

strength. Apted (1977) also reported higher void ratios in weathered 

material. 

Explanations for the reduced strengths, higher plasticity and water 

content values usually concern changes in the microstructure of the 

weathered materials. Herstus (1971) described how weathering of Miocene 

clay apparently produced individual clay aggregates, resulted in their 

mutual separation and formed a structure with large and numerous pores. 

Chandler (1969) observed that in the unweathered state, Keuper Marl is 

composed of silt-size aggregations of clay minerals and that a gradual 

degradation of this structure is responsible for changes in the mechanical 

properties of the soil. In Lias Clay, Chandler (1972) noted that for a 

given water content, relatively weathered soils show higher strengths 

than less weathered material and attributed this to restructuring of the 

originally anisotropic fabric by weathering. He did, however, report 

generally higher water contents and correspondingly lower shear strengths 

in weathered material. In London Clay, Apted (1977) and Russell & 

Parker (1979) described how weathering results in a more randomly 

orientated microstructure as a consequence of bond breaking. These 

changes are manifested as increased plasticity. 

Chandler (1972) pointed out that weathering may not be totally 

responsible for the remoulding of soil fabrics, especially in British 

soils. Clays and clay-shales may be considerably disturbed as a con­

sequence of Pleistocene permafrost processes. Weathering, however, still 

contributes considerably to structural changes 1n s01ls. 

Secondary mineral precipitation was also noted. Apted (1977) 

considered that the volume increase and resultant distortion of material 
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produced by selenite crystallisation in weathered London Clay creates 

significant strains within the clay, particularly as crystal growth, is 

unlikely to be uniformly distributed. Herstus (1971), having observed 

the formation of iron hydroxides in weathered Miocene clays, found that 

this imparts a brittle, metastable structure to the material. Russell & 

Parker (1979) found gypsum and jarosite in weathered Oxford Clay. They 

also noted a close associatianbetween illite degradation and reduction 

in strength on weathering of this material. 

In section 2.5 the tendency for weathering processes to be concentrated 

along discontinuities was discussed. By exploiting discontinuities, 

weathering solutions gain access to fresh intact material. Apted (1977) 

considered that silt horizons in clays are also significant in this con­

text because they are more permeable than the surrounding mass. ' Weather­

ing reactions thus start in joints, fissures, bedding planes and faults 

which become expanded as fresh rock on exposed surfaces is attacked. 

The products of weathering, including physically disintegrated material, 

precipitated minerals, e.g. iron oxides and sulphate salts, and chemically 

degraded minerals accumulate in the discontinuities where they may 

eventually determine the physical behaviour of the whole rock. The 

influence of discontinuities on rock mass strength was reviewed by 

Leussink & MUller-Kirchenbauer (1967) who consider them to represent 

regions of weakness because they possess smaller shear strengths than 

the surrounding rock. Such weak zones are favourable for slide displace­

ments and frequently form pre-determined planes for larger movements. 

Cancelli (1977) measured the shear strength of two samples of a highly 

overconsolidated Pliocene clay. One specimen was sheared along a joint 

and the strength was found to be substantially lower than in the second, 

unjointed sample. X-ray diffraction analysis of the joint surface 
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material showed that its mineralogy was markedly different from that of 

the ambient clay. The proportion of minerals such as quartz, calcite 

and dolomite was reduced by half, illite had a reduced crystallinity, 

vermiculite replaced chlorite and gypsum had been deposited along with 

amorphous minerals. Clearly, such alteration may contribute significantly 

to the development of slip surfaces by providing ready-weakened zones. 

This is supported by the observations of Bjerrum (1967) and Henkel & 

Skempton (1954) that sliding planes tend to be located in the lower part 

of active weathering zones or at the junction between weathered and un­

weathered material. 

Skempton & Petrey (1967) also found that the shear strengths along 

discontinuities in stiff clays were much lower than in intact clay. 

They proposed that initial opening of the joints destroys cohesion. In 

London Clay it was found that even small displacements of about 5 mm 

along joints were sufficient to reduce shear strength to levels which 

might facilitate slip plane development. 

Material weakening and opening of fissures by weathering affects 

the shear strength of a rock or soil mass over a period of time. Brief 

mention should be made of two time-dependent processes affecting soils 

which can be significantly influenced by weathering. These are progres­

sive failure and creep. Haefeli (1965) defined them as follows: 

Creep is a process related to stress changes. It may either im­

prove or lessen the stability of a system. 

Progressive failure involves a gradual concentration of stresses, 

initiated and intensified by the formation of sliding surfaces lead­

ing to local loss of cohesion and reduction in shear strength. It 

may finally lead to catastrophe. 

Bishop (1967) considered weathering to be particularly important in 

progressive failure because of its effect on the strength and permeability 
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of a soil. A reduction in strength gives rise to a non-uniform stress 

distribution and to local failures which vary with time. The zone of 

failure extends progressively along the potential slip surface and a 

state of limiting equilibrium is reached when failure has occurred over 

the whole surface. Major movement takes place when stresses exceed the 

shear strength of the affected mass. 

Weathering accelerates progressive failure indirectly by opening 

discontinuities and creating stress concentrations which may stress 

material locally beyond its limiting strength value (Skempton 1964). In 

Bjerrum's (1967) model of progressive failure, which does not require a 

fissure structure, weathering aids failure surface development by reliev­

ing stored strain energy. This provokes displacements large enough to 

fail material along a slip plane. 

The combined effects of physical and chemical weathering are 

obviously extremely important in an engineering context. In shales, 

where physical disintegration is very rapid and chemical weathering is 

potentially aggressive, engineering properties are almost certainly sub­

ject to considerable modification. 

Even after the first·. phase of physical disintegration has occurred, 

chemical degradation still proceeds to alter the physical properties of 

weathered materials. Chemical activity may even occur at depth before 

significant surface alteration has taken place. Taylor & Spears (1973), 

for example, pointed out that secondary gypsum precipitation as a result 

of pyrite oxidation and reaction of sulphuric acid with available carbon­

ates can be in advance of any near-surface oxidation. 

Alteration of the physical properties of rock or soil masses due to 

the passage of modifying solutions is considered in studies by Early & 

Skempton (1975) and Prior & Graham (1974). Percolation of reducing solu-
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tions along slip planes was thought to account for the blue-grey colour 

of disturbed areas in contrast with the brown-orange ambient weathered 

clay. Apted (1977) pointed out that during weathering the cation compos­

ition of porewaters would increase and possibly influence the geotechnical 

properties of clays while Year & Curtis (1981), in their geochemical 

investigation of groundwaters at a major rotational landslide at Mam Tor, 

Derbyshire, speculated that the contribution of chemical weathering to 

maintaining and accentuating planes of weakness may have been under­

estimated in the past. Indeed, Taylor (1973) concluded that clay mineral 

changes across ancient slip planes may be important in that ionic bond 

strengths could be changing over protracted time intervals. 

Bjerrum (1967) considered that the first, disintegration phase of 

weathering was by far the most significant in terms of mechanical pro­

perties. This should not, however, discount the probability that the 

post-failure or "post-disintegration" behaviour of weathered material 

will be influenced significantly by continued chemical activity, regard­

less of its apparently slower pace. 

In Chapter I, accounts were given of soil heaving in shales due to 

secondary mineral precipitation. The possible influence of weathering 

solution composition on the physical properties of shales was also 

mentioned, particularly with regard to chemical reactions along existing 

slip planes. Acid weathering solutions which are produced initially by 

pyrite oxidation are very potent and are, therefore, likely to be capable 

of altering the physical properties of shales severely. In engineering, 

sustained chemical activity in certain situations, such as within land­

slides, may be just as significant as the initial rapid breakdown 

observed in shale exposures. 



...... _----. . . . . ...., 
• •• 

• 

"-• • • J -,,­. ( . , _ ..... " . 

FIG. 3.1 Location and outcrop of Edale Shale. 

. 

• • 
Kinderscout 

• ·IGri~ 

. 'Shol~ Gri~ 

t.-!am ior 
Beds 

[dole 
I---IShcles 

00\ ~ 

B~e Low 
Limcs~on~s 

--- Fault 

MILLSTONE 
GRIT 
SERIES 
(Namurian) 

I CARBONIFE~OUS LI~~ESTONE 
SERIES 
iDOlnant;an) 

X HOPE VALLEY CD·1ENT WORKS 

2 3 Km , 



CHAPTER III 

EDALE SHALE AND ITS OCCURRENCE 

AT MAM TOR 

52 

The effects of weathering on the engineering properties of shales 

were investigated using Edale Shale. This outcrops in the Peak District, 

Derbyshire, as part of the Namurian of the Central Pennines. The forma­

tion floors the Edale Valley and also outcr9Ps at the major rotational 

landslide at Mam Tor (Fig. 3.1). It is quarried extensively at Hope 

Valley Cement Works (Fig. 3.1). 

Edale Shale provided a useful material for weathering studies both 

in the laboratory and in the field due to its availability in a variety 

of weathered states. A large quantity of recently quarried shale was 

obtained from Hope Valley Cement Works and used in the experimental work 

described in Chapters V and VI. Material from various sites at Mam Tor 

was also taken for comparative studies, particularly the work outlined in 

section 4.5. 

3.1 Stratigraphy and description of Edale Shales 

Edale Shales were described by Collinson & Walker (1967) as deep 

basinal mudstones about 230 m in thickness at the base of the Namurian 

in Derbyshire. They are overlain by the repetitive sandstone/shale 

sequence of the Mam Tor Beds which are described by Allen (1960) as distal 

tubidites. These are exhibited in the backscarp of the landslide at Mam 

Tor (Plate 3.1). The sequence continues with more proximal turbidites, 

the Shale Grits, followed by the delta-slope deposits of the Grindslow 

Shales and finally, delta-top, fluviatile Kinderscout Grit. The association 

of the Edale Shales with a turbidite/delta-slope/delta-top stratigraphy is 

indicative that the sequence represents infilling of a Lower Carboniferous 



Edale Shale Tor Beds 

PLATE 3.1 Back scarp and retrogressive scarps of Mam Tor. 
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cratonic basin, namely the central Pennine Basin, first by mudrocks and 

then by a southward advancing' deltaic complex (Allen, 1960). A basin 

origin for the shales is supported by the proximity of limestones (Fig. 

3.1) which accumulated on the Derbyshire Massif. The basin is now part 

of the Pennine Anticline with Edale Shale at the core (Ramsbottom 

et al., 1967). 

The shales are black or dark-grey, finely bedded mudrocks which develop 

fissility in surface exposures. In the mudrock classification of Stow (1981) 

they are typical shales. Occasional bands of nodules, considered by 

Professor C.D. Curtis to be of ferroan dolomite, occur within the sequence. 

A borehole was drilled in November (1981) by the University of 

Sheffield to obtain information about Edale Shales at depth within the 

landslide. Fig. 3.2 gives a description of the core extracted from 

successive depths to 27.7 m. Drilling procedures are also included in 

the log. Fresh rock was encountered at a depth of 26 m and become 

progressively more weathered towards the surface. At this depth, a 

o 
change in bedding dip from 5 J commensurate with the regional dip, to 

30-450 was recorded suggesting that the slip surface is located here. 

Fresh shale thus occurs below the slip zone at Mam Tor. 

In hand specimen, the fresh shale can be described as uniformly 

fine-grained, finely laminated black mudrock. It parts readily along 

laminae and vertical jOints when exposed to the warm, dry conditions 

experienced in the laboratory. A white mineral can be seen deposited 

along some horizontal laminae and in vertical joints. This was observed 

under the microscope as clear to brown, tabular hexagonal crystals 

accompanied by a black flaky mineral which was identified as hematite. 

A brown mineral with a translucent appearance was also noticed on the 

edges of the cry~tal assemblages and this was thought to be limonite. 

X-ray diffraction analysis suggested that the white crystals were probably 
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alunite (Fig. 3.3a). The appearance of secondary minerals in relatively 

fresh material is indicative that salt saturated solutions pass through 

the preferential flow paths offered by joints and laminae. Very fine 

pyrite is also present in unweathered shale. 

Plate 3.2 shows a slide of unweathered material in which repeated 

light and dark layers are discernible. The lighterareas appear to be 

characterised by low quar~z contents, fine clay and disseminated opaque 

material which is probably organic matter. The darker layers contain 

greater amounts of opaque material, coarser quartz crystals and fine 

clay. Colour differences between the layers may be related to the greater 

preferred orientation which appears to be exhibited by the clay minerals and 

organic matter in darker layers. Similar layer definition was observed by 

Spears (1969) in the Mansfield Marine Band. 

Immediately above the fresh material the shale is fragmented, rounded 

and oxidised (Fig. 3.2). This was interpreted to be the disturbed zone along 

which movements of the landslide are concentrated. The presence of iron 

oxides on fragments and along partings within fragments testifies that wea­

thering solutions pass through this zone and may attack the fresh shale below. 

The material becomes more fragmented above the slip zone and fracture 

surfaces are stained an orange colour. Fracture frequency increases from 

zero at around 26 m to numerous small partings at surface levels. No 

systematiC change in their orientation was recorded. At about 20.9 m, 

coarser-grained silt and sandstone fragments indicate the lowest levels 

of the Mam Tor Beds. The interbedded shales became increasingly difficult 

to recover in the core and at depths down to 3.8 m they tended to disintegrate 

completely during drilling, only returning to the surface as clay coatings 

around more ;competent silt and sandstone core. 

X-ray diffraction analyses of shales at depths of 27.7 m, 26 m, 

23.4 m and at the surface at Mam Tor show that pyrite becomes increasingly 
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3.36 X-ray diffraction trace of Edale Shale from a depth of 
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Clay Om 23.4 m 25 m 27.7 m Quarry 

Kaolinite 16 21 9 17 23 

1111 te 22 21 24 23 21 

Expanding 
56 52 63 57 50 minerals 

Chlorite 6 6 3 3 6 

TABLE 3.1 Relative proportions of clay minerals 
in Edale Shale from different depths 
within the Mam Tor borehole. Material 
from Hope Valley Cement Works is included. 
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important with depth, particularly below the slip plane in fresh shale 

(Fig. 3.3b). Hematite was identified in surface specimens and at 26 m, 

in the region of the slip zone. Gypsum is abundant in surface samples 

but is not present in other samples at depth. Quartz and feldspars occur 

in all samples with quartz as the major component. 

A semi-quantitative analysis of the clay minerals (Fig. 3.3c) USing 

the method of Weir et al. (1975) gave the relative proportions shown in 

Table 3.1. The figures given are not precise due to the difficulties 

inherent in quantitative X-ray diffraction work, thus it is only possible 

to infer trends from the data rather than determine precise variations in 

clay minerals with depth. In fact, no certain trends are identifiable, 

although it appears that chlorite increases towards the surface with a 

general reduction in expandable minerals. It is likely that a concomitant 

increase in kaolinite would also occur as recorded in weathering studies 

elsewhere, for example by Spears & Taylor (1972), Taylor (1973) and 

Loughnan (1969). 

Also included in Table 3.1 are the relative proportions of the clay 

minerals in Edale Shale obtained from the quarry at Hope Valley Cement 

Works. From the higher kaolinite and lower expandable clay content of 

this sample compared with that at Mam Tor, the quarry shale appears to 

have experienced weathering perhaps to an even greater degree than the 

surface material at Mam Tor. Contrary to the latter, however, shales 

from the quarry contain pyrite which is surprising, although the absence 

of oxidising bacteria may hinder breakdown. This was also the opinion of 

Vear (1981). The presence of diagenetic pyrite is therefore not a 

reliable indicator of the weathering grade of the shale. Gypsum and iron 

oxides are abundant but again, since their source is uncertain owing to 

storage of the shale in wet, oxidising conditions, the presence of these 

minerals does not testify that they have been deeply weathered in situ. 



FIG. 3.3b X-ray diffraction traces. of Edale Shale taken from the 
Mam Tor borehole at depths of 0,23.5,26.0 and 27.7 m 
(whole-sample traces).' 

K - kaolinite; F - feldspar; G - gypsum; Al - alunite; P - pyrite; 
Q - quartz 
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3.3c X-ray diffraction traces of Edale Shale from depths of 
0, 23.5, 26.0 and 27.7 m in" the Mam Tor borehole showing 
major peaks for clay minerals in < 2 ~m-size material. 

K - kaolinite; I/S - illite/smectite mixed layer clays; ChI - chlorite 



III -... 

e 
s: 
Q. 
CII 

0 

c-. 
r.:.. 
N 

.c 
u 

~ '---------------

0 
Ib 
N 

III 
M 
N 

o 
6 o 

01 
o 
N 
N 

0« 

001 
<")c 
r:- ·u 
;:!O 

Q, 
III 
I 

"g 

Ill' 
~ 
CIO 
to 



56 

3.2 Engineering properties of Edale Shale 

The properties investigated in this section were residual shear 

strength expressed as the apparent residual angle of friction (~ra') and 

plasticity. The reasons for choosing~' these particular properties are 

discussed in Chapter 1. The concept of residual shear strength is dis-

cussed in Appendix B.l.and the techniques used to determine these pro-

perties are described in section 6.5 and Appendix A.2 respectively. 

Measurements were made on Edale Shale from the Hope Valley Cement Works 

and from surface exposures at Mam Tor. 

The results are shown in Table 3.2. The values for ~ 'were obtained 
ra 

-2 
under'.a normal stress of 294 kN m which is estimated to be the normal 

force experienced by Edale Shale at a depth of 22.5 m within the land-

slide. The results show that weathered shale at Mam Tor has a higher 

~ than the less weathered material from the Hope Valley Cement Works. 
"'ra' 

This is interpreted to reflect a higher quartz contentin the weathered 

material. Spears & Taylor (1972) noted that quartz tends to concentrate 

during weathering due to preferential removal of fine material. In later 

studies in this project (Section 4.5), shale from Mam Tor was found to 

have a higher silica content than the Cement Works material, which indi-

cates that it probably contains larger amounts of quartz. 

~ 'for the shale aggregate did not appear to be very sensitive to 
"'ra 

a tenfold reduction in the strain rate nor was it affected by the initial 

grain size distribution of the shale. 

In more detailed studies of the engineering behaviour of Edale Shales, 

T.H. AI-Dabbagh (pers.comm.) concluded that the shear strength and plas-

ticity properties of this material are variable over the area of its out-

crop. This is probably attributable in part to differences in the degree 
• 

of weathering at different locations. Other causes of variation in 

shear strength may include differences in particle size distribution 

and mineralogy. He also investigated the residual shear strength and 

, . 



Sample CPra 
,0 LL% PL% PI% 

Relatively 
unweathered 
Edale Shale 
(Hope Valley 
Cement Works) 21.5 28 14 14 
<2 mm, strain 
rate 0.48 deg. 
per min. 

As above 
< 850 lJm 

22.50 28 15 13 

As above 22.0 37 20 17 
< 425 lJm 

As above 
< 425 }.1m, 
strain. rate-: 21. 7 - - -
0.048 deg. per 
min. 

Weathered 
Eda1e Shale 
from Mam Tor 24 39 23 16 
< 425 lJm, 24 38 23 15 
strain rate 
0.48 deg. 
per min. 

Normal stress 294 kN/m2 

Material properties: 

c' assumed to be zero 
r 

Initial bulk density of shale aggregate 
Initial dry density of shale aggregate 
Intial void ratio = 0.87 

Ini tial Final 
Moisture Moisture 
Content Content 

% % 

27 -

18 25 

11 20 

11 20 

31 -

= -3 1.94 Mg m_3 
= 1.43 Mg m 

Initial porosity = 0.46 

Final bulk density (after consolidation in ring shear apparatus) = 2.75Mg m~3 
Final dry density = 1.87 Mg m-3 
Final void ratio = 0.43 
Final porosity = 0.30 

Table 3.2 Residual shear strength and plasticity of Edale 
Shale aggregate in different weathering states, 
size fractions and rates of strain 
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plasticity of fresh shale from a depth of 27.7 m in the Mam Tor 

borehole. Lower strengths and higher plasticity values were recorded 

relative to surface material. This is probably a function of the lower 

quartz contents with respect to clay minerals at depth compared with 

those in weathered surface shale. 

3.3 The landslide at Mam Tor 

This project is mainly concerned with the properties of materials and 

how they are affected by weathering. Studies of geomorphological interest 

at Mam Tor are the topicofa separate investigation (X.H. AI-Dabbagh, personal 

communication).However, the occurrence of Edale Shale at this major land-

slide (Fig. 1.6) provided an ideal opportunity to consider the findings of 

laboratory studies in the context of slope stability. Furthermore, a 

comprehensive study of the weathering system at Mam Tor has been carried 

out by Vear (1981). Information derived from his studies contributes to 

the interpretations given in this project of continued instability of the 

landslide. 

Fig. 3.4 shows the geomorphological features of importance at Mam Tor 

and a cross-section through the landslide is illustrated in Fig. 3.5. The 

landslide has a rotational main unit about 400 m long by 300 m wide and 

a translational toe 400 m in length. In terms of Skempton & Hutchinson's 

(1969) classification, the slide 1s a complex rotational slump with a 

trans~ional toe. The exact geometry of the rotational slip surface 1s 

not certain but it is concave in form and from the borehole in the main 

unit, the maximum depth of the disturbed zone is approximately 26 m 

(Fig. 3.5). From borehole data (Fig. 3.2), the Mam Tor Beds have been 

o 0 backtilted from a regional dip of 5 to values of 45 in the affected area. 

The back scarp, shown in Plate 3.1 is about 108 m high and 1s cut 

on its southern flank by a fault (Fig. 3.4) which brings the Edale Shales 

into juxtaposition with the Mam Tor Beds. Instability of the shales is 
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evinced by the occurrence of a number of retrogressive scarps within 

these beds on the southern side of the landslide. Similar retrogressive 

activity is not apparent in the Mam Tor Beds in the main scarp. Instead, 

scarp retreat here is mainly achieved by disintegration of the interbedded 

shales. Large sandstone blocks are left unsupported which results in 

rock falls. The top of the main unit is partially covered with scree 

material at the base of the scarp. 

The central area of the main unit has a hummocky appearance due to 

the compression of material affected by rotational slumping (Plate 3.3). 

The lower part of the main unit, however, shows uplift features (Plate 

3.4). The centre of rotation of the slumped unit is, therefore, judged 

to be located between the two roads (Fig. 3.5). 

The material forming the translational toe is derived from the 

rotational unit and is very unsorted. A piezometer installed in this 

area shows that the groundwater level is frequently at the surface,hence 

the soil mass remains saturated for most of the year. The mode of move­

ment of the toe is debatable and, following the descriptions of Skempton 

& Hutchinson (1969), this feature has been variously termed earthflow or 

mudflow during field discussions (Plate 3.5). 

Instability of the landslide appears to be intermittent. Frequent 

small movements occurring during wet seasons are interspersed every few 

years by major failure events. Little data are available on the scale of 

movements. A surveying project was set up using theodolite and electronic 

distance measuring equipment (EDM) to measure rates of displacement of 

various points on the landslide over the three-year period of this research. 

The survey was initiated with a vi~wto estimating the scales of move-

ment of major or minor failures which might occur during the time of the 

survey. It was also intended to ascertain which parts of the slide were 



Compressed ground Up! iTt 

PLATE 3.3 Area of compression on the main un! t of Mam Tor. 

PLATE 3.4 Lifting of the foot of the rotational main unit, Mam Tor. 
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PLATE 3.5 Toe region of Mam Tor. 
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mOst active in order to obtain some evidence for explaining instability 

Of the whole slide. Unfortunately, no obvious discrete failure events 

Were recorded. There did appear to be a slow, steady creep, however, 

With the toe region giving the fastest rates of horizontal movements of 

about 0.2 m per year. The pattern of instability suggests that the factor 

of safety is permanently close to unity so that a small reduction could 

initiate movement. Increases in groundwater level may trigger small, 

frequent movements but a less frequently occurring condition is required 

to explain the relatively occasional major movements. 

3.4 Weathering processes at Mam Tor 

3.4.1 Physical weathering 

At Mam Tor, rapid degradation in exposures of Edale Shale is very 

eVident on the retrogressive scarp fac~s of the landslip. One of these 

scarps is shown in Plate 4.1. At the top of the slope, shales are 

eXpOsed in a steep free face. Here, they are thinly bedded wi th a shallow 

dip of 50 to the northwest and exposure to the weathering environment has 

ObViOUsly resulted in preferential parting parallel to bedding planes, as 

Seen in Plate 3.6. The whole face is stained yellow and orange through 

the deposition of goethite and limonite, with gypsum crystals deposited 

along some of the partings. Joints cut the rock vertically at approximately 

30 em intervals and are filled with iron oxides and abundant gypsum 

crystals. Iron-staining is present to depths of 23 m as shown in the bore­

hOle but gypsum is only present in large amounts in surface exposures, 

probably because evaporative concentration of waters is required for 

precipitation. A scree slope occurs below the top face. At the highest 

. part of the scree, individual shale pieces are about 2-3 em in diameter 

and 1 mm thick. Plate 3.7 shows that the pieces are polygonal in shape 



PLATE 3.6 Parting along jOints and bedding planes at the top of the 

retrogressive s carp, 



PLATE 3.7 Newly weathered shale at the top of the scarp. 



60 

With a tendency to flake along bedding planes and contract into smaller 

Pieces on bedding surfaces. They are frequently coated in goethite and 

limonite. Mid-slope, the aggregate size is about 5 mm in diameter and 

0.5 mm thick. The particles are still polygonal in shape but show lesser 

tendency to part along bedding planes. At the scree bottom, the soil is 

very wet due tO,runoff accumulation and seepage, probably from the nearby 

fault crush (Plate 3.8). Here, individual particles are hardly discern-

1 ible and where identifiable, measure only about 4 mm in diameter with 

little staining except on coarser pieces (Plate 3.9). The soil has a 

Clayey consistency. At higher!evels on the slope, similar clayey material 

also occurs just a few centimetres beneath the coarser surface detritus. 

Rock disintegration on the scarp disrupts the rock structure in a 

style very similar to physical breakdown observed in other shales and mud-

rocks, e.g. Kennard et al. (1970), Taylor & Spears (1970). Commonly 

noted modes of breakdown include parting along bedding planes, polygonal 

Contraction on bedding surfaces and by joint expanSion. The tendency for 

this material to part preferentially along bedding planes and to develop 

fissility may be attributed to the finely laminated structure described 

in section 3.2. 

3.4.2 The effect of salt precipitation on the diSintegration of SOme rock 

types 

The effect of gypsum precipitation in joints and along bedding planes 

is uncertain. Continued filling of the discontinuities in this manner 

may accelerate rock breakdown by prising the material apart. Weathering 

by salt crystallisation is common in coastal and arid environments and 

the causes and effects of this process are well documented, for example 

COOke (1979), Cooke & Smalley (1968), Wellman & Wilson (1965). The 

effectiveness of salt weathering is dependent on rock properties, salt 



PLATE 3.8 Fault crush seepage at bottom of scarp. 

PLATE 3.9 Finely broken down shale at the bottom of the scarp. 
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properties and environmental conditions. According to Cooke (1979), 

rapid disintegration in affected rocks is observed when crystal growth 

pressures in the porespaces have to be relieved by adjustment of the rock 

structure which results in weakening of the whole rock fabric. 

A small experiment was carried out to investigate the effects of 

crystal growth on the disintegration of certain rocks (Lammerton 1982) • 

A sample of a sandstone, silty mudstone, shale and mUdstone were immersed 

in a solution of 14% sodium sulphate (Na2S04) for 1 hour. The samples 

o 0 were then dried at 60 C for 4 hours and at 30 C for 19 hours. The percent-

age of each sample remaining at the end of every cycle was determined by 

weighing, selecting only those particles with a mass greater than 19. 

The results are shown in Fig. 3.6. Statistical analysis of the results 

showed that the precipitation of salts in the samples did not increase 

the rate of disintegration significantly when compared with the same rock 

types immersed in distilled water and subjected to the same drying 

procedure. In the mudstone, salt preCipitation appears to reduce the 

rate of breakdown and in the sandstone, a gain in weight was recorded. 

These observations suggest that for some rock types, the presence of salt 

may actually hinder rather than help breakdown by acting as a cement for 

material on either side of a joint or bedding plane. 

A similar observation was made by Cooke (1979) who noted that 

weathered fragments could adhere to the main rock particle through the 

cementing action of crystalline salts. He also found that in rocks 

showing an overall weight gain due to salt crystallisation, weight loss 

was detected after they had been leached. 

'The influence of gypsum precipitation in the shales at Mam Tor may 

therefore be twofold; discontinuities may be prised apart yet dis-

integration of the affected rock is possibly retarded if the developing 

crystals hold rock fragments together. 
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Physical weathering clearly reduces intact shale to a fine aggregate. 

Spears & Taylor (1972) considered that this type of disintegration is 

daninant over chemical processes in the degradation of shales. Chemical 

weathering proceeds on much longer timesca1es relative to physical break­

down. Furthermore, chemical reactions are often effective only after 

physical processes have reduced material to a fine aggregate, thereby 

creating a large surface area available for reaction. 

There is little doubt, however, that chemical weathering may have a 

significant effect on the properties of some rocks. The precipitation of 

secondary minerals in shales beneath buildings as documented by Penner 

et ale (1966), Quigley & Vogan (1970) and Grattan-Bellew & Eden (1975) 

attest to the importance of this chemical process under suitable condi­

tions. 

3.4.3 Chemical weathering at Mam Tor 

The nature and extent of chemical reactions at Mam Tor were investi­

gated in detail by Year (1981). The temperature, pH and conductivity of 

a number of seepages around the landslide area were measured at weekly 

intervals over a period of about 2 months. Water samples collected from 

selected seepages were analysed by atomic absorption spectrophotometry to 

determine the concentrations of Ca, Mg, Na, K and AI. Cl-, HC0
3
-, S04-­

and total iron concentrations were also measured. 

The samples possessed similar chemical compositions although their 

levels of dilution varied due to mixing with surface runoff. One sample, 

taken from a fault crush seepage (Fig. 3.3; site 7) showed very little 

response to surface temperature or rainfall fluctuation which suggests a 

relatively lengthy residence at depth. Analyses of these waters provided 

evidence for chemical reactions in the shale at depth since they were 

least diluted by surface runoff. 
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Fig. 3.7 shows the reactions which Year & Curtis (1981) postulated 

to account for the composition of the waters emerging at the fault crush 

seepage. The composition of these waters is given on the bottom line of 

the diagram. Assuming that no gypsum is precipitated within the fault 

zone, 1.4996 g of pyrite must be oxidised by each litre of water, probably 

aided by bacterial activity, in order to produce the quantity of sulphate 

shown. This reaction would also release 0.0125 g of H+ into solution 

and 0.6981 g of iron, yet only 0.1117g Fe3+ emerges in the surface seep-

age; the remainder must, therefore, be deposited at depth, probably as 

hydrated ferric oxide. This would acidify the system considerably by the 

addition of another 0.0318 g H+. + Of the total 0.0443 g H generated, 

+ + only 0.0004 g H appears in the seepage. 99% of the available H must, 

therefore, be consumed in mineral reactions as suggested by the large 

concentrations of other cations. Ca and Mg are probably explained by the 

dissolution of carbonates, Al by clay decomposition and K by degradation 

of illite to kaolinite. + The relative importance of these H consuming 

reactions were attributed as follows: 

Carbonate dissolution 77% 

Silicate decomposition 22% 

Potassium release < 1% 

Clearly, the scale of chemical alteration is very great. The extreme 

reactivity of sulphide minerals has been acknowledged for a long time, 

particularly in the context of acid mine drainage but the results of Year 

• CUrtis (1981) indicate that other reactions consequent upon the genera-

tion of sulphuric acid after pyrite oxidation take place at strictly 

comparable rates. More than 99% of the acid produced at depth is consumed 

in mineral transformations before reaching the surface. Since meteoric 

water is likely to be focussed along fracture zones with the slide it 

follows that sulphide oxidation and dissolution, together with silicate 



FIG. 3.7 Weathering processes at Mam Tor (fro. Vear • Curtis 1981). 
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and carbonate decomposition, will also be concentrated within dis­

continuities. 

Vear (1981) showed that for each litre of water emanating from the 

fault crush seepage, 0.7 ml of void space could be created in the shale 

by mineral dissolution reactions, assuming that no gypsum or jarosite 

precipitation occurs within the system. If secondary mineral preCipita­

tion is considered, there is an increase in volume within the overall 

system. Furthermore, the volume increases are unlikely to occur uniformly. 

With respect to slope stability, the differential strains set up by 

localised volume increases possibly accelerate a reduction in the factor 

of safety and may aid progressive failure. 

3.5 Summary 

Edale Shale is a Carboniferous shale which outcrops in an area close 

to Sheffield. It exists in a variety of weathering states over the area 

of its outcrop and this is reflected in the range of values obtained for 

residual shear strength in different samples. 

The availability of recently quarried Edale Shale in large quantities 

from Hope Valley Cement Works facilitated its use in the experimental 

work on changes in the physical properties of shales during weathering. 

Whilst this research is not directly concerned with slope stability 

problems, the occurrence of Edale Shale within an active major landslide 

at Mam Tor provided an ideal opportunity to observe the process of shale 

weathering in a natural situation and to consider the results of 

laboratory stUdies in the context of slope stability. 

Mam Tor is also a location where the chemical weathering system can 

be monitored. It is thus an important source of chemical data for compar­

ing the conclusions of laboratory tests with natural processes. 
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CHAPTER IV 

THE GRAIN SIZE PROBLEM 

4.1 Def1n1 tion 

The grain size or particle size distribution of a rock or soil 

influences its residual shear strength (<jl t) and plastici ty propertiesr~ 
r 

Since changes in particle size by weathering are frequently reported, 

for example by Cooke & Doornkamp (1974, p.272), Prior and Graham (1974) 

and Shamburger et a1. (1975), <jlr' and plasticity are also likely to 

alter in response to a reduction or increase in particle size. 

Uncertainty arises, however, over the meanings of the term grain 

size, particle size and clay fractton. As wi th the term shale, geolo-

gists and engineers frequently differ in their interpretation of these 

expressions; geological classifications of detrital sediments and 

sedimentary rocks are constructed on the basis of differences in grain 

size distribution of the constituent fundamental particles (Table 1.1) 

but in soil mechanics, grain size usually applies to the dimensions of 

aggregates. In engineering, the terms silt-size and clay-size thus have 

dual meanings and may refer to aggregates, as well as individual 

particles, which measure < 63 ~m and < 2 ~m in diameter respectively 

(~cott 1978). This explains why engineers frequently report increased 

clay-contents with weathering since the breakdown of clay aggregates 

into individual particles produces a larger proportion of material 

< 21.1m in size. 

A clear distinction is required between the grain size distribution 

of constituent particles and the sizes of aggregations in a soil. Here, 

the former is termed fundamental particle (or grain) size distribution 

and the second, aggregate size. 
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Three problems need clarification: (i) How are these properties 

each measured?; (ii) Which property exerts the greatest influence on the 

engineering behaviour of weathered material?; (iii) Is fundamental grain 

size ever approached during weathering? 

4.2 Measurement of fundamental particle size distribution 

The standard method for particle size analyses is carried out by 

sedimentation after pre-treatments to remove organic matter and cements 

(B.S. 1377, 1975). Currently recommended methods of analysis, such as 

the pipette or hydrometer methods are, however, generally recognised as 

unsatisfactory, particularly for determination of the < 2 ~m fraction. 

This is primarily due to the difficulties encountered in sample dis­

aggregation. The failing is perhaps most problematic in indurated mud­

rocks which contain large quantities of strongly aggregated, fine 

material that has been subjected to deep burial and diagenesis. 

Pettijohn (1975) points out the serious limitations of applying sediment­

ation to ancient shales for this reason. 

Sedimentation techniques assume that all particles in suspension 

are spherical and obey Stokes Law. Large discrepancies, however, have 

been shown to exist between the percentages of material less than 2 ~m 

determined by sedimentation and values obtained using other methods. 

Dumbleton (1967) found that the total clay contents of Keuper Marl 

measured by mineralogical analyses ranged between 50-90% in contrast to 

15-35% obtained using a British Standard sedimentation test. Martin & 

Lambe (1956) found an extreme discrepancy in a montmorillonitic soil 

which had 85% clay by mineralogical composition but only 2% by weight 

of particles finer than 2 ~m. Such differences are caused by cement­

ation and flocculation. The majority of well-lithified rocks appear to 

contain aggregates of fine material which are larger than 2 ~m which 
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leads to the recording of anomalously low fines contents and high silt 

contents. Although pre-treatments are recommended in, for example, the 

B.S. 1377 (1975) test, to remove or counteract the effects of aggregation, 

they do not always bring about complete dispersion of the rock components 

and may also destroy or modify the original size distribution. The former 

problem was illustrated by Sherwood (1967) during attempts to obtain a 

particle size analysis for Keuper Marls. He obtained low fines contents 

« 2 ~m) even after pre-treatments and mechanical working. Resistant 

aggregation was attributed to a silica cement. Other cements commonly en-

countered in sediments include carbonates, iron oxides and organic matter. 

In view of the difficulties of attempting direct measurements of fine material 

in rocks, it may be more useful to obtain- an indirect estimate using an 

appropriate parameter which varies in direct response to changes in the 

fines content. 

Chemical composition is one factor which is related to rock mineralogy 

and may therefore provide a good indication of the fundamental grain size 

distribution of a rock in terms of the proportions of material measuring 

1 less than 2 ~m, assuming that this fraction is predominantly clay. The 

latter condition permits use of Si and Al measurements to indicate varia-

tions in the quantity of < 2 ~m material present since these elements are 

fundamental in clay structures. 

Other work using chemical paramters has also attempted to determine 

relationships between composition and~ grain size distribution. Spears 

(1964) stated that: "quartz content would appearto be an expression of 

the sediments grain size" and useda free silica/combined silica ratio 

to indicate proportions of quartz to clay minerals. Pettijohn (1975) 

found that the Si02/A1203 ratio changed as grain size varied since Si02 

values fell when the quartz content decreased and A1203 values rose with 

a concomitant increase in clay content. Other ratios have also been 

lNot all clays are < 2 ~m in size. Chlorite and kaolinite particles 
may be up to 10 ~m in diameter 
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used. Spears, Taylor & Till (1971) found that total clay abundance in 

colliery spoil could be indicated by variations in K
2
0 and A1

2
0a 

while 

Spears & Kanaris-Sotiriou (1976) described a continuous variation of 

4.3 Relationship between chemical composition and grain size distribution 

in unconsolidated sediments 

In unconsolidated sediments the amount of material < 2 ~m in size 

(% < 2 ~m) can be truthfully measured by physical techniques. This hypo-

thesis formed the basis of an investigation which aimed to establish a 

relationship between grain size distribution and chemical composition. 

It was tested by taking ten unconsolidated sediments whose grain size 

had been measured and determining their major element compositions by 

X-ray fluorescence (XRF). The chemical data was then related to the 

% < 2 ~m fraction for each sample. 

The samples were selected from a batch of over 200 sediments 

derived from the Humber Estuary. Grain size distributions of the whole 

batch had been previously determined by withdrawal analysis (Humphries, 

pers. comm.) after pre-treatments to remove iron oxides, carbonates and 

organic matter and subsequent dispersion in 3% calgon. The selected 

samples gave a range of percentages for the < 2 ~m fractions from 0% to 

about 38%; sample numbers and their respective < 2 ~m percentages are 

shown in Table 4.1. 

The sediments had been stored in saline water in plastic bottles 

for a number of years. A representative sample of material was extracted 

o from each bottle using a syringe and dried at 110 C on an evaporating 

dish. Each sample was ground in an agate mortar, homogenised by split-

ting and quartering and then divided into six equal parts USing a sample 

splitter. TWo parts were tema-crushed for one minute to obtain a fine 

powder and stored in glass screw-top jars. 



Run 1 

Pre-leaching 

Run 2 

post-leaching 

Sample 
no. 

56 

143 

170 

142 

117 

200 

210 

245 

157 

138 

56 

143 

170 

142 

117 

200 

210 

245 

157 

138 

% < 2 lJm 

0 

2.57 

2.60 

5.65 

10.07 

15.39 

16.38 

22.71 

33.49 

37.44 

0 

2.57 

2.60 

5.65 

10.07 

15.39 

16.38 

22.71 

33.49 

37.44 

Na20 % Total % 

1.11 99.58 

0.89 99.87 

1.41 99.07 

1.39 100.04 

2.23 100.45 

3.38 97.07 

2.18 98.95 

2.63 97.41 

4.37 94.77 

6.06 90.83 

0.60 99.87 

0.45 100.40 

0.47 100.65 

0.58 100.78 

0.83 100.25 

0.97 100.55 

1.05 99.83 

0.94 100.00 

1.16 99.37 

0.85 99.21 

TABLE 4.1 < 2 lim, Na20 and analysis total percentages 
for pre- and post-leaching runs. 
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4.3.1 Chemical analyses 

Samples were prepared for elemental analysis by XRF as outlined in 

Appendix A5. For the first batch of analyses, several sets of results 

fell widely outside the acceptable limits of 99.50% to 100.49% for compos-

ition totals. The errors appeared to be related to sodium content with 

high sodium percentages giving low totals. Alkali chlorides are a 

recognised source of ignition loss (Norrish & Hutton 1969) and since 

these samples were derived from an estuarine environment, excessive 

losses would appear to be explained by the volatilisation of sodium 

chloride. To reduce this possible source of error, the samples were 

leached twice with distilled water on Whatman 542 hardened ashless 

o filter papers before oven drying at 105 C. The dried sediments were 

removed from the filter papers as a cake, repowdered and stored in glass 

jars. As some sediment remained on the filter papers they were ashed 

at 4500 C for four days. Since after this time no significant weight 

loss was recorded it was assumed that the filter papers had decomposed. 

The sediments which remained after ashing were remixed with the powdered 

portions of the samples and each one was homogenised on a turbular 

apparatus for ten minutes. The homogenised sediments were then desic­

cated overnight and a second set,of discs prepared for analysis. Igni-

tion losses were greatly improved after washing and sodium percentages 

were also reduced significantly suggesting that a sodium salt had 

contributed to the errors in the first batch of analyses. A comparison 

between the totals and sodium percentages for both runs is shown in 

Table 4.1 and the major element analyses for the post-washing run are 

presented in Table 4.2. 



Sample 
Si0

2 
A1

2
0

3 Fe 203 K20 CaO MgO Na
2
0 Ti0

2 
MnO P20 5 S 

Loss on 
Total 

no. ignition 

56 83.38 3.17 1.96 0.98 3.75 0.70 0.60 0.23 0.03 0.09 0.03 4.96 99.87 

143 79.77 4.04 3.19 0.92 4.11 0.93 0.45 0.27 0.10 0.15 0.04 6.43 100.40 

170 78.60 4.51 3.40 1.01 3.53 1.05 0.47 0.42 0.05 0.09 0.26 7.24 100.65 

142 78.05 4.95 3.89 1.10 . 3.79 1.14 0.58 0.43 0.07 0.18 0.07 6.43 100.75 

117 64.54 9.68 5.10 1.81 4.93 1.81 0.83 0.73 0.11 0.29 0.24 10.19 100.25 

200 64.59 9.84 5.08 1.89 4.55 1.90 0.97 0.77 0.11 0.25 0.13 10.46 100.55 

210 59.58 11.06 6.02 2.11 5.20 2.16 1.05 0.90 0.15 0.33 0.17 10.99 99.83 

245 52.63 13.72 6.62 2.34 6.63 2.63 0.94 0.95 0.13 0.25 0.29 12.57 100.00 

157 47.76 15.2D 8.38 2.47 5.25 2.85 1.16 1.18 0.19 0.48 0.38 14.07 99.87 

I 138 51.08 13.94 6.31 2.26 0.60 1.72 0.85 0.87 0.03 0.18 1.00 20.37 99.21 
----- _._.- ~ __ J 

TABLE 4.2 Humber sediments - chemical analyses using XRF 
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4.3.2 Mineralogical analyses 

Two types of analyses were carried out: (i) by X-ray diffraction to 

obtain qualitative information on the minerals present; and (ii) the 

pyrosu1phate fusion method of Trostel & Wynne (1940) to determine the 

amount of silica present as quartz. 

o 0 The diffraction traces were run from 4 to 44 26 at a scan rate of 

o 1 per minute. The results are shown in Fig. 4.1. Empirical appraisal 

of the traces indicates that the proportion of clay increases relative 

to quartz from sample 56 to sample 138 confirming the trend shown by the 

withdrawal analysis results; Other minerals identified include; calcite, 

dolomite and feldspars with small amounts of rutile. 

Using the fusion method of Trostel & Wynne (1940) the proportion of 

total silica which could be attributed to quartz was measured. The 

amount of silica combined in clays and feldspars was calculated simply 

by subtracting the quartz percentage from the total silica percentage 

obtained in the XRF analysis. This not only provided a means of interpret-

ing the silica and alumina values obtained by XRF but also served as an 

independent estimate of the clay. content of the samples. Unfortunately, 

the results were not strictly accurate since no allowance was made for 

any silica combined in feldspar. The Trostel & Wynne (1940) procedure 

involves a pyrosulphate fusion followed by dissolution of the fusion in 

alkalis leaving free silica for gravi-metric estimation. The procedure 

is outlined in Appendix A7. It has been successfully applied to the 

determination of quartz in sedimentary rocks, for example by Till & 

Spears (1969), and combined with a hydrofluosilicic acid treatment by 

Chapman, Syers & Jackson (1969) to measure the quartz contents of a 

variety of SOils, sediments and rocks. 



FIG. 4.1a X-ray diffraction traces of Humber Sediments (whole sample 
specimens nos. 56. 117. 143. 170. 142). The % < 2 ~m fraction 
is shown for each sample. 

K - kaolinite: III - illite; Q - quartz: F - feldspar: 
Ca - calcite: M - mica.; D - dolomite 





FIG. 4.1b X-ray diffraction traces of Humber sediments (whole sample 
specimens nos. 200. 210. 245. 157. 138). The $ < 2 ~m 
fraction is shown for each sample. 

K - kaolinite; III - illite; Q - quartzj F - feldspar; 
Ca - calcite; M - mica; D - dolomite 
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The values obtained using the pyrosulphate fusion method for the 

Humber sediments are shown in Table 4.3. Bound silica in clays was 

calculated by subtracting the free silica percentages from the total 

silica values. 

Results from the first run of this experiment were promising. 

However, the second run produced unsatisfactory. results giving free 

silica values that were frequently greater than the total silica percent­

age given by XRF analyses! The problem was initially attributed to 

contamination by foreign particles and steps were taken to reduce this 

problem as explained in Appendix A7. Impurity corrections were made to 

all samples as recommended by Trostel & Wynne (1940), but the values 

obtained for weights of impurities present were far in excess of the 

acceptable level of 0.002 g, as shown in Table 4.4. Spears (pers. comm.) 

suggested that inadequate washing of the fusion with hot distilled water 

was probably the major cause of error. In view of the amount of time 

required to perform this method, coupled with doubts about the reproduce­

ability of the results, it was decided to abandon this part of the 

experiment. No reliable data was therefore obtained on the proportions 

of total silica present as quartz. 

4.3.3 Correlation between chemical and size fraction data 

In section 4.3.1, the possibility of using variations in Si and Al 

contents to indicate the proportion of < 2 ~m size material in sediments 

and sedimentary rocks was considered. 

Fig. 4.2 shows the relationship between total 8i0
2 

percentages 

obtained by XRF and the < 2 ~m size fractions measured by withdrawal 

analyses. Fig. 4.3 shows a similar plot for the Si02/Al20 3 ratio 

calculated fram the XRF data. The graphs are of the predicted forms. 



Sample Run 
% < 2 )Jm Total % % free Si02 % bound 

no. no. Si02 (XRF) (fusion) Si02 

56 1 0 83.38 83.80 0.4 

2 91.2 -
3 87.6 -

143 1 2.57 79.77 75.0 4.7 

2 84.0 -
3 82.0 -

170 1 2.60 78.60 79.4 -
142 1 5.65 78.06 70.2 7.8 

2 77.8 

3 81.4 

117 1 10.07 64.54 60.6 3.9 

200 1 15.89 64.59 58.4 6.2 

210 1 16.38 59.58 57.0 2.6 

2 62.6 -
3 55.2 4.4 

245 1 22.71 52.63 43.6 9.0 

-157 1 33.49 47.76 31.6 16.2 

2 40.2 7.6 

3 28.4 19.4 

138 1 37.44 51.08 38.2 12.9 

2 44.4 6.7 

3 33.0 18.1 

TABLE 4.3 Determination of free silica using K-pyrosu1phate 
fusion (Trostel & Wynne 1940). 



Run no. Sample no. % free Si02 Impurities (g) 

1 56 83.8 0.284 

2 91.2 0.083 

3 87.6 0.080 

1 143 75.0 0.217 

2 84.0 0.154 

3 82.0 0.039 

1 170 79.4 0.250 

1 142 70.2 0.223 

2 77.8 0.171 

3 81.4 0.053 

1 117 60.6 0.168 

1 200 58.4 0.166 

1 210 57.0 0.134 

2 62.6 -
3 55.2 0.033 

1 245 43.6 0.147 

1 157 31.6 0.049 

2 40.2 0.040 

3 28.4 0.021 

1 138 38.2 0.081 

2 44.4 0.027 

3 33.0 0.024 

TABLE 4.4 Correction for impurities after free silica 
determination of Trostel & Wynne (1940). 



FIG. 4.2 Relationship between Si0
2 

content and < 2 micrometre size 

as fraction for Humber sediments. 
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SiO percentages reduce rapidly as the proportion of quartz decreases 
2 

with increasing amounts of < 2 ~m size material. Si02/A1 203 ratios also 

decrease in response to greater quantities of clay minerals in the fine 

fraction. 

Transformation of the Si02%, < 2 ~m size fraction and Si02/A1 203 

ratio data to a natural log base produced linear relationships. Regres-

sion analyses on the logged values are presented in Figs. 4.4, 4.5 and 

4.6 and in Table 4.5. Figs. 4.4 and 4.5 a~e regressions of the form 

"X on Y" where X is Si02% or Si02/A1 20 3 ratio respectively and Y is 

< 2 lim fraction. Fig. 4.6 is a "Yon X" regression. While the correla-

tions for both Si02 and Si02/A1 203 ratio are good, the best fit line was 

obtained using the ratio. The reproduceability of values for the ratio 

was also found to be superior to that of the Si02 percentages as shown 

in Table 4.6 where the pre-leaching and post-leaching data sets (see 

section 4.2.2) are compared. The Si02/A1 203 ratio was therefore selected 

for use in further statistical work. 

The data suggest that the Si02/A1 203 ratio is an indication of the 

grain size distributionj low Si02/A1 203 values correspond with relatively 

larger < 2 ~m fractions and vice versa, higher ratios indicate lower 

proportions of < 2 ~m material. Equation 4.5 (see Table 4.5) can be 

used for the Humber sediments investigated here to obtain an estimate of 

the < 2 ~m fraction percentages using the Si02/A1 203 ratios. A compar­

ison of measured and calculated values is given in Table 4.7. A 

Students t-test indicated that there is no significant difference between 

the means at the 95% confidence level. 
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Element oxide 
and material 

8i02 
(Humber) 

8 i02/Al 203 
(Humber) 

8i02/ Ali>3 
(Humber) 

8iO~A1203 
(Plastic clay) 

8i02/A1203 
(Ball clay) 

Goodness 
of fit 

0.913 

0.950 

0.950 

0.936 

0.899 

Correlation 
coefficient 

-0.956 

-0.975 

-0.975 

-0.967 

-0.948 

Regression equation 

In 8i02 = 4.590 - 0.185 In < 2 P fraction 

In Si02/A1203 = 3.639 - 0.686 In < 2 p fraction 

In < 2 P fraction = 5.159 - 1.384 In Si02/A1203 

< 2 p fraction = 101.217 - 32.710 In Si02/A1 203 

In < 2 p fraction = 4.726 - 0.201 Si02/A120 3 

Fig. no./ 
Equa tion no. 

4.3 

4.4 

4.5 

4.8 

4.9 

TABLE 4.5 Statistical data on the relationships between the < 2 pm size fraction and chemical composition. 



Sample Si02 % Si02 % Si02/A1 20 3 S102/ A1203 Measured 
no. pre-leaching post-leaching pre-leaching post-1each1ng % < 2 ~m 

56 82.95 83.38 26.93 26.30 ° 
117 62.09 64.54 6.46 6.67 10.07 

138 40.25 51.08 3.67 3.66 37.44 

142 76.33 78.05 15.29 15.76 5.65 

143 78.23 79.77 19.13 19.74 2.57 

157 41.44 47.76 3.11 3.14 33.49 

170 75.95 78.60 17.45 17.43 2.60 

200 58.26 64.59 6.43 6.56 15.39 

210 56.57 59.58 5.32 5.39 16.38 

245 49.01 52.63 3.99 3.84 22.71 

TABLE 4.6 Comparison of the reproduceab111t1es of 8102% and 8i0
2

/A1
2

0
3 

ratio. 



Sample no. 
Measured Calculated I 

% < 2 lJm % < 2 }.1m 

56 0 1.88 

143 2.57 2.80 

170 2.60 3.33 

142 5.65 5.83 

117 10.07 12.59 

200 15.39 12.87 

210 16.38 16.92 

245 22.71 27.07 

157 33.49 35.67 Equation 4.5 
138 37.44 28.84 In < 2 lJ fraction = 5.159 - 1.384 In SiOzlA1 203 

Mean 14.63 14.58 
i 

TABLE 4.7 Comparison of measured and calculated values for % < 2 }.1m size fraction in the 
Humber sediments. Measured values after Humphries (pers. comm.). 
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4.4 Analysis of some ball and china clays and Edale Shale 

4.4.1 Ball and China Clays 

Some physical and chemical properties of various blends of Teritary 

ball and plastic clays and also china clays have been investigated by 

Watts, Blake, Bearne & Co. p.l.c. of Newton Abbott. The data obtained 

include chemical analyses obtained using xaF and particle size distribu-

tions. The mineralogies of the ball and china clays do not differ 

significantly except that the china clays have lower mean quartz contents 

and contain well-ordered kaolinite in contrast to the disordered or 

partially disordered kaolinite of the ball clays. 

Particle size distributions were determined by a Sedigraph 5000 

1 particle size analyser after the clays had been broken down to pass an i 

mesh sieve, then added to a mixture of 50 ml water, 5 ml sodium hydro-

xide solution and 5 ml of Calgon, homogenised for two minutes and finally 

passed through a 300 ~m mesh sieve. 

From the data provided (WBB, 1982), plots of Si02/A1203 ratios 

against % < 2 ~m fraction were compared with similar plots for the un-

consolidated Humber sediments. These are presented in Fig. 4.7. 

4.4.2 Edale Shale 

Glass discs of Edale Shale from Hope Valley Cement Works Quarry and 

four samples from the surface of a weathered retrogressive scarp at 

Mam Tor were prepared by the method outlined in Appendix AS. Their chemi-

cal compositions were determined by XaF and the results are shown in 

Table 4.8. For the quarry material, four runs were carried out because 

unreliable results were obtained from the first two attempts in that 

losses on ignition were excessive. This was attributed to the large 

quantities of organic matter,:sulphur and possibly carbonate present in 
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Material Si0
2 

A1 20
3 

T10
2 

Fe
2
0

3 
CaO MgO K

2
0 Na

2
0 1In0 P205 S 

Ignition 
Total 

Measured S102 Calculated 
loss < 2 j.Jm % A1

2
0

3 
.< 2 j.Jm % 

I 

Eda1e Shale -
quarry 46.02 15.16 0.65 5.34 l.02 1.29 1.42 0.52 0.12 0.10 0.65 43.69 116.00 2~.0 - -
untreated 

Eda1e Shale -
quarry 57.99 19.01 0.82 6.69 1.31 1.72 1.77 0.73 0.14 0.13 0.83 30.32 121.45 22.0 - -
untreated 

Eda1e Shale -
quarry 63.46 20.82 0.87 7.35 1.39 1.74 1.94 0.75 0.15 0.20 0.17 ' 0.030 98.89 22.0 3.05 37.17 
ignited 

Eda1e Shale -
quarry 64.15 21.16 0.88 7.40 1.44 1.70 1.95 0.86 0.15 0.17 0.17 0.030 100.13 22.0 3.02 37.69 
ignited 

Eda1e Shale -
Mam Tor No. 1 61.83 23.85 0.95 2.55 0.52 1.14 2.63 0.36 0.01 0.06 0.45 6.62 100.97 18.6 2.59 46.61 
ignited 

Eda1e Shale 
Mam Tor No. 2 55.38 20.93 0.83 8.50 2.33 1.10 2.50 0.30 0.01 0.15 1.56 6.47 100.07 - 2.64 45.39 
ignited 

Eda1e Shale -
Mam Tor No.3 57.87 22.12 0.89 7.78 1.25 1.28 2.63 0.35 0.03 0.13 0.92 4.59 99.82 27.0 2.62 45.88 
ignited 

Eda1e Shale -
Mam Tor No. 4 61.09 23.02 0.94 7.16 0.15 1.27 2.73 0.37 0.01 0.16 0.34 4.63 101.88 22.5 2.65 45.16 
ignited 

TABLE 4.8 Chemical analyses and measured and calculated < 2 J,lm % for Edale Shale. 
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the material. Before the second two runs, the shale was ignited at lOOoC 

for about 3 hours to remove volatile substances and glass discs were 

prepared from the ignited, desiccated rock powder. The subsequent analysis 

totals were satisfactory. The Mam Tor samples were also pre-ignited be-

fore disc-making. 

From the chemical data, a Si02/Al 203 ratio for each sample was 

calculated and using Equation 4.5 values for the < 2 ~m percentage were 

computed. These results are included in Table 4.8. Clearly, the measured 

and calculated values for < 2 ~m% are very different. This contradicts 

the conclusions for the Humber sediments in which differences between 

measured and calculated values for < 2 ~% were apparently insignificant. 

The Si02/A1 203 ratios are plotted against measured < 2 ~m fractions on 

Fig. 4.7 along with the results for the Humber sediments and ball, plastiC 

and china clays. 

4.4.3 Relationships between < 2 ~m fraction and Si02/A1203 ratio in 

different sediments 

Inspection of Fig. 4.7 reveals that the data sets plot in four 

distinct groups: 

(i) Ball and plastic clays 

(ii) China clays 

(iii) Humber sediments 

(iv) Edale shale 

Each group exhibits a different relationship between Si02/AI
203 

ratio 

and % < 2 ~m fraction. 

As already mentioned, the Humber data conform to a log-log correla-

tion (Table 4.5). The curve for the plastic and ball clays, however, is 

considerably shallower. The best fit regression lines for these materials 

are log-linear in form as presented for Figs. 4.8 and 4.9 and in 
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Table 4.5 (Equations 4.8 and 4.9). Clearly, the correlations exhibited 

by the clays are different from that shown by the Humber sediments and 

even the clays differ slightly between themselves; the ball clays have a 

best fit correlation of In X on Y compared to the X on In Y regression 

for the plastic clays. This suggests that Equation 4.5, derived for a 

set of unconsolidated Humber sediments, is not necessarily valid for all 

detrital sediments and sedimentary rocks. 

Referring back to Fig. 4.7, if the Humber curve is extrapolated 

then it would appear to intersect the curves for the plastic and ball 

clays around a value of 70% for the < 2 um fraction. Unfortunately, 

data for the Humber sediments did not include samples with < 2 um percent­

ages greater than 38% so the convergence for the two data sets is tenta­

tive. The divergence of the ball and plastic clays from the Humber 

samples at low percentage < 2 um fractions probably reflects differences 

in the compositions of the < 2 um size materials. The ball and plastic 

clays show higher Si02/A1 203 ratios than the Humber sediments for the 

same < 2 um percentage. 

It would have been interesting to investigate the clay curve at 

lower % < 2 um fractions to assess the influence of quartz content on 

the rate of change of the Si02/A1 203 ratio but unfortunately, no suitable 

data were available. 

The china clays and Edale Shale points fall into separate groups 

with comparable characteristics. Each cluster occurs within a narrow 

range of Si02/Al 203 ratios with a measured variation in % < 2 um frac­

tions of about 10%. This may reflect the lack of reproduceability in­

herent in physical methods of particle size analysis, particularly in 

dealing with old, indurated rocks or with clays where flocculation in 

saline solutions is a problem. The latter is important in coulter 
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counter work which was employed by WBB for their clay size analyses and 

may explain why the measured % < 2 ~m fraction for the china clays was 

so low. 

By comparison with the Humber data, the china clays and Edale shale 

results should plot at higher percentages for the < 2 ~m fractions. 

Using the graph (Fig. 4.7) values of about 65% and 87% respectively for 

the shale and china clay would be expected. These figures are confirmed 

if the equations in Table 4.5 are used to calculate % < 2 ~m fractions. 

For the china clays, the Si02/A1 203 ratios are closest to those of the 

ball clays hence equation 4.9 seems the most appropriate. This gives 

values of between 87.1 and 84.8%. Similarly, Si02/AI 20
3 

ratios for the 

shales are comparable with the plastic clays, so using equation 4.8, 

values between 64.7 and 69.3% are obtained. 

These results suggest that a more accurate estimation of the pro­

portion of fines in a sample can be achieved by employing a composition 

indicator rather than physical measurement due to the difficulties of 

adequate disaggregation with well-lithified sediments. The exact 

relationship between chemical composition, in terms of Si0
2

/AI
20

3 
ratios, 

and < 2 ~m fraction percentages appears to depend on the type of sediment,even 

in those with quite similar fundamental grain size distributions. This 

may reflect variations in the mineralogical compositions of the fine 

fractions which would have a significant influence on chemical composition 

and hence the sensitive relationship between Si02/A1 203 ratios and < 2 ~m 

fractions. A more rigorous analysis of the relationship between chemical 

composition and the proportion of < 2 ~m size material in sediments and 

sedimentary rocks must be performed on many different samples with a wide 

range of fines contents before a useful and meaningful method of predic-

tion can be properly constructed. 
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4.4.4 Relationship with other elements 

Figs. 4.10 to 4.14 show plots of the < 2 ~m size fraction against 

percentages of some other elements present in the samples. All data for 

the Humber sediments, plastic, ball and china clays and Edale Shale are 

presented. 

Generally, no significant correlations are shown for the shales or 

clays indicating the absence of any systematic variation in other minerals 

in these samples. In the unconsolidated sediments, however, there do 

appear to be trends, particularly in the Fe20 3 plot (Fig. 4.10). Iron 

may be present in a number of forms such as coatings on silt and sand 

grains, as colloidal particles stabilised by organic matter (Moore et al., 

1979) and within the lattice structures of clay minerals, thus its relation­

ship with the < 2 ~m size fraction is liable to be complex. The trends 

for Ca and Mg (Figs. 4.11 and 4.12) may reflect changes in minerals 

such as calcite and dolomite while K (Fig. 4.13) is probably associated 

with the clay fraction. Ti02 (Fig. 4.14) like quartz, is detrital and 

its variation in sediments is commonly similar to that of free silica 

(Spears, 1964). Titanium (Ti) is thus expected to be a good indicator 

of fundamental grain size distribution in terms of the proportion of 

< 2 ~m material present, although it is apparently not the case for the 

sediments analysed here. 

The Si02/A120 3 ratio clearly remains the most reliable parameter 

indicating variations in grain size distribution in detrital sediments 

and sedimentary rocks. 

4.5 Effect of physical weathering on the grain size distribution 

residual shear strength and plasticity of Edale Shale 

Residual shear strength and plasticity have been shown to vary with 

clay fraction. This is shown in Figs. 4.15 and 4.16. However, the 
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FIG. 4.10 Relationships between Fe content and < 2 micrometre size 
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FIG. 4.13 
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FIG. 4.14 Relationships between Ti content and. < 2 micrometre size fraction. 
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percentage of < 2 um size material in a soil is usually measured by 

physical methods which do not always give reliable results. Using the 

Si02/A1 20 3 ratio as an indication of the proportion of % < 2 um fraction, 

a more meaningful relationship may be obtained between fundamental grain 

size distribution and residual shear strength and plasticity. 

Since, physical weathering reduces aggregate size it is interesting 

to determine whether material of fundamental grain size is produced by 

comparing % < 2 um fraction values obtained using the Si02/A1
2
03 ratio 

with the results of sedimentation tests. The effects of physical weather­

ing on the physical properties of a soil may then be assessed with refer­

ence to changes in aggregate size. 

The influence of physical weathering on the plasticity and residual 

shear strength of Edale Shale were investigated using four samples of 

this material from various levels on a retrogressive scarp at Mam Tor. 

Values for % < 2 um fraction determined by sedimentation are denoted 

< 2 U (sed.) and values calculated using the Si02/AI 203 ratio are 

% 2 U (calc.). The scarp is shown in Plate 4.1 and the samples in 

Plates 4.2-4.5. 

Sample 1 was taken from the top face, sample 2 from newly fallen 

shale at the top of the scree, sample 3 from mid-slope scree and sample 4 

from the scree bottom. The shale was assumed to be least weathered at 

the top of the slope and a systematic physical degradation of material 

downslope was observed. The scarp thus provided a site suitable for 

investigating. the effects of short term weathering on various rock 

characteristics. It was assumed that on the scree at least, physical 

processes were dominant and that chemical weathering had had little 

opportunity to effect major mineralogical changes within the material. 

Another advantage of using this site was that the material was almost 
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PLATE 4.1 

2 

Retrogressive scarp at Mam Tor showing sites from which 

samples were selected. 



PLATE 4.2 Sample 1 - material from face at top of scarp. 
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certainly derived from the scarp and that breakdown was sufficiently rapid 

for present :day processes to be responsible for degradation. Contamina­

tion by material from other sources and preferential removal of certain 

components were, however, unknown factors considered in the interpretation 

of results. 

4.S.l Chemical and mineralogical analyses 

Glass discs of samples 1-4 were prepared after ignition by the 

method described in Appendix AS and chemical analyses obtained by XRF. 

Si0
2
/A1 203 ratios were calculated from the results and are presented in 

Table 4.9. Using these values, the %.< 2 ~m size fraction was calculated 

using equation 4.8 (Table 4.5). Although the amount of fine material in 

the sample predicted by this equation 1s a cautious estimate, relative 

differences between the values are important since this is assumed to 

indicate changes in the proportion of < 2 ~m material. 

Each sample was also analysed by X-ray diffraction. Smear mounts 

were prepared for both whole rock specimens and < 2 ~m size separations 

as described in Appendix A4. There were apparently no differences be­

tween the samples in terms of bulk mineralogy except that samples 1, 2 

and 3 contained gypsum and sample 4 did not. The soluble minerals, 

including gypsum, have presumably been removed from material at the base 

of the scree. The relative proportions of clay minerals were determined 

from the < 2 ~m size XRD traces using the method of Weir et al. (1975) 

and the results are presented in Table 4.9. It should be noted that for 

the reasons given in Appendix A4, the percentages obtained are tentative 

and should be regarded only as a guide to the mineral proportions. The 

trends shown are more important. 



Top face Scree top Mid-scree Bottom scree 
1 2 3 4 

Si0
2

/A1203 
2.59 2.64 2.62 2.65 

< 2 lJm (calc) 70.09 69.46 69.71 69.34 

% kaolinite 14 6 9 16 

% illite 12 6 12 21 

% expandable 73 86 77 61 

% chlorite - 1 2 2 

% < 2 lJm by 
sedimentation - 18.6 6.6 25.8 22.2 
no pre-treatment 

% < 2 lJm by 
sedimentation - 18.6 3.3 27.0 22.5 organic matter 
removed 

Plastic limit % 28 29 30 30 

Liquid 11mi t % 45 45 46 46 

* (Apparent) resi-
dual shear stress 65.18 52.34 63.07 69.23 

4>ra' 12.50 10.10 12.70 
13.20 

Displacement to 4.1 3.4 3.9 3.4 
Peak Strength (mm) 

*mean values; assume Cr ' = ° 

TABLE 4.9 Summary of physical, chemical and mineralogical properties 
of Edale Shale from a scarp at Mam Tor. 
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4.5.2 Physical and engineering properties 

The samples were air dried on a metal tray and dis aggregated by a 

mortar and pestle prior to sieving through a 1.18 mm mesh. Each sample 

was subdivided by rotating sample splitter and aportioned as follows: 

~g 

~g 

200 g 

20 g 

~g 

sedimentation, no pre-treatment 

sedimentation, organic matter removed 

liquid limit 

plastic limit 

residual shear strength 

The sedimentation tests were carried out by the pipette method (B.S.1377, 

1975) on shale dispersed with calgon as outlined in Appendix A3. The 

removal of organic matter was performed using hydrogen peroxide. The 

results of the tests are given in Table 4.9 and Fig. 4.17. 

The plastic and liquid limits of each sample were determined using 

the B.S. 1377 rolling thread and cone penetrometer methods. 

Residual shear strengths were expected to provide a more sensitive 

indicator of possible weathering effects on physical properties. The 

samples were tested using a Bromhead Ring Shear apparatus for which 

samples were prepared by the procedures described in Chapter 6. A 

-1 strain rate of 0.48 deg. min. was used. Consolidation prior to shearing 

indicated that this rate was sufficiently slow to maintain drained con-

ditions during the tests. Peak strength occurred at displacements of 

3-4 mm as shown in Table 4.9. Vertical displacements indicated only 

slight settlement during shearing but the rate of settlement increased 

dramatically towards the end of each test, probably because of 80i1 

extrusion from the sample holder. 

All results, in terms of the residual shear strength parameters 

~ 'are given in Table 4.9 where the effective normal stress used 
~ra 

was 294 kN m- 2 and c ' is assumed to be zero. 
r 



" 

-----, ~-:::...==--- \ "'. : --r\ \ 
""', \ \ "' .,..... \\ \ 

, to \ ' '\\ """ \ \ 
"" \\ . . . \ 

' \ 1\\ 

\\ \ \ 
\\\ \ 

, '\ 
\_'-'--\~\\"-'-"\'-'-'-'-'-\ 

. \ . 
\ ' -, \ 

'\ '\\ \ \ '. \ \ '. \ \\\' \ \ \ \ . 
\ \ , 
'. \ ! 



FIG. 4.17 Grain si~e distributions of samples 1-4 determined by sedimentation. 
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.FIG. 4.17 Grain size distributions of samples 1-4 determined by sedimentation. 
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4.5.3 Discussion 

With reference to Table 4.9, between sample variation of all 

properties, appears to be small and unsystematic in terms of the assumed 

weathering pattern on the scarp. The properties showing the least conclusive 

changes are clay mineralogy and plasticity. Although the former apparently 

varies, firstly, there are no defined trends, and secondly, the figures 

quoted do not differ by amounts greater than 20% which is the error given 

by Weir et al. (1975) for the quantitative analysis technique. 

For the other properties, between sample differences are not system-

atic and possibly reflect variations in the original material on the free 

face of the scarp. Within sample variations appear to be fairly consistent 

and the following observations can be made: 

(1) % < 2 ~(sed.) is always much less than % < 2 ~ (calc.). This 

is expected due to the difficulty of complete~disaggregating samples. 

Removing organic matter does not appear to have any affect on the results. 

Two conclusions are drawn from these comments. Sedimentation obviously 

fails to measure the fundamental grain size distributions of the samples. 

Clearly, by the same reasoning, fundamental grain size has not been 

attained during weathering since complete disaggregation has not occurred 

naturally. Only from site inspection at Mam Tor is it possible to rea-

lise that there is a reduction in aggregate size downslope although 

complete breakdown has not occurred. This concurs with the findings 

of Kennard (1967) and Taylor & Spears (1970) who reported slow attain-

ment of fundamental grain size. 

(2) With the exception of sample 2, the residual shear strength.-

parameters appear to be related to the % < 2 ~ (calc.). Sample 1 shows 

the largest % < 2 ~ (calc.) and a relatively low ~ 'value whereas ra 

sample 4 has the smallest % < 2 ~ (calc.) and correspondingly, a higher 
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~ 'value. Sample 3 has intermediate values. These results seem reason­
~ra 

able since higher 4>ra' values would be expected to correlate with lower 

% < 2 ~ (calc.). However, variations in the amount of fine material 

present are possibly less significant than changes in bulk mineralogy. 

Quartz contents are also reflected in the Si02/A1 20
3 

ratio with higher 

ratios implying larger amounts of quartz. Kenney (1967) found re'sidual 

shear strength to be primarily dependent on mineralogical composition 

and Spears & Taylor (1972) reported a close correlation between residual 

shear strength parameters and quartz content in Coal Measures rocks. 

Since the magnitude of residual shear strength is independent of initial 

grain size and water content, differences in the values of t 'and 4> ' 
ra ra 

may be related to mineralogy, provided comparisons are between samples 

tested under similar normal stress conditions. In samples 1, 3 and 4, 

therefore,quartz content may exert an influence on engineering properties. 

Sample 2, however, does not conform to this conclusion. The most ob-

vious explanation for the rather low 4> ! value is that the expandable ra 

clay component of this sample is apparently large. Although the clay 

percentages in Table 4.9 were said to be unreliable, sample 2 does 

seem to have a distinctly larger proportion of expandable clay than 

the other samples which may clearly influence residual shear strength 

(Kenney 1967). 

The apparent influence of quartz content on ~ 'is also illustrated ra 

by differences in the Si02/A1 20 3 ratio of Edale Shale from Mam Tor and 

from Hope Valley Cement Works. The latter material has a ratio of about 

3.0 (Table 4.8) while the value for Mam Tor material is around 2.6 

(Table 4.9). 

Table 3.2 shows that for Cement Works and Mam Tor shale respectively, 

o 0 
~ 'values are 22 and 24. The higher value for Mam Tor is interpreted 
~ra 

to reflect larger quantities of quartz. 
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4.6 Conclusions 

With reference to the objectives of this section, the following 

points can be made: 

lea). Physical methods of particle size analysis do not always 

measure the fundamental grain size distribution truthfully. They are 

particularly unreliable when dealing with indurated, fine-grained 

material or with clays where dispersion of individual particles is 

difficult. 

(b). A statistical correlation appears to exist between the Si0
2
/ 

Al
2
0

3 
ratio and % < 2 ~m size fraction in detrital sediments and sediment­

ary rocks. The exact relationship varies for different samples but in 

general variations in the Si02/A1 203 ratio may indicate differences in 

grain size distributions for a given set of sediments. 

2. Fundamental grain size is apparently not attained during rapid 

weathering of shales. 

3. Changes in the residual shear strength and plasticity of shales 

do not appear to be dependent on their state of physical breakdown. 

Instead, mineralogy seems to exert a much stronger influence on properties 

like residual shear strength. 
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RATES OF CHEMICAL REACTION IN SHALES 

5.1 Introduction 

The oxidation of sedimentary pyrite can be rapid, particularly when 

aided by bacterial action (Penner et al. 1966). The potential for sub-

sequent chemical reaction with the surrounding rock mass is apparently 

great; Vear & Curtis (1981) and Van Breeman (1972) reported that in 

natural ~d weathering systems, reaction with fresh materials could con-

sume 97-99% of available acid. However, the timescales for reactions 

involving newly generated acids are uncertain. Natural systems are 

frequently too complex for precise investigation due to their multi-

component nature and because many different reactions involving different 

components of a particular system occur simultaneously. 

In view of the possible implications of chemical weathering for 

engineering properties, an estimation of the rapidity with which 

significant changes in the rock-porewater system may occur would be valu-

able. A series of simple, closed system experiments were, therefore, 

conducted to ascertain whether reactions comparable to those occurring 

naturally could be reproduced under laboratory conditions. Ultimately, 

controlled investigations of reaction rates were carried out. 

5.2 Leaching experiments 

Two sets of experiments were carried out using Edale Shale obtained 

from the Hope Valley Cement Works and sulphuric acid at a concentration 

-1 of 2.4 g 1 commensurate with that of naturally generated acids at 
1 

Mam Tor (Vear & Curtis 1981, Site 7). 

In the first set (Experiment 1), two 10 g samples of shale crushed 

to 500 ~m were placed in conical flasks containing 250 ml of acid 

IThis concentration is neither maximum nor minimum. Maximum acid concentration 
is expected locally in the vicinity of pyrite oxidation. Minimum values 
occur if acid is neutralised by rock reaction. 
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(Experiments 1.1 and 1.11). The mixtures were stirred continuously for 

1 week during which time the acid was changed once, after 48 hours. 

Al1quots of 20 ml were removed at intervals and placed in polythene bottles. 

The concentrations of Ca, Mg, K, Na, Fe, Si and Al in each extrac­

tion were measured by atomic absorption spectrophotometry (AAS) and the 

change in pH with time was also monitored. The results are presented in 

Table 5.1 and the styles of cation release are plotted in Fig. 5.1a & b. 

The concentrations of most ions increased rapidly initially but slowed 

dramatically wi thin a few hours. Ca and Mg were released in the greatest 

quantities, Na and Si in the smallest amounts and Al in relatively inter­

mediate concentrations. These results corresponded with a reduction in 

H+ concentration in solution indicating that the rate of ion dissolution 

decreased as acid was consumed. Fe, however, was not released in the 

same way since its concentration continued to increase as reaction 

proceeded. 

Whole rock smear mounts of the pre- and post-leaching shale were 

analysed by X-ray diffraction. The traces are shown in Fig. 5.2 and 

display no obvious changes in the mineralogy after reaction, except for 

the removal of gypsum. 

In the second experiment-(Experiment 2), different masses of shale 

were reacted with acid to observe the effect on the rate of reaction of 

increasing the surface area of solid available and to estimate the time­

scales of reaction. 1, 3, 10, 30, 50 and 100 g of crushed shale were 

each placed in 250 ml of acid and the mixtures stirred for 24 hours. 

Again, 20 ml aliquots were removed at intervals approximating to a 

logari thmic timescale and analysed as before. The acid consumecrby the 

end of the 24 hour period by different masses of shale is shown in 

+ Table 5.2 and the acid consumption is plotted against ratios of H 

lAcid consumption is measured in terms of H+ (mg) used in reaction 



Na+ K+ Ca2+ Mg2+ Fe A13+ 8i4+ 

mins. 0 0.00 0.00 0.00 0.00 0.00 0.48 2.6 

10 0.757 4.53 87.75 52.3 14.90 3.81 4.1 

40 0.868 5.39 nO.5 67.1 33.40 5.80 2.7 

80 0.962 5.63 122.6 73.8 56.80 7.65 3.3 

160 1.029 5.98 129 .3 81.5 87.80 8.95 3.5 

320 1.273 6.26 124.9 87.0 125.8 10.27 5.0 
1.1 24 hours 1.460 6.80 120 .7 107.9 278.1 14.18 4.6 

48 hours 3.457 8.32 109.6 126.0 432.1 20.55 8.3 
* 54 hours 3.567 11.47 - 136.0 485.3 22.37 9.0 

5 days 4.205 11.84 114.30 152.2 572.5 27.49 12.4 

6 days 4.073 12.11 151.05 lSO.5 942.6 42.67 20.0 

7 days 5.807 - 128.7 148.2 659.1 39.79 16.2 

mins. 0 0.00 0.00 0.00 0.00 o .O:J} 0.90 1.7 

10 0.833 4.67 93.4 54.80 15.6 3.81 0.1 

40 0.021 - - - - - 2.9 

80 0.960 5.68 119.8 74.60 64.15 7.87 5.7 

160 1.056 5.94 125.1 83.05 100.6 9.49 4.1 

320 1.209 6.11 121.6 87.55 138.2 10.60 3.7 
1. II 24 hours 1.526 6.62 115.5 109 .15 286.1 13.90 12.4 

48 hours 3.637 8.29 104.1 125.8 416.4 20.70 11.1 
* 54 hours 3.921 9.51 105.90 131.9 458.9 22.97 15.6 

5 days 3.612 10.72 105.90 141.4 450.9 29.27 15.7 

6 days 5.341 10.30 105.90 143.1 551.8 30.93 19.3 

7 days 5.566 10.02 105.90 144.95 562.1 32.57 23.1 

Year " 
Curtis 13 5.4 385 178 111 86 -
(l981) 

*Acid changed after 48 hours. The results are cumulative for total 
cations released during reaction. 

TABLE 5.1 Cation composition of solutions at selected times -
-1 concentrations in ~g ml 

pH 

1.5 

1.6 

1.6 

1.7 

1.7 

1.7 

1.9 

2.1 

1.6 

1.7 

1.7 

1.7 

1.5 

1.6 

1.5 

1.7 

1.7 

1.7 

1.9 

2.1 

1.6 

1.7 

1.7 

1.8 

3.4 
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FIG. 5.2 X-ray diffraction traces of pre- and post-leaching shale. 

ChI - chlorite; III/M - illite/mica; G - gypsum; 
K - kaolinite; Q - quartz; .F - feldspar 
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Mass of IH+I/Shale Acid consumed 
shale mg/g in 24 hours 

100 g 0.08 99.9% 

50 g 0.16 98.0~ 

30 g 0.27 94.4% . 
10 g 0.80 60.2% 

3 g 2.67 29.2% 

1 g 8.00 20.6% 

TABLE 5.2 Acid consumption for different 
solid:so1ut1on ratios 
(Experiment 2). 



IH+I/shale 1 
t-

mg/g (minutes) 2 

0.08 0.36 

0.16 2.4 

0.27 2.6 

0.80 52 

2.67 235 

8.00 710 

TABLE 5;3 Estimation of reaction 
half-lives using Fig. 5.4-"' 
(Experiment 2). 
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concentration to mass of shale <IH+I/shale, mg/g) in Fig. 5.3. The 

amount of acid consumed in reaction appears to increase with the amount 

of shale present. 

+ The change in H concentration with time is shown in Fig. 5.4 and 

indicates that reaction was initially very fast, then slowed considerably 

within an hour or two, depending on the quantity of shale used. In 

Fig. 5.5, the same data were plotted with a logarithmic timescale and 

approximately straight-line relationships were obtained. The half-lives 

+ of the reactions were estimated from Fig. 5.5 at the point where the H 

concentration had reduced to half its initial value and the times for 

the half-lives are included in Table 5.3. Reaction half-lives are seen 

to vary from hours to less than minutes in duration, depending on the 

ratio of acid to sample. 

5.3 Discussion 

The concentrations of ions in solution determined by Year (1981) for 

a seepage which apparently drains a fault crush zone (Site 7) at Mam Tor 

are included in Table 5.1. If compared with the total concentration of 

ions present in solution at the end of one week in Experiment 1 (Fig. 5.6) 

broadly similar patterns of cation release are observed. In particular, 

Ca and Mg are present in larger amounts than K and Na with Al occurring 

at intermediate concentrations. The behaviour of Fe is, again, anomalous 

since it is released in greater quantities in the laboratory experiments 

compared with values obtained at Mam Tor. 

Although on a qualitative basis the relative concentrations of ions 

in solution are generally similar, quantitative comparisons cannot be 

made because of the differences in the solid-solution ratios and contact 

times under experimental and natural conditions; longer contact times 

would probably occur in the field; depending on solutiOn flow rates, and 
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larger solid to solution ratios are anticipated. Furthermore, the start­

ing material used in experimental work was slightly weathered rather 

than fresh, containing detrital, diagenetic and secondary minerals within 

one sample. Detailed analyses of exactly which shale constituents were 

involved in reactions were inappropriate since the ions released to solu­

tion could have derived from a number of minerals. Pyrite, iron oxides 

and hydroxides and even clay minerals, for example, could provide sources 

of iron while Ca may originate from both gypsum and carbonates. 

Results obtained in other work, for example on the acid leaching of 

pyritic soil and colliery spoil by Van Breeman (1973) and Struthers 

(1964) in which the major solution components were Ca and Mg with AI, Fe 

and K forming only relatively minor constituents, indicates that the" 

patterns obtained in the experimental work are common in most weathering 

situations involving pyritic materials. It is of interest that Barnhi8el L 

Rotromel (1974) also found that for low solid to solution ratios, the pH 

of reaction solutions changed only slightly. They recorded final pH 

values of about 2.0 and 1.4 in 0.01 and 0.1 N systems respectively, 

results comparable to those obtained here. These findings would appear 

to support the premise that the natural generation of acids following 

pyrite oxidation can be reproduced in the laboratory. 

The tests clearly show too that initial reaction of fresh acid with 

shale is very rapid and that the half-lives of reaction are short with an 

order of only minutes. The reactions are heterogeneous, that is, they 

take place in more than one phase since gases, liquids and solids are all 

involved. They certainly do not approximate first order kinetics, that 

is, more than one molecule of each SUbstance is concerned in the rate­

controlling process. 

Most previous studies of alteration rates reported in the literature 

involve simpler systems comprising only one mineral. Of particular note 
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are Lin & Clemency (198la & b), Busenberg & Clemency (1976) and Wollast 

(1967), from which it appears that the dissolution of even a single 

mineral is complicated. Frequently, dissolution occurs in distinct 

stages characterised by different styles of reaction. In acid dis-

solution studies on micas, Schnitzer & Kodama (1976) discovered that a 

unique order for the release rate of ions could not be distinguished. 

In mUlti-component assemblages like shales the complexity of reaction is 

much greater so that it is impossible to contemplate explicitly all the 

simultaneous processes, in spite of suggestions by Dibble & Tiller (1981) 

that this is a more fruitful approach: 

Berner (1978) points out that laboratory experiments on the rate 

control of mineral dissolution are not of universal applicability. His 

experimental values are generally higher than the equivalent natural 

ones. He was, however, considering open systems where the flushing rate 

of solution could affect the speed of mineral dissolution. In contrast, 

in the closed systems used in these experiments reaction rates are 

controlled by other factors but thellmitations of extending results to 

extra-laboratory situations are still relevant since natural reaction 

conditions are frequently indeterminate. 

+ Fig. 5.3 indicates that at ratios of H concentration to mass of 

shale (IH+I/shale) of about 0.1 mg/g, the shale buffered reaction 80 that 

+ nearly all the H available was consumed extremely rapidly. In contrast, 

a ratio of IH+I/shale of 8 mg/g only just reduced the H+ concentration 

to half its initial value over a time-scale of hundreds ot minutes. In 

this latter case, the surface area of shale available for reaction was 

probably limiting. The amount and state of disaggregation of materials 

thus appears to exert a strong influence on chemical reaction rates. 

Petrovitch (1981) noted that mechanical comminution affected mineral dis-
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solution rates by reducing grain size and creating additional surface 

area through structural damage. In situations where grinding and abra-

sion of particles occurs, as is probably the case in shear zones, the 

potential for rapid chemical weathering is thus augmented. 

The rapidity with which fresh acids can attack shale may have import-

ant consequences in engineering terms. The present research demonstrates 

that under favourable conditions of H+ concentration and material surface 

area, significant reaction can take place within minutes. Other factors 

may, of course, influence chemical activity. CUrtis (1976a), for example, 

notes that realistic weathering should take into account both the genera-

tion of, and subsequent involvement of anions in the overall weathering 

processes. Curtis (pers. comm.) also considers, however, that in systems 

where a large facility for chemical weathering exists, involving both 

+ organic and inorganic acids, a high H concentration ia the common factor. 

+ H concentration hence appears to exert a major influence on chemical 

weathering. 

The evidence for reaction has been based on modification of solution 

composition. Dramatic changes in solution may, therefore, accompany 

chemical weathering, even if the material undergoing weathering does not 

appear to experience radical or even detectable alteration. This is 

evident from the lack of change shown on XRD traces of the starting and 

finishing materials in the experiments. The short term implications of 

changes in the cation compositions of porewaters in shales will be 

considered in the following chapter. The longer term effects are amply 

illustrated by the precipitation of sulphates such as gypsum and jarosite 

which can cause rock expansion (Penner et ale 1966: Quigley. Vogan 1970). 

In terms of engineering structures, such activity can occur well within 

the lifetime of a structure. The effect of secondary mineral preCipitation 
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on the physical properties of shales was not studied in detail, although 

it was observed in Edale Shale at Mam Tor as a result of the continuation 

of the chemical processes discussed. 

The degree of mineral alteration necessary to produce significant 

changes in physical properties remains uncertain. Since chemical weather­

ing also results in physical breakdown, disaggregation may influence 

certain properties like plasticity or shear strength. This is supported 

by the work of Laguros et al. (1974) who found that ultrasonic dis­

aggregation of some shales induced changes in their engineering properties 

to behaviour which simulated that of field-weathered material without any 

mineral degradation occurring. 

5.4. Conclusions 

It has been confirmed in laboratory experiments that the pattern of 

cation release during artificial acid weathering of shales can be similar 

to that found in natural weathering systems. Meaningful reactions are, 

therefore, reproduceable under laboratory conditions. This has 

facilitated a study of the rates of chemical reactions which probably 

occur in the vicinity of acid generation under natural conditions. 

The initial attack of acids produced by pyrite oxidation on fresh 

shale can apparently occur extremely rapidly. The dominant factor limit­

ing reaction, at least in the closed systems used, appears to be the 

surface area of shale. 

During chemical weathering, the composition of the active solutions 

will be changed markedly, even if there is little apparent effect on the 

mineralogy of the solid material. This may affect the engineering 

properties of shales in the short term; continued release of ions into 

solution can certainly create problems in a matter of a few years due to 

the precipitation of salts within weathered rock masses. 



CHAPTER VI 

THE EFFECT OF POREWATER COMPOSITION ON RESIDUAL 

SHEAR STRENGTH AND PLASTICITY 

6.1 Introduction 
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In Chapter 5, laboratory simulated chemical weathering reactions 

involving sulphuric acid and Edale Shale were found to modify the acid 

composition markedly. Furthermore,' the alteration in composition 

occurred rapidly and did not appear to be accompanied by mineralogical 

changes in the 'weathered' shale. Although in natural systems the 

effects of chemical weathering in shales on physical properties are 

obviously significant over time periods of years, the implications of 

the short term modifications in porewater composition are les8 well 

unde rs too d • 

Various investigations into the influence of different solutions 

and variations in salt concentrations on selected physical properties of 

pure clay minerals have been conducted elsewhere. Li (1978) investigated 

the effects of sodium and calcium chloride solutions at varying concentra­

tions on the mechanical properties of kaolinite and bentonite. Moum & 

Rosenqvist (1961) studied the relationships between mechanical properties 

of montmorillonite and illite and electrolyte composition while Mesri & 

Olson (1970) investigated the response of shear strength of montmorillonite 

in the presence of different cations. The influence of clay composition 

and system chemistry on clay strength was researched by Nagaraj & Rao 

(1973) • 

In materials which contain large quantities of clay minerals, 8uch 

as shales, it is possible that changes in porewater composition may 

affect the physical behaviour of those materials. However, since shales 
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contain other minerals besides clays, the degree to which physical 

properties would be affected is uncertain. 

Some work has been carried out on natural soils, particularly on 

sensitive or 'quick' clays (defined as soils in which the ratio of un­

disturbed strength to remoulded strength is high), for example, by Moum 

et al. (1971), Rosenqvist (1962), Talme (1968). The shear strengths of 

these deposits were found to be severely reduced after saline porewaters 

which were resident in the clays during their deposition in seawater 

were replaced by freshwater after uplift into a non-marine environment. 

Ramiah et al. (1970) and Winterkorn & Moorman (1941) reported that 

changes in the physical properties of silty clays could be induced by 

cation exchange and that the response depended on the cations involved. 

The effect of changes in the cation composition of porewaters on 

certain engineering properties of Edale Shale were thus investigated in 

this work. The influence of acid solutions was also studied since 

sulphuric acid production is ubiquitous wherever pyritic shales are 

weathered. 

The properties selected for measurement were residual shear strength 

and plasticity. Tbese were chosen because of their importance in the 

context of slope stability. In addition, the methods by which residual 

strength and plasticity are determined could be modified to meet 

experimental requirements. In the case of residual shear strength, a 

Bromhead Ring Shear apparatus was adapted to permit a throughflow of 

different solutions during shear strength te.ts. For plasticity, 

standard techniques were employed, using a COne penetrometer for liquid 

limit determinations and the rolling-thread method for plastic limit 

measurements (BS 1377 (1975». Before each te.t, samples of shale were 

left to soak in different solutions for a period of 24 hours. 
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6.2 Residual shear strength 

A reduction in strength from peak strength is consistently observed 

after failure in sheared materials. Bjerrum (1967) described residual 

shear strength as the ultimate strength attained by a sample sheared be-

yond failure and which remains constant for further straining. The con-

cepts of residual shear strength and the parameters of cohesion (c) and 

angle of friction (~) are discussed in Appendix Bl. 

According to Skempton (1964). the first determination of the residual 

shear strength of a clay was published by Tiedmann in 1937 while credit 

is given to Haefe11 for emphasising the practical importance of this 

property during the early days of its recognition. Skempton (1964) 

primarily attributed the development of residual shear strength to: "the 

development of thin bands or domains in which the flaky clay particles 

are orientated in the direction of shear". Intuitively. the shear 

strength of randomly orientated particles is greater than that of 

particles lying in a parallel arrangement because they offer les8 resist-

ance to movement. Skempton (1964). Pet1ey (1966) and Hermann & Wolfskill 

(1966) considered that an increase in water content within sbeared 

material also contributes to the drop in strength from peak to residual. 

In addition. Hutchinson et al. (1973) noted that particle breakdown 

occurs on natural shear planes. mainly due to the destruction of clay 

aggregates. This would aid potential for reorientation. 

The alignment of platy minerals along planes of sliding has been 

observed in subsequent work on shear strength. An optical technique 

based on the birefringence properties of clay minerals was used by 

Morganstern & Tchalenko (1967a & b) to investigate the microstructures 

developed in natural shear zones and in clays subjected to laboratory 

shear tests. Strong particle orientation was present, particularly in 
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samples from natural slips which exhibited two sets of shear-induced 

structures, a family of continuous shear planes In the direction of move­

ment and discontinuous en echelon planes inclined to the continuous ones. 

Petley (1966) and Skempton & Petley (1967) attributed slickensides and 

polishing on slip surfaces to particle orientation and noted that these 

features corresponded with the attainment of residual shear strength 

along the slip planes. 

Lupini et ale (1981) recorded the evolution of the post-failure 

structure in clay mixtures subjected to shear tests and showed a progres­

sive orientation of clay particles along the shear surface. Partial 

orientation was achieved in the zones immediately adjacent to the slip 

surface. 

Skempton (1964) considered that full orientation of clay particles 

was inhibited in samples containing quartz grains which explains the 

higher residual shear strengths of silty materials compared with those 

containing larger quantities of clay minerals. Lupini et ale (1981) 

went onto propose three modes of residual shear behaviour depending on 

particle size and friction properties. Two shearing mechanisms were 

described, turbulent shear and sliding shear. The former case is depend­

ent on particle rolling and translation and the latter by sliding. A 

turbulent mode occurs in 80ils dominated by 'rotund' particles or by 

platy minerals with high friction coefficients, and gives high residual 

shear strength. A sliding mode is characteristic of materials contain­

ing predominantly platy minerals which form low-strength, strongly 

orientated shear surfaces. When no particle shape dominates, both 

turbulent and sliding shear occur. Examinations of the post-failure 

structures in specimens exhibiting intermediate behaviour revealed not 

one, poorly orientated surface but a number of well-formed, discontinuous 
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shear surfaces in which well-orientated zones were seen to terminate 

against groups of sand grains. 

The influence of mineralogical composition on the residual shear 

strengths of soils is well documented. Bjerrum (1967) commented that the 

value of the residual friction angle, ~ , depends on the size, shape and r 

mineralogy of the constituent particles. Skempton (1964), Spears & 

Taylor (1972) and Voight (1973) recognised the significant effect of 

clay content on shear strength and plasticity with increasing quantities 

of < 2 ~m material (or alternatively, a decrease in quartz content) 

effectively lowering the value of ~ • This is shown in Fig. 6.1. r 

Borowicka (1965) reported that in soils with clay contents greater than 

43%. silty particles are apparently embedded in a mass of colloidal 

material and do not exert any influence on shearing properties. Below 

43%. there are insufficient colloidal particles to form a slickensided 

area covering the whole shear plane and this effect is enhanced with 

decreasing clay content. 

The residual shear strength of soils is clearly dependent on the 

friction properties of constituent minerals. Lambe & Whitman (1979) 

stated the basic laws of friction, which are fundamental to shear resist-

ance. as follows: 

(a) the shear resistance between two bodies 1s proportional to the 

normal force between them; 

(b) the shear resistance is independent of the dimensions (shape) 

of the two bodies. 

In terms of soils, residual shear strength is dependent on the normal 

stress imposed on a soil mass. This has been confirmed in a number of 

studies, for example, by Bromhead (1978) on landslides in London Clay, 

Hutchinson et ale (1973) on Etruria Marl in Staffordshire and 
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Chattopadahyay (1972) for some pure clay minerals. The residual shear 

strength of overconsolidated clays has been shown to be independent of 

stress history, original structure and water content (Skempton 1964). 

This also applies to overconsolidated shales, as assumed by Fleming et 

al. (1971). 

6.3 The residual strength of clay minerals 

The presence of clay minerals has been noted to exert a consider­

able influence on the residual shear strength of soils, particularly 

those in which they constitute a large portion of the soil mass. An 

examination of the factors governing the residual shear strength 

properties of clay minerals is therefore pertinent. 

6.3.1 Residual shear mechanism 

The source of residual shear strength in clay minerals is attributed 

to friction developed along cleavage planes at interparticle contacts 

(Morganstern 1967; Chattopadahyay 1972). Mitchell (1969) pointed out 

that interparticle contacts are the only significant region between 

mine~ where effective normal stresses and shear stress can be transmit­

ted. The mode of shearing is by sliding, as shown by Morganstern (1967) 

and Lupini et al. (1981). 

6.3.2 Factors affecting the residual shear strength of clays 

Kenney (1967) carried out a comprehensive investigation into the 

effect of mineral composition on the shear strength of both artificial 

and natural soils and concluded that the residual shear strength of a 

soil is dependent on mineral composition and the ion concentration in 

the pore fluid. He also found that it is not necessarily dependent on 

grain size or plastiCity. The residual shear strengths of the clay 

minerals were found to decrease in the following order: 
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micas> kaolinite> montmorillonite 

The strength properties of the micaceous minerals and montmorillonite 

were strongly dependent on system chemistry but kaolinite was less 

sensitive. Chattopadabyay (1972) gave the following values of ~ , for 
r 

some mono-mineralic soils: 

Quartz 350 

Attapulgite 300 

K-mica 17_240 

Kaolinite 120 

Illite 10
0 

Montmorillonite 4_100 

This order is similar to that of Kenney (1967). Chattopadabyay (1972) 

interpreted the values to reflect bonding forces along cleavage planes, 

noting that these have to be overcome at interparticle contacts during 

shear at large strains. Campinella, quoted by Mitchell (1969), tentatively 

suggested that a level of strain is attained at which the numbers of 

bonds that form and rupture are equal. 

An important conclusion drawn by Kenney (1967), Lambe (1958) and 

Kondner ~ Vendrell (1963) is that certain minerals exert a greater 

influence on the behaviour of a soil than is indicated by the proportion 

of that mineral present in the soil mass. This is particularly applic-

able to notably reactive minerals such as members of the smectite 

family. 

The effect of ion composition and concentration on the behaviour of 

clay minerals has been studied extensively. One of the earliest studies 

on the effect of cation composition on solIs was by Winterkorn • 

Moorman (1941) who discovered that the shear strength of a natural soil Is 

higher in the presence of K ions than with Na ions. This is supported by 

Mourn ~ Rosenqvist (1961) who measured the shear strength of K-montmorillonite 
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while Mesri & Olson (1971) found that the shear strength of Ca-montmorillonite 

is higher than that of Na-montmorillonite. Different cations were 

observed by Matsuo (1957) to reduce the strength of natural soils in the 

following order: 

NH
4

, H, K, Fe, AI, Mg, Ba, Ca, Na, Li 

while Kenney (1967) considered that the ~'value of illite and montmoril­
r 

lonite was increased by cations of higher valency and greater polaris-

ability in the order: 

He also concluded that ~ I for illite and montmorillonite increases with 
r 

the ion concentration. For kaolinite, Li (1978) recorded reductions in 

shear strength with increasing concentrations of NaCl although in 

bentonite, shear strength apparently increased with concentration of 

NaCl. In tests on saturated, remoulded montmorillonite and kaolinite, 

Warkentin & Yong (1962) measured reduced shear strengths with increasing 

concentration of NaCl but in the presence of varying concentrations of 

Ca and Na solutions, the residual shear strengths of silty clays were 

found to remain unchanged by Ramiah et al. (1970). Chattopadahyay (1972) 

considered increased Nacl concentrations to have no effect on the ~. of 
r 

kaolinite but to enhance markedly ~' for montmorillonite. Studies on the 
r 

influence of salt concentration and cation composition on the shear 

strength of sensitive or 'quick' clays in Canada and Norway concur that 

increases in shear strength accompany both increased salt concentrations 

and replacement of monovalent with divalent cations in pore fluids 

(Kenney et al. 1967; Bjerrum 1954; Moum et al. 1971; Torrance 1974, ,1979). 

This resu~ of previous studies has elucidated some factors which 

are considered to govern s~ear strength in clay minerals. Generally, it 

appears that: 
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(a) the residual shear strength of clay minerals is sensitive to 

changes in porewater composition and concentration; 

(b) residual shear strength of clays depends on the type of clay 

mineral; 

(c) in natural soils and clay mineral mixtures certain clay minerals 

have a profound influence on the shear strength of a sample. The magni­

tude of their effect is greater than indicated by their relative amounts 

present in the sample. 

6.4 The importance of residual shear strength in slope stability 

The relevance of residual shear strength in slope stab1l1ty problems 

concerning clays and shales is evident from many case studies of failures. 

According to Skempton (1964), residual shear strength 1s invariably found 

to be mob11ised along a slip surface after failure has occurred and all 

subsequent movements on an existing slip surface are thus controlled by 

the residual shear strength, irrespective of the type of material 

involved. 

Skempton & Hutchinson (1969) reviewed a number of studies on slides 

on pre-existing slip surfaces. At Folkestone Warren on the south Kent 

coast, large landslides have occurred at regular time intervals in sea 

cliffs conSisting of Cretaceous chalk overlying Gault clay and sandy 

Fo1kestone beds. Several massive slides as well as smaller, more 

frequent slides are thought to have been activated by marine erosion and 

continued post-failure displacements are governed by the residual strength 

along the slip surface. An account, attributed to Benke1 & Yudhbir (1966), 

of a slide in the River Beas Valley in northern India showed that for 

failure of a block 92 m wide to have occurred during the monsoon period 

of 1964, the limiting strength must have been approaching residual, 

particularly along the many tectonic shear zones present in the strata. 
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In Early & Skempton's (1972) investigation of the landslip at 

Walton's Wood, Staffordshire, it was concluded that slope failure took 

place along the pre-existing slip planes of an old landslide which had 

formed during the last glaciation (Chapter 1). The equilibrium of the 

slope prior to the 1961 failure was thus controlled by residual shear 

strength. In London Clay, Skempton & Hutchinson (1969) noted that 

residual strength actually accounts for the maximum observed stable 

o 
slope inclination of 10 • 

Control of slope stability by residual shear strength is not 

restricted to slides on old shear surfaces. A gradual reduction of 

strength within a mass to residual value by the process of progressive 

failure may lead to the development of sliding planes. A major failure 

is likely to ensue if stresses are high and the strength is sufficiently 

reduced. Although Bjerrum (1967) stated that the ultimate stability is 

controlled by residual strength only, Skempton (1964) considered that a 

s lip will occur before residual strength is reached everywhere wi thin the 

whole mass. The plastic strains which occur during creep failure (see 

section 2.8) also reduce soil strength to residual value, according to 

Nelson & Thompson (1974), and creep rates are then governed by residual 

shear strength. 

Residual shear strength may be developed along discontinuity 

surfaces. Skempton & Petley (1967) found that in fissured, over-

consolidated clays, small shearing movements of only a few millimetres 

after joint formation are probably sufficient to reduce ~' to its residual 

value. This is important in the context of progressive failure; the 

role of joints and fissures in aiding progressive failure was discussed 

in section 2.8. If these structures present areas within a soil mass 

which have already attained residual strength then the onset of major 

failure is accelerated. 
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Residual shear strength is clearly of fundamental importance to 

slope stability. Short term changes in residual strength may, therefore, 

be considerably significant if they stimulate further nhases of reduced 

slope stability or acceleration of a major failure event. In the following 

sections the magnitude of changes in the apparent residual shear strength 

of shale aggregates (~ ') which might be induced by alterations in ra 

porewater composition and concentration are investigated. 

6.5 Measurement of residual shear strength by ring shear apparatus 

There are three main laboratory methods available for the determin-

ation of the residual shear strength of a soil: 

(i) Ring shear apparatus 

(ii) Direct shear box 

(iii) Triaxial apparatus 

The direct shear box method is d~scribed in detail by Terzaghi & Peck 

(1967) and the triaxial test by Bishop & Henkel (1978). The tests 

described in this section were carried out by the ring shear method. 

6.5.1 Advantages and disadvanta~es of the ring shear test 

Traditionally, the residual shear strength of a soil has been deter-

mined using the direct shear box. There are,however, significant inherent 

disadvantages with this method. As noted by Terzaghi & Peck (1967) 

the foremost shortcoming arises from the change in area of the sliding 

surface as the test proceeds which leads to an unequal distribution of 

shearing stresses. Changes in the area of contact between upper and 

lower halves of the split sample and the non-simultaneous development 

of shear failure at all points on the potential surface of sliding 

are also unsatisfactory. In addition, particles aligned along the shear 

surface are subject to reorientation with each reversal of the direction 

of shear. 
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These problems are eliminated in the ring shear apparatus in which 

residual shear strength is measured by continuous shear of an annular 

sample. Displacements of any magnitude are attainable, thus field condi-

tions may be . simulated more closely. 

In terms of results, values of residual shear strength obtained by 

the ring shear method are generally lower than those from direct shear 

tests and the triaxial method. Bishop et al. (1971), for example, gave 

000 values of ~ , for blue London Clay of 9.3 ,10.5 and 13.5 , respectively, 
r 

obtained by the ring sheaT, triaxial and reversal shear box methods. 

These authors also observed that the shear surface produced in the ring 

shear apparatus is more highly polished and smoother. 

The method does, however, possess significant sources of error. 

Soil extrusion is a particular problem giving rise to uncertain 

experimental conditions, including a redistribution of the normal and 

shear stresses during testing. The derivation of equation B.2l depends 

on the assumption of a uniform distribution of normal stresses, although 

o Bishop et al. (1971) showed that for ~r' < 20 the error is likely to 

o be about ± 2 ,. even for "the most extreme and unlikely non-uniform stress-

distributions considered". Conversely, La Gatta (1970) found that 

measured shear strengths could be reduced by 15% when soil extrusion was 

permitted while Heley • MacIver (1971) reported high values for ~ , due 
r 

to preferential removal of disaggregated, well-oriented clay particles. 

Extrusion also produces irregularities on the shear 8urfaces and prevents 

accurate determination of volume change of a specimen. The problem can-

not be eliminated _butmay be reduced by adding large loads in increments 

(Bromhead 1979) by adopting slow strain rates and by trimming specimens 

to 1 mm below the top of the sample recess. 

Bromhead also pointed out that inaccuracies in load measurement on 

tangential load proving rings may arise from differences in the stiff-
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ness of the rings which can throw an unbalanced load on to the centreing 

pin (Fig. 6.2) and cause friction. To reduce this effect, matched prov­

ing rings were used. A similar effect may result from uneven settling of 

the loading platen. Such friction, however, has two components which are 

largely self-compensating. The simplicity of design of modern ring shear 

apparatus make them a useful tool in soil strength measurement. There 

are few disadvantages inherent in their use provided that interpretation 

of results takes account of the potential sources of error. 

6.5.2 Structure and operation 

The model used in this work was a Bromhead Ring Shear apparatus 

produced by WykehamFarrance Engineering Ltd., number WF 25850. 

The structure of the apparatus is shown in Fig. 6.2. An annular 

soil sample 5 mm thick and with inner and outer diameters of 70 mm and 

100 mm respectively, is confined radially between concentric rings and is 

compressed vertically between two porous sintered bronze friction discs. 

The top disc is attached to a loading platen (11) to which a normal 

force is applied by means of a counter-balanced 10:1 ratio lever loading 

system (12, 10, 13, 32). A rotation is imparted to the sample holder (23) 

by a variable speed motor and gearbox transmitting through a worm drive. 

That part of the sample in contact with the lower porous friction disc 

is forced to rotate with the sample holder while the soil in contact with 

the top stationary loading platen opposes any rotation until, eventually, 

the stresses within the soil mass result in failure. A shear surface 

fonas close to the upper disc which is artificially roughened to prevent 

slip at the soil/disc interface. The torque transmitted through the 

sample is reacted by a pair of matched proving rings bearing on a cross 

arm attached to the loading platen and the resultant moment 1s monitored 

on dial gauges or transducers attached to a chart recorder. 



KEY FOR FIG. 6.2 

1 Consolidation dial gauge arm and datum post 

2 Load hanger 

3 Lever loading arm 

6 Bearing adjustment rods 

8 Proving ring bracket 

10 Loading yoke 

11 Sample turret assembly 

12 Yoke screw adjustment 

13 Counter balance weight 

15 Oil tiller plug 

16 Oil level plug 

17 Gear change lever 

23 Adjustable degree scale 
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FIG. 6.2 Structure of the Bromhead Ring Sbear Apparatus (from the 

Wykeham Fanance Technical Manual). 
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The apparatus is rate of displacement controlled since its purpose 

is to investigate the post-peak section of the stress-displacement curve 

(Bishop et al. 1971). In the Bromhead design, use of a double drained 

sample only 5 mm thick permits very rapid rates of shear while still 

maintaining fully drained conditions in the specimen. Although accord-

ing to Skempton & Bishop (1950), Casagrande showed that the peak strength 

of clay depends to an appreciable extent on the rate at which it is 

sheared, La Gatta (1970) found that increasing the strain rate 100 times 

had no effect on the residual shear strength of undisturbed, remoulded and 

crushed- shales provided fully drained conditions are maintained and rheological 

or viscous shear strength elements. are not induced. 

6.5.3 Sample preparation 

In the tests described, material < 425 ~m was used for ease of re-

moulding and to reduce the time required for attainment of the residual 

condition. The latter is an important consideration when machine time 

is limited. The soil was prepared by crushing in a mortar and pestle 

and sieved to select material < 425 ~m in size. The coarser fraction 

was discarded. 

Tests on Edale Shale prepared in this manner but of different size 

distributions showed residual shear strength to be independent of 

initial grain size. The results are as follows: 

Size dis tribution ~r~ 
< 2mm 21.5

0 

850-500 \.1m 22.5
0 

< 425 \.1m 22.00 

< 425 \.1m 21.70 

The normal stress was 294 kN m-
2 

and c ' is assumed to be zero. r 
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The sample was remoulded at a water content corresponding approximately 

with the liquid limit so that in comparative work. all samples would be 

in a similar state at the beginning of tests. Subsequent changes in 

moisture content could then be related to physical changes in the 

material. Also. Terzaghi & Peck (1967) noted that near to the liquid 

limit, the resistance of clay to both slow and quick consolidated shear 

increased linearly in proportion to pressure on the surface of sliding. 

The sample was then packed into the sample holder. taking care not 

to trap air. and trimmed to I mm below the top of the recess. The sample 

holder was replaced into the apparatus. The loading platen with attached 

torque arm was placed over the sample. The water bath was filled with 

distilled water to at least the level of the top of the sample holder in 

order to keep the soil saturated. 

6.5.4 Consolidation 

The tests were performed on drained, consolidated samples. Before 

shearing commenced, the sample was subjected to 100$ primary consolid~tion 

under the normal load to be applied throughout the test. The definition 

of consolidation is given 1n Appendix B2. 

-2 A normal stress of 294 kN m was calculated to be the normal pressure 

experienced by Edale Shale at an approximate depth of 22 m within Mam 

Tor, assuming a water table of 15 m. A hanger weight of 12 kg was 

required to provide this normal stress .. 

After ensuring that the lever arm jack (30, Fig. 6.2) was in contact 

wi th the 1 ever arm to prevent a normal load being transmitted to the 

sample, the loading yoke (10) was placed above the torque arm and brought 

into contact with the loading platen by adjustment of the knurled yoke 

screw (12). The vertical dial was brought to bear on top of the loading 

yoke. After placing the appropriate weights on top of the loading yoke. 
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the zero reading OIL the vertical dial was recorded and the lever arm jack 

unscrewed to apply the normal load to the sample. Vertical dial re~dings 

were taken at 10,50,30 seconds and at 1 minute, 2,4,15 and 30 minutes 

then at 1,2 and 4 hours. In.addition, readings were taken at 20 to 24 

hours by which time primary consolidation was generally completed. Vertical 

compression of the sample was plotted on a square-root time basis and 

the coefficient of consolidation determined by the method described in 

Appendix B3. The water in the water bath was maintained level with the 

top of the sample holder to prevent the soil drying out. 

6.5.5 Residual shear strength measurement 

The maximum strain rate permissible to maintain fully drained condi-

tions during shearing was calculated using the coefficient of consolidation 

(section 6.5.4 and Appendix B4). 

The proving rings were brought to bear on the torque arm, ensuring that 

the angle of contact with each plunger was goO at a separation of l50mm 

(Fig. 6.3). The stress dial readings for the proving rings were zeroed 

and the vertical displacement and sample holder posi tions checked. Shearing 

was initiated after selection of the appropriate motor speed to give the 

required strain rate. Dial deflections (stress and vertical dials) and sample 

holder rotation were monitored every minute until a 'peak' stress was re-

corded. Overnight, stress transducers on the proving rings provided con-

tinuous records on a chart recorder which was calibrated from daytime readings. 

Shear stress dial readings were converted to shear stress values 

using the working expression given by Equation B.20 in Appendix B.6. 

was assumed to be zero since weathering normally reduced effective co-

hesion to very low values. Work by Buist et al. (1979) for example, on 

Lower Coal Measure mudstones measured c ' to be zero. The assumption r 

was confirmed to be valid for weathered Edale Shale by T.H. AI-Dabbagh 

c ' r 

(pers. comm.) • In any case the value of c ' is not critical in comparative r 
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work where the normal stress is not changed. 

Clay reorientation is probably the most significant factor in the 

post-failure evolution of a shear surface. Large displacements are thus 

required for full development of the residual condition and to achieve 

this, Bishop et al. (1971) devised a speed up-slow down routine in order 

to accumulate shear strain. This procedure was adopted for some tests 

but for certain cases (see section 6.6.3) slow strain rates had to be 

maintained. Cumulative angular rotation of the sample holder was 

converted to an equivalent displacement in millimetres by multiplying 

the number of degrees rotated by a conversion factor which is derived 

in Appendix 88. 

A graph of shear stress versus displacement was plotted following 

the recommendation of La Gatta (1970) that displacement is plotted on a 

logarithmic scale to accentuate the shape of the curve. In this way, 

residual shear strength is defined with least ambiguity. 

From the stress-displacement curve, the value of residual shear 

stress was recorded and used to derive residual shear strength in terms 

of 4> t. 
ra 

6.5.6 Sample analysis and maintenance of apparatus 

After shearing, the water bath was drained and the apparatus dis-

mantled. Removal of the loading platen permitted observation of the 

sample. Obvious colour changes, consistency changes and the presence 

of polishing and slickensides were noted in particular. 

The sample holder was cleaned thoroughly after each test using a 

wire brush. The porous discs were also dec10gged by immersion in deter­

gent in an ultrasonic bath. This was particularly important after test-
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ing fine-grained material because the pores block easily and cease to 

drain efficiently. Stubborn clay particles were more effectively 

removed by immersion and ultrasonic treatment in paraffin followed by 

detergent and rinsing in water. 

6.6 Effect of porewater composition on the residual shear strength of 

Edale Shale 

6.6.1 Experimental requirements 

Previous measurements to determine the response of residual shear 

strength to porewater composition have been achieved by remoulding por­

tions of a sample in various solutions or by leaching a specimen with 

different solutions outside the testing apparatus. The experiments of 

Olson & Mitronovas (1962), Nagaraj & Rao (1973) and Chattopadahyay (1972) 

provide examples of these practices. However, changes in the physical 

properties of materials tested using these techniques have to account 

for the possible consequences of sample variation and disturbance. A 

more appropriate experimental design allows solutions to be introduced 

to a sample during shearing. In this way there is no need to remove or 

change a specimen in mid-experiment and the effects of sample variation 

and disturbance are eliminated. 

6.6.2 Modifications to the ring shear apparatus 

Direct measurements of residual shear strength in the presence of 

different solutions were facilitated by modifying the drainage system of 

the Bromhead ring shear apparatus. Figure 6.4 shows the alterations 

that were made. 

Four new vertical channels were drilled to connect with the exist­

ing horizontal drainage channels. Brass nipples were tapped into the 

tops of the new channels as inlets for solutions. The four circumferen-
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FIG. 6.4 Cross-section through the sample holder showing alter-

ations to the drainage system. 
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tial drainage exists were then blocked with cap screws and PTFE tape 

and a double thickness rubber gasket was placed underneath the sample 

holder to prevent leakage from the lower vertical drainage channels. 

Solutions were stored in a reservoir at a constant head of 1 m. 

Two flow systems were designed for introducing solutions to the samples. 

In the initial system solution passed down a length of stiff nylon tubing 

of 4 mm inner diameter and into a four-way manifold from which the flow 

was directed to each of the four brass nipples (Plate 6.1). Since 

drainage into the water bath from the lower drainage channels was pre-

vented, solution was forced to flow upwards through the lower porous 

disc, the sample and the upper porous disc to reappear from drainage 

outlets in the loading platen. Here, it was collected by suction into 

a test tube for subsequent analysis. Before operation, the flow system 

was de-aired by disconnecting each tube from its inlet and allowing 

solution to flow out into a waste receptacle. 

Once solution emerged from the loading platen the flow was established 

and shearing could then commence. 

Since the four tubes were connected to the rotating sample holder, 

o twisting was a problem and every 90 of rotation it was necessary to dis-

entangle the tubes to prevent them wrenching off the nipples. To relieve 

this problem, a more compact flow system was designed using flexible 

perspex tubing and '. small plastic T-pieces (Plate 6.2). The new arrange-

ment was sufficiently small to fit on top of the loading platen beneath 

the torque arm. Only one feeder tube was used and by pre-wrapping this 

round the centre pin, the apparatus could be left unattended for periods 

up to 60 hours with no risk of twisting. 

Sample erosion or even liquefaction were potential problems due to 

the application of a I m head of water at the base of the sample (Fig. 

6.4a). However, Fig. 6.4b shows that under a normal stress of 294 kN m- 2 



PLATE 6.1 Flow system with four-way manifold 



PLATE 6.2 Compact flow system and sample holder. 
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L 

Fig. 6.4a Liquefaction of a soil sample due to the pressure of 
1 m head of water applied at the sample base. 

h head of water of unit 
weight 

A L height of sample through 
.. which head is dissipated 

. '1' . :w·.· . D - hydrodynamic pressure 

'6 b W weight of one unit of 
volume of saturated soil 

A cross sectional area of 
soil sample 

At equilibrium: Df n - O. 

since D -(h + L) Yw 

W -
G + e 

YwLA Where G and 1 
is the specific gravity 

+ e of the soil particles 

at the base of the sample: 

thus 

and 

( G + e 
(h + L) Yw A-I + e) 

(h + L) 
L 

h 
L 

I: 

-G + e 
1 + e 

G - 1 
1 + e 

Yw L.A. 

1 
Assume G - 2.67 for shale aggregate and an average void ratio of 

h e • 0.67, L is equal to 1.00. Hence, when the hydraulic gradient 

approaches unity, a 'quick' condition occurs. 

lThiS value was calculated for Edale Shale 



Fig. 6.4b 

, 

Effect of upward seepage on the effective normal 
stress on a sample 4 mm high 

O'nc291. kN m-2 

OkN m-2 

T 
.. -. -... : -... -.-.-.. : : .... '~--p 0 r 0 U s dis c 

L- ,mrT\! '31 I ~-----------+--fo'tlure surface 
. --4---shole aggregate 

••• :::::: .••• :: •••• : - porous d\sc 

T 
0- 9-81 kN m-2 

D - pressure due to 1 m head of water· pwgh 

is the density of water • 1 Mg 
-3 

where pw m 

g is 9.81 kN m-2 

h is 1 m 

L is approximate length of flow path through 
the sample • 4 mm 

-2 h 
Thus D· 9.81 kN m and L is 250. 

Assume the failure surface to be I mil below the top of the sample. On 

the failure surface, the maximum pressure (if head is disSipated through 

the sample and not in the porous disc) is: 

I -2 4 x 9.81 • 2.90 kN m 

If the effective normal stress on the failure surface i. 294 kN .-2, an upward 
-2 pressure of 2.90 kN m incurs a change in the effective normal stress of 

0.99'. This is considered to be negligible. 
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a hydraulic gradient of 250 was unlikely to erode the sample. In addition the 

effect of an upward pressure of water was calculated to have a negligible effect 

on the normal effective stress on the shear plane, assuming that most of the 

head of water was dissipated in the porous disc below the sample. Obser-

vations that suggest this assumption was viable include the slow rate of out-

flow of solution from the upper drainage holes such that solution had to be 

sucked out for subsequent analysis. The rate of change of ~ 'on intro­ra 

duct ion of a new solution was also slow (p.lll). When the flow system oper-

ated with no sample in place the solution 'welled-up' through the lower porous 

disc. It didnot flow suffiCiently rapidly to cause a'fountain'effect. Further-

more, the shear strengths obtained in testsperformed with distilled water in 

the unmodified apparatus (Table 3.2) are comparable with initial shear strength 

values for distilled water under a flow regime (Table 6.1). 

Strain rates for the tests in the modified apparatus were calculated 

using equation B16 (Appendix 85) for single drainage conditions. 

-1 For initial tests, a slow strain rate of 0.032 deg.min was selected. 

-1 Faster rates up to 0.12 deg.min. were attempted for subsequent tests in order 

to reduce test duration. However, solution tended to escape from the gap between 

the sample holder and loading platen instead of emerging from the upper drain-

age exits which suggested that the flow was avoiding the sample and taking a 

path around the sides instead. A small rubber gasket was inserted below the 

lower porous disc to guide the solution to the centre of the sample but con-

tinued escape of solution at a fast rate rendered the experiment impractical. 

-1 Slower strain rates of 0.032 deg.min. were thus selected again for further 

tests. 

6.6.3 Experimental procedure 

The same method of sample preparation and experimental procedure were 

followed for tests using the modified apparatus as for the normal tests 

described in sections 6.5.3 and 6.5.5. 

For each sample, the residual condition was initially established with 

distilled water. A new solution was then placed 1n the reservoir and changes 
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in the shear stress were monitored until a new residual shear strength was 

attained. The sample was then flushed with distilled water and a different 

solution introduced to the sample. 

6.4.4 Results of ring shear tests using different solutions 

Three sets of experiments were carried out using Edale Shale from the 

I Hope Valley Cement Works Quarry. The solutions used included Na and K nitrates) 

sulphuric acid at a concentration of 0.14% commensurate with that used in the 

weathering experiments (section 5.2) and groundwater from the fault crush 

seepage at Mam Tor (section 3.5.3). 

In the first set of experiments, NaN0
3 

and KN0
3 

were chosen because Na+ 

and K+ cations are known to exert different influences on clay mineral properties 

such as expandibility,plasticity and shear strength. Rosenqvist (1955,1962) 

Kenney et ale (1967) and Talme (1968), for example, found that in materials 

with large quantities of ilRte,plasticity and shear strength are lower in the 

+ + presence of Na ions than K ions. 

NaN0
3 

at a concentration of 0.1 molar was flowed through the sample and 

after recording a new residual value the sample was flushed with distilled 

water followed by 0.1 molar KN03 . In the second run of this test the solutions 

were introduced in the reverse order to check the result. obtained in the first 

run. At the end of this test, NaN03 at a higher concentration of 1.0 molar 

was used to determine whether residual shear strength is sensitive to solution 

concentration. The results for these experiments are given in Table 6.1 and 

plotted 1n Fig. 
2 6.5. 

The results show that ~ 'of Edale Shale appears to be sensitive to the ra 

cation composition of the porewaters and to the concentration of the ions 

present, at least in the case of NaN03• KN03 apparently increases and NaN03 

1.Nitrates were used as the least complexing anion in order to reduce anion 
effects during cation exchange reactions. 

2.A linear displacement scale is used in figs. 6.5, 6.6a'b, 6.8 to emphasise 
changes in apparent residual shear strength with different solutions. 



Solution Concentration 4>r~ (degrees) 

Distilled water - 220 

NaN°3 0.1 molar 200 

NaN°3 1.0 molar 190 

KN03 0.1 molar 230 

H2SO4 0.14 % 25-270 

(approximate values 
for two runs) 

*Groundwater - 18-19
0 

4> ' values are average of two runs where e ' a 0 
ra r 

*Only one run carried out. Value of 4>ra' with 
distilled water 190 in this test. 

Material Properties: 

-3 Initial bulk density of shale aggregate • 1.94 g cm_
3 Initial dry density of shale aggregate = 1.43 g em 

Initial void ratio = 0.87 
Initial porosity = 0.46 

Final bulk density (after consolidation in the -3 
ring shea:3apparatus) • 2.7~ g cm 

Final dry density = 1.87 g em 
Final void ratio = 0.43 
Final porosity = 0.30 

Table 6.1 Response of residual shear strength of 
Edale Shale to different solutions. 
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reduces ~ 'with respect to the values obtained with distilled water. An in­
ra 

crease in the concentration of NaN03 produced a further reduction in ~ '. The ra 

response time of changes is not known precisely, but is certainly less than l~ 

hours and is, therefore, regarded as rapid. The changes in ~ 'appear to be ra 

reproduceable and independent of the order in which solutions are introduced. 

For the second set of experiments in which sulphuric acid was passed 

through the sample ~ 'began to increase after about 20 hours. The result. ra 

are included in Table 6.1. Distilled water was flushed through the sample 

after about 72 hours and a return to the original ~ 'was observed after 1 ra 

hour. A second run was carried out with acid of the same concentration and a 

new ~ 'obtained after 69 hours (Figs. 6.6a • b). 
ra 

Solutions collected from the loading platen outlets were analysed by atomic 

absorption spectrophotometry and the solution composition for the first acid 

test is shown in Table 6.2a. The.ame pattern of cation release occurred as 

observed for the weathering experiments discussed in section 5.2. However, the 

1 
actual quantities present are different and this is interpreted to reflect 

differences in the contact times and solid-solution ratios of the two experiments. 

The sheared sample was allowed to dry after the experiment and was then 

prepared for XRD analy.i. (Appendix A.4) to investigate changes in shale 

mineralogy resulting from exposure to acid solutions. As seen from Fig. 6,7~·.no 

obvious differences between pre- and post-sheared .hale are apparent. Again 

this concurs with the finding. of the experiments in section 5.2. 

Eight further runs involving acid were attempted but each one was abandoned 

for a variety of reasons as indicated in Table 6.2b. 

The third experiment investigated the effect of a natural acidic solution 

trom Mam Tor on residual shear strength. The resultl are given in Table 6.1 

and lig. 6.8. Table 6.3 present. the compositions of the pre- and post-flow 

solution compositions. A. expected, the initial concentrations of cations in 

the ,roundwater are much higher than for the acid. It is interelting to compare 

the compo.itlonl of the acid and ,roundwater after flow through the .ample. 

1. The exce.sively high iron content il probably due to acid contact with 
the bronze porous diSCI. 
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Blank Post-flow After 1 week 
Cation H2SO4 H2SO4 in leaching experiment 

0.14% (llg/ml) (llg/ml) (section 5.2) Cllg/ml) 

Na 0.101 2.83 5.69 

K 0.065 13.21 10.02 

Ca 1.863 443.82 117.3 

Mg 1.486 61.64 146.5 

Fe 0.421 9.85 610.6 

8i .- - 19.6 

Al 0.055 0.5 19.7 

pH 1.5 - 1.7 

TABLE 6.2a Compositions of acid solution before and after 
flow through the sample compared with composition 
of acid solution after leaching experiment. 

,I 
! 

I 

I 



FIG. 6.7 X-ray diffraction traces of Edale Shale before and after 
shear strength tests with acid. 

ChI - chlorite; Ill/S - illite/smectite mixed layers; 
G - gypsum; K - kaolinite; F - feldspar; Q - quartz; 
P - pyrite 
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Run 
no. 

1 

2 

3 

4 

6 

7 

8 

9 

10 

Reason for failure 
of experiment 

Successful 

Successful 

Acid leaking between loading 
platen and sample holder - no 
change in ~ 

, recorded. r 

As for run 3 

As for run 3 

As for run 3 

Leakage from circumferential 
drainage outlets. 

No change in ~ , 
r 

T-piece smashed 

Leakage from loading platen and 
sample holder. 

TABLE 6.2b Experimental problems 

Remedy 

Set up fresh experiment. More 
compact flow system installed. 

Porous discs cleaned 
ultrasonically. Gasket placed 
below lower disc. 

Increased reservoir height to 
give 1.3 m head of water. 
Flow pressure now greater. 

Set up fresh experiment 

Inserted screws with larger 
caps and PTFE tape. 

Set up fresh experiment 

Renewed T-piece 

Used slow strain rates 
(0.032 degrees/min) 
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Pre-flow Post-flow 
Cation groundwater groundwater 

lJg ml-1 lJg m1-1 

Na 13.17 14.61 

K 7.43 30.47 

Ca 260.12 349.92 

Mg 23.50 70.83 

Fe 8.28 11.70 

S1 - -
Al 82.12 1.55 

pH 3.4 -

TABLE 6.3 Compositions of groundwater 
before and after flow through 
the sample. 
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With the exception of AI, the same order of cation concentrations are observed 

in both solutions suggesting that the potential for reaction between sheared 

sample and groundwater is not very great, probably because the groundwater 

has been previously neutralised by rock reaction at depth within Mam Tor. 

Unfortunately, limited machine time precluded arrangement of an extensive 

testing programme.In view of the problems encountered during the experiments 

the results obtained are regarded as preliminary in nature. However, they imply 

that changes in residual shear strength can be induced by short-term modifi-

cations in porewater composition and concentration. 

6.7 Post-shearing sample analysis 

Afterremoving the loading platen, bright orange deposits, probably iron 

oxide, that had been extruded from the sheared sample were observed on the 

inner and outer edges of the sample holder. Well-developed shear surfaces with 

a slickensided and polished appearance were only occasionally observed near 

the top of the sample. 

Sheared samples appeared to have a more clayey,'soapy' feel than presheared 

material indicating that clay mineral aggregates had been broken down during 

the shearing process. To determine the relative particle size distributions in 

terms of aggregate dimensions in sheared and unsheared shale, samples of 

material from a polished zone and from an adjacent, non-sheared area were each 

prepared for Coulter counter analysis. The principles of this system are 

discussed by Kubitschek (1960). 

The sample holder containing a post-test specimen was observed under a 

binocular microscope. Polished areas were easily identified. Material from the 

shear surfaces was lifted away with a scalpel blade and immediately placed 

-1 
in a solution of calgon (1.5 g L ) to prevent clay flocculation. Sufficient 

material was collected to make a 'cloudy' suspension in the calgon. The same 

procedure was followed for obtaining unsheared samples. 

A small amount of suspension was placed in a phial of 10% NaCl, disaggre-

gated sonically and analysed on a Coulter counter, of Coulter Electronics Ltd., 

model number ZBI, in the Department of Genetics, Sheffield University. A 50 ~m 



114 

aperture probe was used in the analysis. The results are shown in Fig. 

6.9. 

The machine was calibrated with beads measuring 1.15 vm in diameter. 

This was the smallest calibration available for the apparatus used. For 

the shale, particle diameters of 0.45 ~m and 0.52 vm were obtained for 

sheared and unsheared material respectively. Compared with a calibration 

of 1.15 ~m these values are probably too low to be reliable. In addition, 

the lower limit of accuracy of the 50 ~m probe is estimated to be 2% of the 

aperture diameter, or 1 vm. 

Similar specimens of sheared and unsheared material prepared in the 

manner described were sent to Coulter Electronics Ltd., for analysis using 

a 30 ~m aperture probe. The lower limit of accuracy for this probe is 0.6 ~m. 

Figure 6.10 shows that, again, the particle sizes of sheared and unsheared 

material are too small for accurate determination using the equipment available. 

Edale Shale thus appears to contain a large proportion of material less 

than 0.6 ~m in size, but no distinction can be made between unsheared and 

sheared material within the accuracy limits of the experimental methods 

available. 

6.8 Effect of porewater composition on the plasticity of Edale Shale 

6.8.1 Plasticity and its importance as an engineering property 

The consistency of a soil depends on its water content. There are four 

consistencies, SOlid, semi-solid, plastic and liquid. which are defined by 

the shrinkage, plastic and liquid limits. Figure 6.11 shows that at water 

contents below the shrinkage limits (SL), a soil is solid and semi-solid 

between the shrinkage limit and plastic limit (PL). At water contents 

above the plastic limit, a soil behaves plastically. The highest water con­

tent for plasticity occurs at the liquid limit (LL) when a soil will flow under 

its own weight if subjected to a small disturbing force. The differences 

between the water contents at the plastic and liquid limits is the plasticity 

index (PI). 
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In slope stability problems it is important to understand how a 

particular soil will respond at a certain water content. Each soil 

possesses characteristic plasticity limits because this property is 

influenced by factors which are different for every soil. Dumbleton & 

West (1966) considered that mineralogical composition, shape and size 

distribution of component particles, particle interaction with water and 

dissolved salts and the effect of cementing determine soil plasticity. 

With respect to mineralogical composition, moisture contents at the 

plastic and liquid limits are generally higher with increasing clay 

contents, as shown in Fig. 4.16. Dumbleton & West (1966) stated that 

"plastiCity is the most outstanding characteristic of clay soils". 

Different clay minerals have different plasticity limits. Grim 

(1962) listed some mono-mineralic clay soils in decreasing order of 

plastic limit as attapulgite > montmorillonite> halloysite > illite> 

kaolinite and for liquid limits, Li and Na montmorillonite> attapulgite 

> Ca, Mg, K, NH4 montmorillonite> illite> kaolinite> halloysite. 
~.\ 

These orders reflect the relative abilities of the clay minerals to ad-

sorb water. As with residual shear strength, expandable clays such as 

montmorillonite tend to exert a greater influence on the plastiCity of 

a soil than other clay minerals. Grim (1962) and Rosenqvist (1962) 

noted that changes in plastiCity are mainly effected by changes in the 

liquid limit since this is more sensitive than the plastic limit. 

poorly crystalline or even amorphous minerals give enhanced limits, 

for example, amorphous material in the Champlain clays of Canada was 

found by Henderson & Carson (1978) to be responsible for the high 

plasticity of this clay. Organic matter has a similar effect. 

A convenient way of distinguishing between soils of different types 

is to use a Casagrande plasticity chart of plasticity index plotted 
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against liquid limit. A large number of soils plot on or near a line, 

called the A-line, which cuts the liquid limit axis at 20% and has a 

slope of 0.73 (Fig. 6.12). The position in which a soil plots gives a 

general idea of its engineering behaviour and certain types of soil plot 

in characteristic positions as shown in Fig. 6.12. Soils which fall 

below the A-line have a relatively high liquid limit in relation to their 

plasticity index (Dumbleton & West 1966). 

Particle size influences plasticity. Smaller particles offer a 

larger surface area for water adsorption and also tend to have less well­

ordered crystal lattices, particularly if their small size is produced by 

grinding. The effect of cementing and aggregation is also important; in­

adequate breakdown of aggregates may give values which are too low because 

of the increased effective particle size. 

Porewater chemistry has been found to affect plasticity in clay 

minerals and in natural soils. The results of other studies are given in 

Table 6.4. As salt concentration in the porewaters increases, the liquid 

limit and plastic limit both decrease with the liquid limit showing the 

greater effects. Different salts appear to influence plastiCity to differ­

ent degrees, depending on the clay type. Li (1978) showed that the 

liquid limit of kaolin and bentonite were lower in the presence of NaCl 

than CaC1
2

• For hydrous mica, Kenney (1967) found that the Uquid Umit 

was lower with NaCl than with KCI while Winterkorn & Moorman (1941), in 

tests on Putnam clay, reported the highest liquid limit to occur with Na 

and the lower with K. Rosenqvist (1962) found that in illites the liquid 

limit increases with increasing size of the monovalent ion, thus Li < Na < 

K < Rb < Cs, but in montmorillonite the response changed to K < Rb < Cs < 

Na < Li. Matsuo (1957) produced a plasticity chart showing that cation 

exchange in soils changes their consistency in a certain order (Fig. 6.13). 
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Material 
Salt 

solution Concentration PL % LL % References 

Kaolinite NaCl o gil 31.4 46.5 Li (1978) 
10 gil 31.3 43.5 
50 gil 31.0 40.8 

100 gil 31.0 39.8 

Kaolinite CaC1
2 o gil 31.4 46.5 Li (1978) 

10 gil 31.2 44.8 
50 gil 31.0 42.7 

100 gil 31.0 41.4 

Bentonite NaCl 0 gil 62.4 540 Li (1978) 
10 gil 62.8 280 
50 gil 62.0 125 

100 gil 62.2 88 

Bentonite CaC12 o gil 62.4 540 Li (1978) 
10 gil 62.0 290 
50 gil 62.2 115 

100 gil 62.0 95 

Putnam clay HCl 0.05 N 30 57 Win terkorn & 
NaOH - 31 89 Moorman 
KOH - 28 53 (1941, Fig. 2) 
Mg(OH)2 - 25 56 
Ca(OH)2 - 27 62 
Al(OH)3 - 27 60 

Na-Hydrous mica NaCl 0 gil 33 51 Kenney (1967) 
30 39 99 

K-Hydrous mica KCl 0 39 "( r ... 

30 46 118 
Na-Montmori11onite NaCl 0 53 1325 

30 45 620 
Na-Grundite NaCl 0 46 164 

30 43 130 

TABLE 6.4 Results of some investigations into the effect of system 
chemistry on plasticity 



~ o 
X 
CO 

"C 
c: 

u 

VI 
o 
a. 

FIG. 6.13 

Liquid limit % 

Change in consistency of a soil due to cation exchange 

(Matsuo 1957). 



117 

Although some studies, for example Kenney (1967), on the engineer-

ing properties of soils have concluded that there is no correlation be-

tween plasticity and residual strength, Voight (1973) considers that a 

relationship does exist between these properties since mineralogical 

factors affect both plasticity and residual strength alike. Fig. 6.14 

shows a curve of plasticity index plotted against residual strength co-

efficient (~ = tan ~ ) for a large number of different types of natural _ r r 

soils. The diagram suggests that materials with hiih residual strength 

coefficients possess low plasticity. VOight's principal conclusion was 

that plasticity index appears to be a useful guide to the residual 

strength of natural soils. Rethati (1971) also generalised in a similar 

context by stating that the higher the absolute value of the plastic 

limit, the less favourable are the engineering characteristics of the 

soils. 

With regard to slope stability, it is evident that a change in the 

behaviour of a soil at a given water content may result from modification 

of porewater composition. Such changes will be critical if the water 

content of the soil is already close to the liquid limit. 

6.8.2 Measurement of plastici ty 

Plasticity is usually expressed in terms of 'water' content and 

standard methods such as B.S. 1377 (1975) prescribe that distilled water 

is used in all tests. 

Olson & Mitronovas (1972) considered water-content to mean the 

"weight of pore fluid (water plus dissolved salts) divided by the weight 

of solids" for their experiments on illite with different electrolyte 

concentrations. Theoretically, this should still represent moisture 

content since salts precipitated on drying will be included in the dry 

weight. Warkentin (1961) redefined liquid limit completely in order to 
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provide a more useful explanation for the influences of different ions, 

salt concentration and pH on this property. The reinterpretation was 

stated as the distance between particles or between structural. Units of 

clay minerals at which, "forces of interaction between the clay particles 

become sufficiently weak to allow easy movement of particles or units 

relative to each other". 

In the following experiments the definition of Olson & Mitronovas 

(1972) is adopted for the term water content. 

6.8.3 Plasticity tests on Edale Shale 

The plastic and liquid limits of Edale Shale were determined by the 

methods described in Appendix A.2 using the same solutions as in the 

residual strength tests plus Ca(N03)2 and Mg(N03)2' The results obtained 

for these tests complement residual shear strength data obtained in the 

ring shear tests. 

For the liquid limit, samples of Edale Shale, with a particle size 

less than 425 vm, were remoulded in the solutions for 40 minutes follow­

ing the recommendation of Dumbleton & West (1966) for strongly aKgregated 

soils. This was carried out in a Kenwood Food Mixer. The samples were 

left in an airtight tin for about 24 hours every time solution was added 

before testing with a cone penetrometer. The duration of a complete 

liquid limit determination was therefore prolonged over a period of 3 

days per sample. This was considered necessary, however, to give time 

for the solution and sample to equilibrate. 

For the plastic limits, tests we~ carried out by the rolling thread 

method (B.S. 1377, 1975) after an initial saturation period of 24 hours. 

Appraisal of the results presented in Table 6.5 for both limits 

shows that the plaStic limit is highest in the presence of distilled 

water and the liquid limit is highest with acid. The limits decrease 



Solution Plastic Limi t 
% 

Liquid Limi t 
% 

18 19 20 21 32 33 34 35 36 37 38 39 
I I I I I 

Dis tilled Water x x 

H2SO4 (0.14%) x 

NaN°3 (O.lM) V / NaN°3 (1. OM) 

KN03 (0. 1M> I / KN03 (l.OM) 

Ca(N03)2 (0. 1M) x x 

Mg(N03)2 (0. 1M) x X 

Table 6.5 Plasticity determinations on Eda1e Shale 
with differen~ solutions 

I I I I 

40 
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with increasing salt concentration and increase according to ion type in 

order Na < K < Ca < Mg. The liquid limit is affected to a greater extent 

than the plasticltmit in terms of solution composition and concentration. 

The plasticity index shows a reduction accordingly. 

6.9 Discussion 

It is appropriate here to summarise.the deductions that can be made 

from the results of the strength and plasticity tests. 

1. Residual shear strength and plasticity properties of Edale 

Shale are sensitive to short term changes in porewater composition and 

concentration. 

2. The responses of residual shear strength and plasticity to 

different solutions are comparable with those exhibited by clay minerals, 

although the magnitude of the changes are not as great. 

3. The changes induced in the residual shear strength of the shale 

by different salt solutions are apparently rapid, reversible and in­

dependent of the order in which the solutions are introduced. 

4. The residual shear strength and plasticity index of the shale 

appear to be increased in the presence of acid. 

Taking the second point first, it is perhaps expected that in shales, 

which comprise large quantities of clay minerals, engineering properties 

will be partially dictated by the behaviour of the clays under the 

prevailing chemical conditions. However, the presenCe of other minerals, 

particularly quartz and possibly well-cemented aggregates, will inevitably 

dilute this influence to some extent. The contribution of clay minerals 

to soil behaviour also depends on the clay types since expandable 

minerals, such as smectites, apparently exert a much greater influence 

than non-expandable ones like kaolinite (section 6.3.2). As pointed out 

by Bolt (1956), it is difficult to quantify how much of the behaviour of 

a mineral mixture is attributable to each mineral constituent. 
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6.9.1 Effect of salt solutions 

The rapid and reversible changes in residual shear strength in the 

presence of different salts almost certainly involve cation exchange in 

clay minenUs with corresponding changes in bonding energies. Exchange 

reactions are probably limited to cations satisfying charge imbalances 

on the external clay surfaces rather than in interlayers, particularly 

in illites and kaolinite. This is supported by the studies of Haan et 

ale (1965) on diffusion of potassium into an illite over various time 

periods up to 16 months. It was concluded from these investiKations 

that cation exchange in this mineral is restricted to cations close to 

the edges of individual particles and that more centrally located ones 

require very many years to contribute to porewater composition in 80i18. 

The physical behaviour of clay platelets is governed by attractive 

and repulsive forces. Van Olphen (1963) explained that in many clay 

systems platelets assume a parallel arrangement whereby larie .urface 

areas are able to interact at comparatively short distances. At close 

separations the major contributory factor in layer repulsion is hydration 

energy derived from either or both adsorbed water and from hydrogen bond­

ing between water molecules and clay surfaces. At greater plate dis­

tances, long range particle interaction involves electrical double layer 

repulsion, or osmotic swelling, due to pressures arising from differences 

in ionic concentration between clay plates and external solution. As 

shown by Norrish (1954) in an examination of swelling in montmorillonite, 

the transition between the two types of interaction is sharp. Fig. 6.l~ 

shows how clay layers separate initially in distinct stages followed by 

a phase of continuous separation at much larger distance •• 

Although work by Norrish (1954) on osmotic swelling i. concerned 

with montmorillonite, Norrish (1973) considered that other clay minerals should 
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behave qualitatively in the same manner. Quantitatively, however, their 

behaviour is modified by differences in particle shape, size and surface 

charge density since these factors influence the magnitude of repulsive 

and attractive forces. 

Low & Margheim (1979).criticised the concept of osmotic swelling as 

a cause of clay expansion in water and proposed that swelling pressures 

were primarily due to a reduction in potential energy of adsorbed water 

as a result of its interaction with adjacent layer surfaces. 

However, certain engineering characteristics of clay-electrolyte 

systems, dependent on clay expansion, are more generally attributed to 

osmotic swelling and hydration, for example by Bolt & Miller (1956), 

Bolt (1956) and Warkentin & Schofield (1962) for consolidation properties. 

In terms of shear strength, osmotic swelling and hydration probably 

influence effective normal stress and hence, the angle of internal fric-

tion, ~. This was considered to be true for l11i tes by Sridharan & 

Venkatappa (1979) and for kaolinite and montmorillonite by Warkentin. 

Yong (1962) and Masri & Olson (1970). Chattopadahyay (1972) proposed a 

modified shear stress equation to account for the effect of physico-

chemical environment on clay shear strength: 

where a~' is the apparent effective stress 

R-A is the net interparticle stress due to the physico-chemical 

environment 

't res is the residual shear stress 

tan ~ 
, is the residual angle of friction 

r 

(R-A) is apparently predicted well by double layer repulsion, particularly 

in Na-montmorillonite, although for less reactive minerals, the physico-

chemical environment probably has less effect. 
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Taylor (1959) considered that the formation of double layers between 

clay particles provides a reasonable basis for interpreting the mechanical 

behaviour of soils with a large clay mineral content. 

The changes in residual shear strength of Edale Shale with different 

cations may be explained, at least in part, by hydration and osmotic 

processes within the clay fraction. Residual strength is higher for K 

than for Na. According to Rosenqvist (1955), the attractive forces be­

tween clay plates are mainly due to Van der Waal's forces and are pro­

portional to the polarisability of the adsorbed cations. Since K has a 

larger polarising influence than Na and also has a lower hydration energy, 

it follows that repulsive forces in the presence of K are less effective 

than with Na. Residual shear strength is thus higher with K in the pore­

waters than with Na. 

Greater repulsive forces are experienced with Na because it has a 

high hydration energy. An increase in the concentration of Na in the 

porewaters presumably increases the available hydration eneray and hence 

clay layer separation 1s enhanced. The observed shear strenath 1s thus 

lower because the repulsive force is large (Lambe 1958). 

This response appears to be typical of illite and kaolinite minerala 

although not of others, such as smectite., for which increased concentra­

tions of ions reduces repulsion by modifying their inherent repulaive 

tendency ('Vong '>Warkentin 1966). Reduced shear strengths in these 

minerals were attributed by Warkentin , Yong (1962) to easier particle 

readjustment under the applied shearing forces as a result of inhibited 

particle repulsion. 

The effects of e1ect~01ytes on shear strength are often considered 

to be due to changes in particle or aggregate arrangements, for example 

by Warkentin' Yong (1962), Rosenqvist (1955), Masri' Olson (1970), but 
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this seems inappropriate in the case of residual shear strength since 

this property is supposedly reliant on a parallel orientation of clay 

plates. Nagaraj & Rao (1974) were of the opinion that where clay aggrega­

tion is favoured by the physico-chemical environment, packet structures 

develop and these assume a parallel arrangement without any significant 

distortion within the fabric elements. The magnitude to which residual 

shear strength is affected then depends on the stability, size and nature 

of the fabric elements •. It was found that in the presence of Na, double 

layers were formed between individual particles, hence fabric elements 

were smaller and residual strength lower than that recorded with Ca, 

where double layers were depressed and clay aggregates larger. Differ­

ences of plastic limit are explained by Warkentin (1961) in terms of 

particle rearrangement. In low swelling clays under neutral conditions 

(pH 6.5), the interparticle attraction forces cause particles to assume 

face-to-face arrangements with some edge-to-face contacts. With increas­

ing salt concentration, particularly of monovalent ions, the structure 

changes to face-to-face arrangements in which the void space between 

particles is lower and the liquid limit decreases. With divalent ions, 

however, edge-to-face flocculation is favoured, the void space increases 

and so does the liquid limit. For swelling clays, the dominant inter­

particle force is repulsion. Increasing salt concentration with mono­

valent cations reduces repulsion and hence the liquid limit decreases. 

With divalent ions, such as Ca, increasing the concentration does not 

reduce the liquid limit appreciably according to Warkentin (op. cit.). 

This is explained by the formation of particle units, or tactoids, which 

are not very sensitive to changes in salt concentration. 

An alternative explanation is given by Grim (1962) who proposed 

that plasticity is primarily governed by the structure and orientation 

. , I 
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of adsorbed water on clay mineral surfaces and that adsorbed cations 

affect plasticity by their influence on adsorbed water orientation. 

The plasticity properties of Edale Shale in the presence of different 

cations are comparable with those predicted for illites and kaolinites as 

reported by Rosenqvist (1955) and Li (1978). In Fig. 6.16 the values are 

presented on a plasticity chart where they plot in the region correspond-

ing to medium plastiC clay (Fig. 6.12). The consistency changes indicated 

on the chart do not follow the same relationship with the cation type as 

those shown by Matsuo (1957) which may reflect differences in 80il compos-

itions. The residual shear strength properties also appear to be 

explained by considering the behaviour of illites and kaolinites with 

different porewater compositions and concentrations. This is perhaps un-

expected in view of the large proportion of 'swel110a' clays in Edale 

Shale since this clay type has been reported to exert a considerable 

influence on the behaviour of clay mineral mixtures. However, as stated 

by Taylor (1959), "owing to the wide variations found in the texture, 

composition and geological history of natural soils, it is hardly to be 

expected that any single theoretical treatment is likely to give a 

universal interpretation of the influence of chemical factors on the 

mechanical properties of soils in general". 

6.9.2 Effect of acidic solutions 

It is perhaps surprising to record an apparent increase in 'r' and 

plasticity in the presence of sulphuric acid. As for salt., the rapid 

and reversible response in ~ , suggests that short term chanaes in inter­
:Q1 

particle bonding occur. With acidic solutions, this i. likely to involve 

+ reactiOns with H ions. Feigenbaum' Shainberg (1975) considered that 

+ where H is present in solution, a rapid exchange may occur between the 
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+ + 
adsorbed cations on clays and H to form H -clay. Norrish (1973) also 

+ proposed that H ions act as an exchange cation, although only in dilute 

solutions. 

The longer term effect of acid weathering on residual shear strength 

and plasticity is uncertain but it would seem reasonable to expect further, 

permanent strength increases from the nature of the reactions that occur. 

Strength increases on weathering have been reported elsewhere, for 

example, by Gould (1960) who found that ~ , increased from 12.5 to 17.50 
r 

o in an unweathered Tertiary marine clay to 24 to 27 in weathered material. 

Talme (1968) also measured higher strengths in a Norwegian 'quick' clay 

after the addition of hydrochloric acid. 

In Chapter 2 the evolution of materials with greater thermodynamic 

stability in the weathering environment was discussed. Chemical weather-

ing reactions in shales tend to produce mineral compositions dominated by 

quartz, kaolinites and Al or Fe-oxides and hydroxides; the latter occur 

either as free gibbsite or goethite or as interlayers in clays like 

chlorite or smectites and vermiculites. All these products possess 

typically higher strengths than the original shale constituents, 

particularly expandable smectites and illites. Kidder. Reed (1972) 

found that hydroxy-aluminium interlayering greatly reduced the .welling 

properties of expandable clays and Gray (1970) and Foster • Gazzard 

(1975) reported that the presence of hydroxy-aluminium interlayering 

greatly increased soil strength. 

Amorphous material, such as iron oxides, may also be produced during 

weathering (Chukrov 1972; Yong et al. 1980). Yong et al. (1979) considered 

amorphous material to po.sess a negative charge and found that it 

increased the physical stability of some sensitive Canadian clays. In 

other systems, therefore, amorphous material may contribute to strength 

by its bonding properties. 
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6.9.3 Implications of short term changes in porewater composition to 

slope stability at Mam Tor 

The residual strength and plasticity of Edale Shale are affected by 

changes in the cation composition, concentration and pH characteristics 

of the porewaters. The change in physical properties is probably due to 

the influence of different cations in the porewaters (including H+) on 

interparticle bonding, particularly.between clay minerals. ~ , is 
ra 

reduced in the presence of Na and increased by K relative to values 

obtained with distilled water. ~ , also appears to be increased markedly ra 

with acid at a concentration commensurate with that reported by Year • 

Curtis (1981) to be generated under natural weathering conditions at 

Mam Tor, Derbyshire. 

Clearly, the compositions of weathering solutions are modified 

progressively by continued reaction with surrounding rock. Groundwater 

emerging in surface seepages at Mam Tor, for example, has a large concentra-

tion of K, Ca and Mg with smaller quantities of other cations and has a 

pH of around 3.4. The combined influence of these chemical factors will 

affect the residual shear strength of Edale Shale within the landslide 

and particularly along the slip surface where weathering solutions are 

thought to percolate. This is SUggested in the residual shear strength 

test conducted with groundwater taken from Mam Tor. 

It is not possible to make quantitative predictions for the effect 

of porewater composition on residual shear strength for the whole slide 

particularly as weathering processes are not at the same stage everywhere. 

o On a broad scale, however, a reduction in ~ , of I for Edale Shale under ra 

i I t of 294 k.N m-2 od an effect ve norma s ress pr uces a 5% drop in the 

factor of safety (Appendix B.9) .assuming limiting equilibrium to be 

controlled by residual shear strength. This is obviously significant, 
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particularly if the factor of safety is already close to unity. A concur­

rent rise ',in porewater pressures, top loading of the rotational main unit 

by blocks falling from the back scarp, removal of support to the main 

unit after movements of the translational toe or changes in slip plane 

geometry due to material dissolution may trigger a, major movement. 



CHAPTER VII 

CONCLUSIONS 

128 

The geochemistry and physical structure of shales renders them un­

stable in the weathering environment. The components of shales which 

accumulate during deposition and diagenesis are diverse, consequently 

subsequent degradation by weathering involves chemical and physical 

processes which operate simultaneously but do not proceed at the same rate. 

The problems presented to engineering by shales are varied and 

appear to be strongly related to the geochemical properties of these materials. 

Low strength, salt precipitation and swelling.are notable examples. Suc­

cessful prediction of the scale and nature of potentially unsatisfactory 

physical behaviour in a rock requires an understanding of the rates and 

type of physical and chemical reactions likely to occur in weathering 

conditions. Links between geochemical and engineering properties should 

therefore be researched. Natural shale-water systems are, however, too 

complex to analyse in detail. Instead, laboratory investigations under 

controlled conditions provide useful information on specific physical 

and chemical properties. 

In laboratory experiments using Carboniferous Edale Shale conclusions 

were drawn on the rate and nature of chemical reactions involving shales 

and sulphuric acid. The effects of changes in porewater composition and 

concentration on residual shear strength were studied. The inflUence of 

physical breakdown on residual shear strength was also considered together 

with the problems of measuring particle size distribution in shales. 

7.1 Chemical reactions in shales 

Sulphuric acid is producedwherever pyrite oxidation occurs. Experi­

ments described in Chapter 5 in which different masses of shale were 

reacted with sulphuric acid showed that the pattern of cation release during 
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artificial acid weathering of shales can be similar to that found in 

natural weathering systems. Meaningful reactions are, therefore, repro­

duceable under laboratory conditions. This has facilitated a study of 

the rates of chemical reactions which probably occur in the vicinity 

of acid generation under natural conditions. 

The initial attack of acids produced by pyrite oxidation on fresh 

shale can apparently occur extremely rapidly. Half-lives for the 

reactions involving different shale masses varied from 0.36 minutes (ratio 

of H+ to shale 0.08 mg/g) to 710 minutes (ratio of H+ to shale 8.00 

mg/g). Exact figures for the same reactions in the vicinity of natural 

pyrite oxidation cannot be estimated because the solid solution ratios 

are not known. Although the void ratio of the shale may give an indication. 

the local concentration of acid produced is not known and natural 

systems have open rather than closed flow regimes. The main conclusion 

to be drawn here is that reactions involving fresh acid are rapid and are 

limited, at least in the closed systems used, by the surface area of the 

shale. Hence, in situations where particle breakdown is occurring, such 

as in shear zones, reaction may be accelerated by the increased surface 

area available for contact with acid waters. 

During chemical weathering, the composition of the active solutions 

will be changed markedly, even if there is little apparent effect on the 

mineralogy of the solid material. This may influence the engineering 

properties of shales in the short term; continued release of ions into 

solution can certainly create problems in a matter of a few years due 

to the precipitation of salts within weathered rock masses. 

7.2. Effect on engineering properties 

The major property investigated in this work was residual shear 

strength. This was selected because it is the strength mobilised along 

a slip plane after failure and thus controls post-failure stability. 

--~ 
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Residual shear strength was expressed in terms of apparent residual 

angle of friction (~ ,) because: ra 

(a) the normal stress was not changed during tests, hence ~ , 
ra 

values are not true ~ , for Edale Shale. 
r 

(b) displacement during shear was probably insufficient to 

establish a full residual condition in terms of particle orientation and 

breakdown. 

Measured ~ra r was probably an intermediate "minimum shear resistance". Attempts 

to differentiate sheared from unsheared material on the basis of grain size 

were unsuccessful. Coulter counter analysis merely. indicated that both 

sheared and unsheared shale aggregate contained large quantities of material 

< 0.6 ~m in size. 

It was found that ~ r and plasticity in Edale Shale are sensitive 
ra 

to short term changes in porewater composition and concentration. + Na re-

+ duced ~ 'and K increased ~ 'relative to the value obtained with dis-
ra ra 

+ tilled water. An increase in concentration of Na ions magnified the 

reduction in ~ '. The responses of ~ 'and plasticity with different ra ra 

cations in solution are comparable with those shown by clay minerals. How-

ever the magnitude of the changes is relatively lower. Hence, for a rock 

containing large quantities of clay minerals its physical behaviour appears 

to be influenced by the behaviour of the clay minerals. The presence of 

other minerals, particularly quartz, probably reduces the clay effect. 

The changes induced in ~ r by different cations are rapid, reversible ra 

and independent of the order in which the solutions are introduced. These 

observations suggest that cation exchange in clay minerals occurs with 

corresponding changes in bonding energies. 

Acid apparently increases ~ 'and the plasticity index. This is ra 

almost certainly due to short term changes in interparticle bonding in-

+ volving H ions. 
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Changes in ~ t and plasticity in Edale Shale do not appear to ra 

be dependent on their state of physical breakdown. Mineralogy exerts 

a stronger influence than aggregate size distribution. The relative 

quantities of quartz and clay minerals are probably most important. 

~~~-- ----.. .:.. ... 

Modifications in ~ t may be due to porewater composition in the short ra 

term and mineralogical alteration in the long term. 

7.3 Measurement of particle size distribution 

Physical methods of measuring fundamental grain size distributions, 

particularly the < 2 ~m fraction are not reliable for indurated rocks. A 

statistical correlation between the proportion of < 2 ~m size material 

and the Si02/A120 3 ratio determined by X-ray fluorescence analysis was 

established using unconsolidated Humber sediments. Similar relationships 

were found for Plastic, Ball and China clays. However, the exact mathe-

material relationship for a particular rock appears to depend on the 

composition of the:< 2 ~m size fraction. 

For Edale Shale, the Si02/A120 3 ratio was used to estimate the amount 

of less than 2 ~ material present. Values over 70% obtained from a Si02 / 

A1
2

0
3 

ratio versus percentage < 2 ~m size fraction plot indicate that 

physical methods of measurement serlouslyuuderestimate the amount of 

fine material present. 

Estimates of percentage < 2 \.1m material in Edale Shale in different 

stages of physical breakdown were obtained bya sedimentation technique 

and by calculation using the Si02/Al20 3 ratio. Discrepancies between the 

results showed that fundamental grain size distribution is not obtained 

during rapid physical weathering. 

7.4 Chemical weathering systems 

Although natural systems are not readily analysed in detail, for 

laboratory studies like those discussed in this work, it is helpful to 

divide weathering processes into individual components for separate 

investigation. 
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With respect to chemical weathering, Fig. 7.1 illustrates how in 

general terms two distinct components are recognisable, the solid phase 

and solution phase. Weathering modifes both phases in a cyclic manner. 

Positive feedback is operative whereby initial weathering reactions 

control subsequent reactions which create new conditions to influence 

further weathering. 

Generally, it appears that the physical properties of materials 

depend on the extent of weathering as the solids are modified. For any 

given solid state, however, independent values for physical properties 

are obtained depending on porewater composition. Field properties of 

weathered shales, therefore, depend on: 

Evolution of the solid phase 

Evolution of the solution phase 

7.5 Links between weathering and slope stability 

The weathering system at Mam Tor which is described by Vear & 

Curtis (1981) (Chapter III) can be represented in terms of the general 

weathering model as shown in Fig. 7.2. 

Steward & Cripps (1983) discussed changes in the physical properties 

of weathered shale at Mam Tor as a result of the operation of this system. 

In the solid phase in cycle 1, a net decrease in bulk density occurs 

due to the removal of diagenetic pyrite while in the complementary 

solution phase the potential for weathering is enhanced by acid genera­

tion. Further mineral dissolution in cycle 2 combined with clay leaching 

continues to reduce the bulk density while the ion concentration of acidic 

solutions increases from the products of the reactions. In cycle 3, 

precipitation of secondary minerals from saturated solutions increases 

bulk density. Cation exchange occurs, particularly in the clay minerals. 

In the fourth cycle, slower reactions involving detrital minerals alter 
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the composition of porewaters over a long time period and the physical 

properties of the weathered shale probably change very slowly. 

These cycles operate simultaneously over all parts of the landslide, 

although one process is likely to be dominant in time at a particular 

location and may play a large part in determining the physical properties 

of the rock mass at that site. 

The waters draining Mam Tor are rich in Ca, Mg and K, hence pore­

water composition may playa part in determining residual shear strength. 

Weathering reactions do not invariably reduce strength, as shown in 

the experiments with KN03 and aCid. Rock quality may deteriorate, how­

ever, due to the effects of other chemical weathering processes. At 

Mam Tor, the most significant of these in terms of bulk material 

properties is probably the volume changes which accompany mineral dis­

solution and precipitation. The passage of each litre of acidic water 

through the rock mass involves a net loss of material, not taking account 

of secondary salt precipitation (Vear & Curtis 1981). This loss is un­

likely to occur uniformly and probably modifies the permeability character­

istics of the rock mass so that access to unweathered material is enhanced. 

Gypsum crystals accompanied by abundant goethite are commonly 

observed along bedding planes and Joints in surface exposures of Edale 

Shale. Their role in aiding physical breakdown is uncertain (Chapter III) 

but it is possible that by continued precipitation they may force dis­

continuities apart. At depth, jarOSite may be preCipitated rather than 

gypsum with similar consequenceS, setting up local stresses within the 

rock mass. 

Information regarding the properties of Edale Shale at depths down to 

about 28 m was obtained from a borehole in the rotational main unit of 

the landslide and is described in Chapter III. Evidently, oxygenated 



134 

meteoric waters or acidic waters produced at shallow depths percolate 

through the slip zone and attack fresh rock. Continued physical dis­

intergration combined with chemical activity along the slip zone may 

reduce the factor of safety of the landslide over a period of years to 

a critical failure condition. 

-- -.-~~--~ --.-....... ~ 

In other investigations, for example by Subramanium & Carr (1981), 

Prior & Graham (1974) and Early & Skempton (1972) which are described in 

Chapter I, evidence of chemical activity along slip zones was reported. 

Changes in the engineering properties of material on these shear surfaces 

may be occurring in the manner speculated for Mam Tor. If the factor of 

safety reaches values close to one, other destabilising influences may 

then trigger failures. 

7.6 Final comment 

Division of a weathering system into separate components provides a 

clearer indication of the relationships between geochemical processes in 

both time and space. If quantifiable, the contributions made by each geo­

chemical component would be of value in predicting the likely physical 

behaviour of a given shale-water system. As yet, however, this is not 

possible. 
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APPENDIX A 

PRACTICAL TECHNIQUES 

The general procedures adopted for tests and analyses in this work 

are outlined in this appendix. Where standard methods have been used, 

reference is made to the original documentation and only possible sources 

of error with precautionary measures additional to those in the prescribed 

methods have been included. Modifications to standard procedures in 

order to improve or adapt particular techniques are described in greater 

detail. 

The following methods are included: 

A.I Determination of moisture content 

A.2 Determination of plasticity limits 

A.2.i Liquid limit 

A.2.ii Plastic limit 

A.2.iii Plasticity index 

A.3 Determination of grain size distribution in sediments by the 

pipette method 

A.4 Method of specimen preparation for X-ray diffraction analysis 

A.4.i Powder mount 

A.4.ii Smear mount 

A.4.iii Quantitative determination of clays using X-ray 

diffraction 

A.5 Determination of chemical composition by X-ray fluorescence 

A.6 Determination of the chemical composition of solutions by 

atomic absorption spectrophotometry 

A.7 Determination of quartz (free silica) in sediments by the 

method of Trostel & Wynne (1940). 
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A.1 Determination of moisture content 

Moisture content (w) is defined by BS 1377 (1975) as the mass of 

water which can be removed from the soil, usually by heating at 1050 C, 

expressed as a percentage of the dry mass. Determination of w is funda-

mental in a number of engineering tests including plasticity measurements 

and in pre- and post-shearing moisture content determinations. 

A clean dry container with a lid was weighed to the nearest 0.01 g 

(W). The sample was placed in the container and weighed (W ). All c w 

matrix water was evaporated by oven-drying at 105-ll0oC for about 24 hours 

until no further change in weight was recorded. During drying the 

container lid was placed loosely over the sample to prevent contamination 

by foreign particles. 

After drying, the sample was cooled in a desiccator and weighed (W
d) • 

The moisture content was calculated by equation A1. 

w = Ww - Wd x 100% 

Wd - Wc 

Values for w were rounded to the nearest integer. 

A.2 Determination of plasticity limits 

A.2.l Liquid limit (LL) 

Al 

Two methods were employed for the determination of the liquid limit. 

In initial tests the Casagrande percussion cup was used but this was 

later replaced by a cone penetrometer apparatus. 

Both methods are outlined in detail in BS 1377 (1975) and Vickers 

(1978) who also give accurate descriptions of the apparatus. The cone 

penetrometer is the preferred method by the BS 1377 (1975) because it is 

easier to carry out, gives more reproduceab1e results, is less dependent 
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on operator judgement and the apparatus can easily be maintained in 

correct adjustment. 

Differences between the results are considered to be slight by 

Vickers, although Norman (1958) found that the cone penetrometer gave 

higher values than the Casagrande apparatus. 

Sample preparation for both methods was the same. Soil was dried 

sufficiently to permit disaggregation by a rubber pestle and mortar. The 

material used was sieved through a 425 ~m mesh and a minimum of 200 g 

retained for testing. The dried soil was mixed with distilled water on 

a clean flat glass plate to form a thick paste which was then left in an 

airtight container for 24 hours to allow the water to permeate the soil 

thoroughly. 

A.2.ii Plastic limit (PL) 

The plastic limit was determined using the rolling thread method 

prescribed by BS 1377. 

Other, more controlled methods were considered, particularly regard­

ing use of the cone penetrometer. For comparative purposes, however, the 

current standard method was used. Application of updated procedures will 

inevitably require a redefinition of the plastic limit as advocated by 

Wroth & Wood (1978) who took the limit at a point where the shear strength 

of a sample was 100 times its strength at the liquid limit. 

A.2.iii Plasticity index (PI) 

The standard definition was used: 

PI = LL - PL 
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A.3 Determination of grain size distribution in sediments by the pipette 

method 

Determination of grain size distribution by sedimentation may involve 

up to four stages of preparation and testing, including the measurement of 

the specific gravity of the material to be analysed, removal of cementing 

compounds, dispersion of the constituent particles and the sedimentation 

test itself. 

A.3.i Measurement of specific gravity 

The BS 1377 (1975) procedure was followed for this determination. 

A.3.ii Removal of organic matter 

The BS 1377 (1975) method was employed using 20 vol. H202 as an 

oxidant. 

A.3.ii Dispersion of particles 

The BS 1377 (1975) technique was followed initially. This involved 

shaking soil (pre-treated if organic matter was removed) in 100 ml of 

distilled water with '20 ml 2% calgon on an end-over-end tumbler for 4 

hours, followed by wet-sieving on mesh 63 ~m. The standard procedure 

recommends that the soil retained on the sieve should be oven-dried and 

resieved on appropriate mesh sizes to assess the proportions of gravel and 

sand present. In practice, however, the 63 ~m sieve became very congested 

during the initial washing because of the large quantities of fine material 

in the soil. The whole sample was, therefore, suspended in distilled 

water and analysed by sedimentation. 

A.3.iv The sedimentation test 

ThiS was carried out in an Andreasan Cylinder, one of which is shown 

in Plate AI. The cylinders were graduated in centimetres and had fixed 



PLATE A.2 

PLATE A,.l Andreasan cylinder. 

Cylinders in water bath to maintain a constant temperature 

during sedimentation. 
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10 ml pipettes. They were placed in a water bath and maintained at 

constant temperature throughout tests (Plate A2). 

Each soil-water mixture to be analysed was washed complet~ly into 

the appropriate cylinder and the depth made up to 20 em with 25 ml 2% 

calgon and distilled water. One hour before the tests commenced the 

water bath was switched on and the temperature allowed to equilibrate at 

o 21.5 C. All four samples were analysed simultaneously. 

Sedimentation is the process whereby a steady fall of particles 

occurs through a liquid at rest. The particle sizes at a given depth at 

a ghren time are determined from Stokes' Law which:'relates the velocity of 

a particle falling through a liquid to the radius of the particle, its 

specific gravity and the viscosity of the liquid. For a spherical 

particle, the relationship is expressed in equation A4. 

v = H = ! (YS - YL)g.r2 
A4 

T 9 '"? 

where V = velocity of falling particle -1 (cm S ) 

H = distance through which particle falls (cm) 

T = time taken to fall H cm (s) 

g = acceleration due to gravity 

r = radius of particle (em) 

~ = viscosity of liquid (poise) 

Ys = specific gravity of particle 

YL = specific gravity of liquid 

Stokes Law can be modified to allow for the non-spherical nature of 

particles but for most practical problems, use of equivalent spherical 

diameter (esd) is assumed to be satisfactory. 

The velocity of a falling particle should be limited 80 that 

turbulence is not created in the suspension. This condition is satisfied 

if Reynolds number does not exceed 0.2, at which point Stokes equation 
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has an error of 5%. In terms of particle size this dictates an upper 

limit of 0.2 mm esd above which Stokes Law is inaccurate. 

Using this law it is possible to calculate the times at which 

particles of a given size range will be present at a given depth. 

Generally, a depth of 10 em is used and sampling times calculated so that 

particles finer than medium silt (20 ~), fine silt (6 ~) and clay (2 ~) 

would be present at that depth. Conversely, it is possible to calculate 

the particle size ranges which will be present at a given depth at 

specific times using the same equation. The latter approach seemed more 

practical to use when more than one test was run simultaneously.because 

it allowed greater flexibility with withdrawal times and a timetable was 

constructed to ensure systematic sampling. In this work, four samples 

were analysed together and a sampling plan implemented which allowed 

17 minutes between the start of one test and commencement of the next. 

Each test was started by inverting the cyl1nd~r ten times and timing 

for settlement of the suspension was started as the cylinder was returned 

to the upright position after the tenth inversion. The pipettes were 

inserted and remained in place for the duration of the test. This 

avoided any disturbance to the suspensions consequent upon the pipettes 

being lowered and raised at each sampling event. 

Samples were withdrawn at intervals on a log-time basis, at 1.5, 3, . 

5, 10, 15 and 30 minutes, I hour, 2, 4, 8 and 24 hours, following the 

procedure recommended by Ackroyd (1956). Exactly 10 ml of the suspension 

was drawn into the pipette on each occasion and the contents were 

washed into a pre-weighed 25 ml beaker. All the beakers were dried at 

I050 C to evaporate the water, allowed to cool and then weighed to deter­

mine the mass of soil particles present. 
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The maximum particle sizes present at the given times at 20 em 

depth were calculated using equation A5 from Akroyd (1956): 

Particle size = F Effective depth (em) 
Time (min) (mm) 

where F is a factor derived from Stokes Law based on temperature and 

specific gravity of the soil. 

The amount of soil particles remaining could be expressed as a 

percentage by weight of the amount of soil dispersed in the original 

suspension using equation A6. 

p = 100 x W
t 

W 
o 

W
t 

is weight of soil per ml at a depth of 20 cm after time t 

W is weight of soil per ml in the original liquid 
o 

Account was taken of the amount of dispersant, i.e. 2% calgon, in the 

A5 

A6 

original liquid and so equation A6 became modified to equation A7 which 

was used in the final calculation: 

where W
D 

is g/ml of dried soil + 2% calgon 

W is g/ml of 2% calgon 
c 

W is g/ml of soil in suspension 
o 

The following points about application of Stokes Law were noted by 

Vickers (1978): 

(a) The range of applicability is restricted to particle sizes 

between 0.2 mm and 0.002 mm esd falling through water. For larger 

particles there is a risk of turbulence while smaller ones may be 

susceptible to Brownian motion. 

A7 
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(b) Particles often do not resemble spheres. 

(c) An infinite extent of liquid is assumed to exist around each 

particle and its free fall is supposedly unaffected by the tube although 

this is thought to be negligible if the concentration is maintained less 

than 50 g/IOOO ml and the tube is in excess of 50 mm diameter. 

(d) The value used for,' specific gravity is an average value and may 

well be in error. This concerns clay minerals particularly since 

2 adsorbed water can amount to 3 of the particle volume and the true 

specific gravity of the solid matter will be lower than the average. For 

reliable results, high temperatures drying must be avoided. 

(e) Certain soils change their particle size characteristics in 

suspension. Illite and montmorillonite may break down on stirring. 

(f) Temperature variations in the environment may cause convection 

currents within the suspension. 

(g) Some soils do not disperse easily. This has been shown to be a 

large problem in indurated rocks, for example in ancient shales by 

Pettijohn (1975) or in Keuper Marl by Davis (1967). 

The sedimentation test is considered adequate for most practical 

problems involving soils but its value for measuring particle size 

distributions of fine-grained, well-cemented rocks should be viewed with 

caution. 

A.4 Methods of specimen preparation for X-ray diffraction analysis 

A.4.i Powder mount 

A rock or coarse soil sample was crushed in a cast iron mortar and 

pestle. A small amount of the powder produced by crushing was ground to 

a talc consistency in an agate mortar. This was stored in a plastiC 

phial if not used immediately. 
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To prepare a powder specimen for analysis, a clean glass slide was 

placed over the rectangular recess of the powder holder and secured with 

se110tape. Powder was added to the recess in small amounts, ensuring 

that each layer was distributed evenly. When the holder was full, the 

top surface was levelled flush with the top of the recess and an aluminium 

backing clipped over the sample. The glass slide could then be removed 

and after checking that the specimen was perfectly compressed with the 

exposed surface even, the holder was inserted in the sample chamber of 

the diffractometer for analysis. 

A.4.ii Smear mount 

Gibbs (1965) compared different methods of preparing oriented speci­

mens of clays in < 2 ~m fraction and found that the only procedures cap­

able of producing homogeneous specimens are the smear, rapid suction and 

pressure methods. In other methods, for example sedimentation, separa­

tion of different minerals often occurs resulting in concentrations of 

components in different parts of a specimen. This is particularly 

important in quantitative work where thick, homogeneous samples are 

required in order to give meaningful relative intensities of reflection. 

Smear mounts were used in the analysis of both whole rock and 

selected size fraction specimens. For whole rock smears, a powder was 

prepared in the same way as for a powder mount. A small amount of this 

material was then further ground in an agate mortar with a drop of 

distilled and deionised water. After wet-grinding, sufficient distilled 

and deionised water was added to produce a thick suspension of material. 

This was taken up into a dropper pipette and two or three drops placed on 

one half of a clean glass slide. The suspension was Smeared evenly along 

and across one half of the slide and left to dry at room temperature. 
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For the preparation of < 2 ~m size fraction smears, a rock or 

coarse soil sample was disaggregated ill a CS)St iron mortar and pestle. 

About 5 g of this material was placed in a glass centrifuge tube with 

-1 calgon of concentration 1.5 g 1 . The. mixture was shaken and then 

centrifuged for about 15 minutes or until the supernatent liquid was 

clear. Occasionally, the liquid was discoloured or a film of organic 

matter was seen floating at the surface but provided no particulate 

material remained in suspension the liquid was discarded and the solid 

resuspended in calgon. The process continued until any clay particles 

ceased to flocculate rapidly. The centrifuged solid was then waShed in 

distilled-deionised water. 

Separation of different size fractions from suspension is related 

to size and density and to the viscosity and temperature of the suspen-

sion medium. To separate out a particular particle size, a suspension 

can be centrifuged for a given time depending on the temperature of the 

medium. The supernatant then contains particles of the required size 

and finer. This procedure was followed to obtain the < 2 ~m size frac-

tion. The required material was removed from suspension by centrifuging 

for about 1 hour or until the supernatent was clear. The unwanted 

liquid was discarded and the solid was mixed with a drop of distilled de-

ionised water. A few drops of the mixture were placed on one half of a 

clean glass slide and smeared as before. The smear was left to dry at 

room temperature. 

A.4.iii Quantitative determination of clays using X-ray diffraction 

The relative proportions of the clay minerals were determined using 

the method of Weir et al. (1975) in their study of Nile Delta clays. 

The procedure takes the 7.1 X kaolinite reflection as an internal stan-

dard and recommends that diffractometer traces are recorded from Ca and 
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Mg-saturated specimens, dried in air, solvated in ethylene glycol at 

2Q
oC and heated to 300

0
C to collapse expanding minerals to 10 ~. 

For quantitative analyses oriented spec1liens.of the < 2 1Jm fraction are. 

used. In this work, the samples were prepared as a smear in the manner 

described above. The intensities of mineral reflections were measured 

using peak areas. This was achieved by tracing peak shapes onto good 

quality draughting film and then cutting them out for weighing; the 

masses of the cuttings were recorded as representations of mineral 

reflections • 

Following Weir et al. (1975), the intensities were adjusted by 

simple proportion to equalise that of kaolinite from the three traces 

(air dry, glycolated and heated for each sample). The proportion by 

weight of the mineral phases were then calculated "using the simplifying 

assumptions: 

(1) On a weight for weight basis, expanding miner~ls collapsed to 

10 ~ and give the same reflection intensity as illite. 

(2) Chlorite gives a reflection twice the intensity of illite. 

(3) Kaolinite gives a reflection 2.5 times the intensity of illite. 

Hence, from normalised intensities: 

II gave the proportion of illite 

I (I + Ex) - II gave the proportion of expandable component 

I
K
/2.5 gave the proportion of kaolinite 

IChl/2 gave the proportion of chlorite 

The relative percentages were then calculated. Weir et al. (1975), 

however, considered that the results were only reproduceable to wi thin 

20% of the amounts present. 

,This method was rapid for the determination of the relative pro-

portions of clay minerals in a sample but the accuracy was clearly 

questionnable. 
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X-ray diffraction traces were obtained using a Philips PWll30/90 

generator with the following operating conditions: 

CuK radiation of wavelength 1.542 X - nickel filter 
a 

Current 60 mA 

Voltage 35 kV 

Slit width 0.1 mm 
o Scan range 1 /min 

Chart speed 2 cm/min 

Pulse height analyser - lower 180 divisions 

window 220 divisions x 10-100% 

gain x 64 

A.5 Determination of chemical composition by X-ray fluorescence 

A.5.i Sample preparation 

Glass discs were prepared using the method outlined by Norrish & 

Hutton (1969). The components of the fusion mixture were weighed out to 

the following proportions: 

NH
4

N0
3 

0.027 g 

Powdered rock 0.373 g 

Flux 2.000 g 

Platinum crucibles were used for the fusions. 

For each disc, the loss on ignition was determined by weighing the 

o crucible and mixture before and after melting at around 950 C over a 

burner. The difference between the two weights after subtraction of the 

'blank loss' (NH4N03 + flux) was the sample loss. This simple determin­

ation was often suffiCiently accurate to give analYSis totals within 

limits of 99.50% to 100.49% when oxide percentages for each element were 

added to the ignition losses. Totals falling outside this range were not 

accepted and new discs were prepared. 

The analyses were carried out on a Philips PW1400 spectrometer. 
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A.5.ii Precautions 

X-ray fluorescence is a very reliable method of analysis providing 

the general operating conditions and preparation procedures recommended 

by Norrish & Hutton (1969) are adhered to. Perhaps the most common 

source of error occurs during the weighing of the disc components which 

gives erroneous analysis totals. The accuracy and reproducing of analyses 

is also influenced by the quantity of unstable components in samples, 

including alkali ch10rites, sulphur, carbonates and organic matter. All 

samples were oven-dried before fusion to avoid excessive vapourisation 

of water and various treatments were carried out to reduce losses from 

other volto1isable substances. 

Preleaching of samples suspected of containing problematic alkali 

ch10rites improved subsequent analysis tools. Pre-igniting material with 

large quantities of organic matter or carbonate removes much of the 

troublesome components and the ignited material can be fused as usual 

with no further losses. Sulphur is lost completely from fusions made in 

graphite crucibles (Norrish & Hutton 1969). In platinum crucibles, 

sulphate is not lost but some other forms of sulphur may not be retained. 

Additional oxidising agent may be used to convert these forms to sulphate. 

Even after precautions have been taken to reduce errors, duplicate 

tests may not give exactly the same results owing to slight variations 

in the weighing of constituents or from physical differences between 

discs. Careful preparation ensures that these differences are not of 

major importance provided that the rock powder used is homogeneous. 

The application of matrix corrections to account for variability in 

absorption and enhancement of radiation is important bearing in mind 

sample variability and the degree of precision required. As variability 

increases, matrix corrections become more necessary but can only improve 
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results significantly where experimental errors are much smaller than 

the corrections. In the spectrometer used in these investigations, 

matrix corrections were pre-programmed using Philips proportionality 

factors. 

A.6 Determination of the chemical composition of solutions by atomic 

absorption spectrophotometry 

The instrument used in this work was a Perkin-Elmer 460. The 

principles of operation are outlined in the manufacturer's handbook, 

Perkin Elmer (1976). 

The risk of contaminating samples.before analysis is very high and 

strict precautions were taken to reduce this possibility. All glassware, 

tops and pipettes were washed in chromic acid and rinsed three times in 

distilled water. Polythene screw top bottles were used for storing solu­

tions due to the risk of silica release inherent with glass vessels. 

The utmost care was taken to keep fingers away from the sample and from 

surfaces which would be in contact with it due to the sensitivity of 

sodium determinations. 

Some samples had to be diluted for the measurement of certain 

elements in order to maintain concentrations within the linear range of 

the machine calibration. The dilution factors varied for different 

elements and specimens. 

The precipitation of iron from solution was counteracted by adding 

nitric acid. The combining of calcium with another anion was overcome 

by providing lanthanum as a competing cation. Where an element not being 

measured fell within the absorption spectrum of the element of interest, 

reduction of the radiation detector slit width or moving to a different 

wavelength reduced the problem. 
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A.7 Determination of quartz (free Silica) in sediments by the method of 

Trostel & Wynne (1940) 

Initially, the procedure proposed by Trostel & Wynne (1940) was 

followed exactly, including impurity corrections. Severe reproduceability 

problems were experienced, however, with results showing large positive 

errors. Several amendments were thus made to the method as follows: 

(a) The method assumes that amorphous quartz does not dissolve and 

that silica crucibles are therefore suitable for use during the fusion 

stage. Platinum crucibles were used in repeat tests to eliminate the 

possibility of crucible dissolution. 

(b) Carbonisation of filter papers was carried out over burners to 

facilitate better control over the speed of drying and ignition. 

(c) A liner was placed in the furnace to prevent particles spalling 

from the sides from falling into the dishes during filter paper ignition. 

(d) The permissible range of temperature during fusion was 85-90oC; 

at 7SoC solution of silicic acid was incomplete but if boiling occurred, 

quartz was partially dissolved. Care was taken to avoid freezing of 

salts over the melt since this would prevent the subsequent procedures 

from working effectively. Judgement on the completeness of each stage in 

the procedure was subjective, however, and errors in the results were 

eventually attributed to this problem. The greatest source of error was 

thought to occur during the washing of the quartz residue with HCI and 

distilled water. Insufficient removal of iron and other impurities 

probably made a large contribution to the positive errors which arose. 
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APPENDIX B 

DEFINITIONS OF TERMS AND DERIVATIONS OF EXPRESSIONS 

B.l Definition of shear strength in a soil 

Shear strength is essentially the resistance of a soil to increasing 

shear strain in response to an increasing shear stress. 

Figure B.la considers the behaviour of the soil element shown in 

Fig. B.lb which is subjected to a simple shear force, and a normal 

compression force, a. As the applied shear stress increases, the resist­
n 

ance of the element to deformation also increases. At the yield point, 

significant plastic strain begins to occur and the increase in resistance 

to total deformation can only continue to a limited extent. When the 

maximum shear stress that the element can withstand has been reached 

(-t ), failure occurs and with continued strain the shearing resistance 
max 

decreases until a nearly constant residual shear strength develops. 

The same failure pattern is observed in soil masses under the 

influence of shearing stresses. The initial peak, or maximum strength is 

due to particle interlocking and perhaps some physical bonding. After 

failure, many bonds have been broken and platy particles may become re-

orientated to positions which offer least resistance to the applied shear 

stresses. The source of residual shear strength is, therefore, mainly 

fri:ctional forces along the shear surface. 

It is convenient to consider shear strength as consisting of two 

components, cohesion. c, and friction which is usually expressed as 

an tan ~, where ~ is normal stress and ~ is the angle of shearing resist­

ance. The derivation of these parameters is illustrated in Fig. B.2. As 

the normal stress in a soil increases, as it would with depth within a 

soil mass, the shear stress at which failure occurs also increases. This 
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is because the frictional properties of a soil are dependent on the 

normal stress. All points on the failure envelope threfore represent 

the combination of normal and shear stresses which will cause failure 

in a given mass. The relationship between the stresses is approximately 

linear, expressed by the Coulomb equation: 

T = c + (J tan 4> n Bl 

At higher (Jnlin coarse and dense materials, the failure envelope curves 

upwards as yield dominates over discrete shearing. 

Figure B.2 shows the most common plot characteristic of a soil with 

both cohesion and friction' properties. The c intercept represents 

cohesion due to particle interlocking and to the electrical forces within 

clays. 

Cohesion is independent of normal stress. At the extremes of stress 

behaviour are the cohesionless soils, which may include some sands, and 

soils with no friction component which, it can be argued, is displayed 

by some clays. 

Post-failure behaviour of a soil mass is controlled by the residual 

condition and the Coulomb equation is simply expressed in terms of 

residual shear strength parameters: 

T = r 
c + (J tan 4> r n r 

B2 

The general Coulomb equation is only valid for dry soils, however, because 

the presence of water modifies the transmission of normal stress'es through 

the solid material. This is taken into account by considering effective 

stresses. Stresses applied to a saturated soil will be borne partly by 

the porewater and partly at intergranular contacts. Increasing the normal 

load reduces pore space and so increases the porewater pressure. The 

magnitude of the pressures depends on drainage conditions. The normal 

stress is corrected for this in terms of the effective stress, 0', where 



a' = a - u n 

~ is total normal stress 

u is porewater pressure 

Equation Bl (Coulomb equation) is redefined as 

't = c + (a - u) tan 4> n 

't = c' + a' tan 4>' 
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B3 

B4 

where c' and 4>' are cohesion and angle of shearing resistance with respect 

to effective stress. The corresponding residual parameters are c ' and 
r 

4>' The effective stress modification is thought to be sufficiently r • 

accurate for all practical purposes and is approximately valid for a 

wide variety of materials and conditions of loading (Scott 1980). 

When porewater pressures are fully dissipated, effective stress is 

equal to the total normal stress, hence shear strength tests are 

frequently carried out under fully drained conditions. 

It is possible to increase the strength of a soil by suction 

pressures or negative porewater pressures. This will occur in the 

presence of thin films of water between particles through capillary and 

surface tension forces. 

B.2 Derivation of c , coefficient of consolidation 
v 

Consolidation is defined by Terzaghi & Peck (1967) as a gradual 

decrease in water content at constant load. The coefficient of consolida-

tion, c , indicates the rate of dissipation of porewater pressures in a 
v 

consolidating sample. c is required in calculations to determine the 
v 

maximum strain rate for which a sample will remain fully drained during 

shear tests (see section B.l) • 

Consider a small soil sample undergoing compression in a vertical 

direction (Fig.B.3). 
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Fig. B.3 Vertical section through a thin horizontal slice of a 

consolidating layer. 

Various assumptions are necessary to derive c : v 

(a) Consolidation takes place in one dimension; 

(b) Flow of porewaters is only in a vertical direction; 

(c) Strain is only in a vertical direction;' 

(d) The horizontal dimension over which a change in volume of the 

soil occurs is very great compared with the thickness of the specimen. 

This one dimensional problem is the simplest case and assumes also 

that total stress is constant with time, i.e. 

do 
v 

, dt 
= 0 

Initial excess pore pressures are supposed to be uniform with depth 

and drainage occurs at both the top and bottom of the consolidating 

stratum. 

These conditions are met' providing that the vertical stress is 

applied in a time that is very small compared with the consolidation time 

so that literally no consolidation occurs before loading is complete. 
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The total vertical stress at any pOint will then be constant during the 

consolidation process. 

For this problem, Lambe & Whitman (1979) showed how it is convenient to 

convert Terzaghi's consolidation equation (Equation B5) by introducing 

non-dimensional variables, Z and a time-factor, T. 

c 
v 

where c v 
u " e 
z 

t 

0 v 

is 

is 

is 

is 

is 

Let Z = z 
H 

= du 
-.! 
dt " 

- do 
-Y 
dt 

coefficient of consolidation 

excess pore pressure 

depth 

time 

total vertical stress 

and T = ~vt so that c = TH2 

H2 
v 

t 

B5 

B6 

B7 

where z and H are measured from the top of the consolidating stratum and 

where 

H is half the thickness of the consolidating stratum 

T"is a non-dimensional time factor 

Equation B5 becomes 2 
d u = du e e 

where do = 0 v 
dt 

-- --
dZ2 dT 

Of particular interest is the total compression of the stratum at each 

stage of the consolidation process which may be found by summing the 

vertical compressions at the various depths. This compression is 

conveniently expressed by the average consolidation ratio, U: 

B8 
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u = compression at time-factor T 
compression at end of consolidation 

Now, for Equation B8 a solution is needed which satisfies the following 

conditions: 

inl Ual condition at 

u = u for 0 < 
e 0 

boundary condition at 

u = 0 for Z = 0 e 

The solution is 

m = a 

t = 0 

Z < 2 

all 

and 

t 

Z = 2 

where u is Initial excess o pore pressure 

u 
e = 1: 

m 
2u 

=0 e B9 

M 

where 

m is a dummy variable taking values 1, 2, 3 ••• (Taylor 1948). 

Integration of Equation B5 gives an expression for U as a function 

of T which is shown in Fig. B4. Here, the consolidation ratio U = 1 - u 
z -.!. 

is graphed as a function of Z and T. Uo 

Final settlement is estimated then Fig. B4 is used to find sett1e-

ment at various times during consolidation. U initially increases 

rapidly but the rate of settlement then slows. Since U approaches 1 

assymptotically, theoretically consolidation is never complete. 

B.3 Calculation of c 
~~~~~=-~~v 

For each specimen to be tested, a separate determination of Cv is 

required. This is achieved by monitoring settlement of a sample after 

loading under a particular normal stress. The investigation is carried 

out either in a consolidation apparatus, called an oedometer, or in 
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shear strength testing equipment prior to the commencement of shearing. 

Settlement generally takes place in two stages which are distinguished 

from their different rates of consolidation. Primary consolidation is 

relatively rapid and is usually completed after 24 hours, although it may 

be extended to 48 hours or occasionally longer (Akroyd 1964). Secondary 

consolidation is much slower and occurs because the mineral skeleton of 

a sample has time-dependent stress-strain properties. The effects of 

this secondary stage are generally very small and are not accounted for 

in the calculations to determine c • v 

The change in thickness of a sample with time is obtained during one 

increment of load. In practice, the form of the compression curve is 

similar to the theoretical curves but does not fit exactly the models 

that are predicted by consolidation theory. Fitting methods are there-

fore used to give the best possible estimates for c • v 

The primary consolidation curve may be approximated by a square-root 

time curve or a logarithmiC curve. Construction is based on that part of 

the curve which is required to determine times to 50% consolidation (tsO) 

and 90% consolidation (t
90

) for the log method and square root time method 

respectively. In each case, total settlement is found by extrapolation. 

Both procedures contain arbitrary steps that compensate for differ-

ences between observed and theoretical behaviour. A correction for the 

zero point is usually required because of seating errors or because air 

may be trapped in the consolidating sample, and arbitrary determination 

of 50%, 90% and 100% consolidation is required Since compression has the 

continued secondary stage after excess pore pressures have been dissipated. 

The two methods, however, yield different results. The square root 

method usually gives larger values for c and is therefore the preferred v 

method in strain rate calculations. 
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Square-root method 

The square-root based consolidation curve is shown in Fig. B5. It 

comprises an initial steep section which approximates a straight line 

followed by a curved lower part with a shallower gradient. The observed 

curve is corrected by drawing a tangent to the straight line portion to 

interset the vertical axis at zero time. This intersection defines d , 
s 

the corrected zero point. A second line is drawn through d with an 
s 

inverse slope of gradient 1.15 times that of the first tangent. 

Theoretically, this line should cut the observed compression curve at 

90% compression, hence the t90 can be found. 

NOW, from the curve of U against T in Fig. B4, a value for T of 

0.848 is found at 90% compression. Substitution of this value in 

Equation B7 gives 

c 
v 

C
v 

can thus be computed by substituting t~o in Equation BIO. 

Log method 

BIO 

The log based consolidation curve is shown in Fig. B6. Typically, 

the curve consists of two straight line portions connected by a curved 

section. The observed curve is adjusted by drawing two tangents to the 

straight·portions. Intersection of these curves defines the point at 

which 100% consolidation is assumed (dlOO)' The corrected zero paint, 

d , is located by laying off above 0.1 minutes pOint, a distance equal 
s 

to the vertical distance between this point and one at which the time is 

4 times greater. 50% compression is defined halfway between dB and d
lOO

' 

Referring to Fig. B4, T takes a value of 0.197 for 50% compression, 

hence substitution in Equation B7 gives 
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c 
v 

2" = 0.197 H 

t50 

C
v 

is calculated using Equation Bll. 

B.4 Calculation of the strain rate 
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Bll 

Once full dissipation of excess porewater pressures has occurred the 

effective stress borne by a sample is equal to the total normal stress. 

c is now used to determine the maximum strain rate for which a sample 
v 

will remain fully drained during shearing. 

First, the time to failure, t d " is required and is calculated 

from consolidation theory (Gibson & Henkel 1954; Bishop & Gibson 1963) • 

The average degree of consolidation at failure is expressed: 

B12 

where U is average degree of consolidation 

H is half height of sample 

c is coefficient of consolidation 
v 

'r') is a factor depending on drainage conditions at sample boundaries 

t f 
is time to failure 

A theoretical degree of pore pressure dissipation of 95% is sufficient to 

ensure a negligible error in measured strength. The requisite time to 

failure may be written: 

H2 = 1 - 0.95 
'1 cvt,f 

H2 = 0.05 
1) cvtr 
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B13 

In the Bromhead Ring Shear Apparatus which was used in this work 

for measuring shear strength, the sample is drained from both the top and 

bottom. For this condition, n has a value of 3 (Bishop and Henkel 1978). 

Substituting in Equation B13, the expression becomes: 

20H
2 

t fd = sc- B14 
v 

where t fd is time to failure under drained conditions. The rate of 

strain is found from Equation B15. 

B15 

where R is strain rate. 

Efd is maximum strain under fully drained conditions. 

A value of Efd may have to be assumed if it has not been previously 

determined in shear strength tests on the same material. 

B.5 Calculation of itrain rate for single drainage 

For single drainage, n has a value of 0.75 (BiShop & Henkel. 1978). 

t fd = 0.038 Cv 
B16 

For rate of strain, Equation B15 is used. 

B.6. Derivation of the shear stress calculation for the Bromhead Ring 

Shear Apparatus 

Conventionally, when residual shear stress has been reached, the 

distribution of shear stress across the sample is assumed to be uniform. 

The torque T, transmitted through the sample is: 



.' 
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T = Force x Area x Radius 

where T = torque. T is summed over the radius Rl ~ R2 , where Rl and R2 

denote inner and outer radius of the sample respectively: 

T = f2 (2'1fR2)dR where ~ = shear stress 
Rl 

R 
T = ~IR31 2 

Rl 

T 
2 3 

= ~(R -3 2 
R3

) 
1 

B17 

Since the torque is given by the mean load on the proving rings multiplied 

by the distance between them, torque can also be expressed as: 

where Fl and F2 are the loads on the proving rings 

L is the length of the t~rque arm 

Equation B17 can be rewritten as: 

"t' = 3T 

~'If(R: R~) 

B18 

B19 

Substituting Equation B18 into Equation B19, a working expression for 

shear stress is obtained: 

't = 3(Fl + F 2)L 

4'1f(R: - R~) 

B.7 Derivation of expression for residual angle of friction 

The normal effective stress on the sample can be written: 

a' = P 

'/T(R~ - R~) 

B20 



where a' = normal effective stress 

p = normal load 

Now, from'f' = c ' + a tan4> " tan <p ' =,., ,assuming c ' = 0 r r n r r ~r r 

tan~ , 
r 

a n 

l6l 

B.8 Derivation of conversion factor, degrees to mi1limetres, for the 

Bromhead Ring Shear Apparatus 

Sample holder rotation is measured in degrees. 

Average circumference of soil sample is: 

Outer radius = 50 mm 

Inner radius = 35 mm 

where r is the average radius of the soil 

annulus 

thus the average circumference is l70w mm 
2 

Each degree of rotation is 

-1 
= 0.742 mm degree 

170w mm 
2 x 360 

B.9 Definition of the factor of safety 

The factor of safety (F) is a standard of comparison between the 

restraining and sliding forces acting on a soil mass. The definition 

given by Scott (1980) is expressed as: 

i = "( f/F -+ F = ~ . 
~f 

B21 

B.22 

which means that F measures the factor by which shear strength would have 

to be reduced to bring a structure to a state of collapse, 
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F < I signifies that the structure is unstable 

F = I indicates that the structure is in a critical state on the 

point of failure 

F > 1 shows that the structure is stable 

A simplified Bishop conventional method was used to estimate a factor of 

safety for Mam Tor. In this method, a cross-section of the slope under 

consideration is divided into a number of slices. Each slice is treated 

as shown in Fig~ B7. 

-. ground surface 
-. 

h -..... - -wa t er ta ble 

! 
__ ~_slip surface 

FIG. B7 Slice used for the determination of Factor of Safety by the 
Bishop Conventional Method. 

The factor of safety is calculated using equation B23 

where 

F = 1: (W cos a-u) 
1:(W sin a) tan ~' 

W = weight of soil mass = yhw 

and y = soil density 

and 

h = height of slice 

w = width of slice 

a = angle of slip surface to horizontal 

within slice area 

u .. porewater pressure = a wy 
. w -3 

.. unit weight of water = 1.0 Mg m Yw 

a .. height of water ·table in slice 

~t =. effective angle of 'friction 

Cohesion is assumed to be 0 kN m-2 
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