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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 aclid 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,, NaNO5, acid and groundwater from a major landslip at Mam Tor,
Dergyshire. 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 um size fraction are unreliable for in-
durated rocks., A statistical correlation between the < 2 um fraction and
the S10,/A1303 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 bresak-
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 distinet components, each capable of separate investigation,
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CHAPTER I

INTRODUCTION

Together with other varieties of mudrock, shales are among the
most commonly encountered rock types in engineering operations. Kuenen
(1941) estimates that these focks occupy about one half of the strati-
graphical column. Shales frequently form the foundation matefials for
buildings, bridges, tunnels, dams and in eﬁbankments 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 encounteredwith.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 miﬁerals 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 1n which the problems presented by

shales have created major difficulties in engineering.



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 parficular
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 al. (1970) described movements at the Point Lookout Landslide
in Mesa Verde National Park, Wyoming, where about 613 m of thinly bedded,
8ilty Mancos Shale with sandstone layers and limey concretion zones is
overlain bj sandstone in a flat topped spur. The shale disintegrates
rapidly in the presence of water to the extent that about 18 m of col-
lﬁvium 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.



FIG. 1.1 Cross-section through slip - Subramanium & Carr (1983)
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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 Pwll Melyn, 2 km S.E. of Holywell, Clwyd. 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 faillure 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 f£ill,

The stability of the embankment was Judged to be controlled by the
weak weathered shale at the interface together with 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 Holywell 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 'Calp' 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 Enniskillen to Belleek

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
plane surfaces at inclinations between 23° and 290°. One particular slide
was investigated in detail where soft fissured clay overlay hard strati-
fied Calp shalewith a single pronounced shear plane at a depth of 80 cm.
The failure surface was confined to a relatively thin layer of clay about

1 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 th#t 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
occurred to such an extent that final equilibrium was not attained by
1961 when construction of a motorway embankment was started. Fallure
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



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 Fe203 content along the shear zone compared
to that in the amblent 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 um) was recorded. The last property probably indicates thﬁt
clay aggregates had been broken down during displacement of the landslide.
However, Taylor (1973), in a further consideratipn 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 KZO/A1203 ratio from 0.092 in ambient clay to 0.068 in the shear zone
(Early & Skempton 1972, Table 1, p.105) 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 in the Gaillard cut
which invoived 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 whicﬁ have involved failure
at some time during construction work. In thelr 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 £i1ll 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 spéced faults. Other factors were thought to contri-
bute to instability including long term reservoir seepage, an irregular
distribution of weak zones and the activity of certain component clay
minerals when expoéed to water. In both 1nsfances, 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.



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 fi1l. Lifting of the floors,

interior walls and pushing out of external walls was reported; in some



" 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 forhation of secondary minerals. The volume increases
which accompanied the transformation of pyrite into other minerals,
namely gypsum and jarosite, accounted for the swelling experiencedin

the bedrock.

Grattan-Bellew & Eden (1975) gave a detalled 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 1 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 importamt observ-
ation at this particular site was that the conversion of calcite to
gypsum did n;t necessarily occur at the location of gypsum crystallisation

since calcium sulphate may be transported in solution by capillary action.



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. Dig-
1ntégration in this manner is apparently caused in most cases i1f 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, disturbancé 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 gsulphate 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 al. (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 (Bérard,1970).

1.2 Links between engineering problems and geochemical properties

The nature of these diverse problems suggests that there is a
1ink between the geochemical properties of shales and their engineering

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



Yaalon (1961) Shaw & Weaver (1965) Spears & Amin (1981)
Shale Average for a Average of Carboniferous
number of analyses 400 samples Mam Tor Beds
Quartz 209, ~ 30.8% 22.1%
Feldspar 8% 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 casé 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 énd economical
approach where disturbance to nafural systems is incurred.
Unfortunately, natural shale-yater systems are difficult to analyse
owing to the inherenf 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 éomponents and indiVidual problems for
separate investigation, The effects of\chemical activity on specific
physical properties 6f 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 praétice and the discrepancy between geological and
engineering terminology is even more confusing. 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 compoﬁents are clay minerals, including 111lite,
smectites, kaolinite and some chlorite, with lafge quantitiesvof 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 ym 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 Non-fissile
> % silt Silt shale Siltstone

> %-< §-c1ay Mud shale Mudstone

>-§ clay Clay shale Claystone

> 40% quartz
30-40% quartz
20-30% quartz
10-20% quartz
< 10% quartz

Flaggy siltstone*
Very coarse shale
Coarse shale

Fine shale

Very fine shale

Massive siltstone
Very coarse mudstone
Coarse mudstone

Fine mudstone

Very fine mudstone

*following McKee & Weir (1953)

TABLE 1.2 Classification of shales
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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 thelr 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
gsilt and clay-sized material (< 63 um) in varying proportions. 1In a
number of classifications they are included under the general heading of
mudrocks, e.g. Pettijohn (1975), Blatt et al. (1972) and McKee & Weif
(1953). The term mudrock was described by Spears (1580) as embracing all
fine~-grained, lithified sediments. Shales are mudrocks which are distin-
guished from other members of the group by their fissility. Noﬂ-fissile
mudrocks are called mudstone, siltstone or claystone depending on their
gilt-clay proportions (Table 1.2).

For ancient,.well-lithified rocks in which grain size distributions
are difficult to measure relisbly, other classification parameters may
be more useful, Stow (1981) considered that the classification baséd
on quartz percentages which was proposed by Speafs (1931) for Coal Measﬁres
rocks (Table 1.2) is particularly appropriate for such instances. The
fissile/non-fissile division is still 1ncorporated.l

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 overconéolidated

and breaks down on weathering to form a clay". Bjerrum, also in 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 clay;

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

(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
Standard code of practice for site 1nvestigationg 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 is 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 of
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
me teamorphic terms, textural descriptors and composition descriptors, such és
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, fissile mudrock.

1British Standards Institution. Site Investigations. CP 2001 : 1957



Mudrock (> 50% siliciclastic, > 50% less than 63 um)

Basic terms

Unlithified Lithified/non-fissile Lithified/fissile

Silt Siltstone
Mud . Mudstone
Clay . Claystone

Metamorphic terms

Siltshale
Mudshale
Clayshale

Argillite Slightly metamorphosed/non-fissile
Slate Metamorphosed/fissile

Textural descriptors

Stlty
Muddy
Clayey
Sandy, pebbly ete.

Approximate proportions/
grain size

> 2 4-63 wn (silt)

< 63 ym (mixture)

>.% < 4 ym (clay)

Stlt & elay mixture
Silt & clay mixture

Approximate proportions

v

10% silt size

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

A

10% clay size

> 10% sand size, pebble size etc.

Compositional descriptors

- Calcareous
Stliceous
Carbonaceous
Pyritiferous
Ferruginous
Micaceous & others

v

v

Approximate proportions

v

1% organic carbon

10% CaC0, (foraminiferal, narnmofossil ete.)
10% SiOZ (diatomeceous, radiolarian ete.)

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 quantitigs of clay minerals, 1In addition, their
magss strength is lowered by the presence of figsures 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 a sample immersed in water; a soil disintegrates and loses
most of its strength when exposed in an unconfined manner to water and
a rock does not.

Ter;aghi & 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 1f 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 paramete?s, 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 1in 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 (cp' = 0) is commonly recorded (Bishop
et al., 1965; Spears & Taylor, 1972).

In dry cohesionless soils, the peak angle of friction (¢h) 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 (¢r) 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 ¢;. 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 ﬁot be complétely disaggregated either in preparation
or during subsequent shearing. To accounf for this risk, all experi-

mentally obtained values of ¢,' in this work are assumed to be apparent

and are designated ¢pq’'.



17

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
"1imits of plastic behaviour are known as the liquid limit (L.L.) ;nd
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 1liquid limit increases as the
ratio of clay miﬁerals to quartz. increases. Porewater composition and
particle aggregatibn 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 porewatér, particle size and void distribution, so0il structure,
moisture content and applied pressure(Attewéil and Farmer, 1976).
Swelling may be interparticle (water adsorption between individual
clay mineralg) or intraparticle (swelling of the crystal lattice). The
latter is important in smectite, vermiculite and mixed layer clays.
Swelling 1s 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 al. (1967) studied the behaviour of a Carboniferous shale
with 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 fi1l1l condition. Physical disaggregation was observed on expo-
sure of fresh shales but this was found to be prevented by rapid excavation
and plaéing 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
ag 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
spoll 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 fil1ll. Burwell (1950) considered the hehaviour 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, Tﬁe 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 fregh 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 acti;ity 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 ¢rg' due to pore fluid composition
effects. The influence of physical breakdown on ¢pgz+' and plasticity

is also considered together with a method for estimating particle size
distribution in indurated mudrocks and clays.

The project is 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.



CHAPTER 11

GEOCHEMISTRY, STRUCTURE AND
WEATHERING OF SHALES

2.1 Introduction

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 tendéncy 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 éxposure 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 enérgy 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 ehvironment 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 mbdels, which are based on the
degree of oxygen deprivation experienced within the whole sediment-water
system, are i1llustrated 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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2.1 Schematic representation of typical sedimentary envirenments - after Didyk et nl. (1678) and
Tourtelot (1979).
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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. If 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 (FeSz) and siderite (FeCOs) are
also frequent but because different chemical factors probably govern
thelr respective occurrences, as shown by Ashby & Pearson (1978) and
Spears, in Curtis & Spears (1968), they rarely coexist in the same
horizons. Pyrite ig normally restricted to marine shales while side-

rite is characteristic of non-marine mudrocks.
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During subsaquent 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 aléo 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 Ollier
(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 pofential for weather;ng 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 withuthése constituents which
were formed in the reducing diagenetic environments.. Pyrite is of prime
concern in this latter respeét. Reactions invol;ing clay minerals such
as illite and smectite also take place and are‘complex owing to the
nature of their structure. The structures and proﬁerties 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 siow detrital addition, abundant
organic matter and readily available sulphate, Under these conditions,
high sulph;de 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 al. (1978) potentially satisfy
the requirements for pyrite development.

Sulphide is derived partly from structurally bound éﬁiphur in
organic mattér and from waters in which the activity‘of the sulphate ion
is high, as it 1s in seawater. Under conditions of slow settling rates,
sulphate (804-_) 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 #lso be derived from within clay minerals.

Sulphide and ferroué iron elements are subsequently concentrated
into pyrite via a less stable iron monosulphide phase, as shown in
Fig. 2.3, Pyrite is fineiy 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
gulphide 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
ﬁhere 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
gsheets, 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.
3+ 4+
Ionic substitutions of Al for Si in the tetrahedral sheet and
2+ 2+ 3+

Mg or Fe for Al 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 dimparted 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:

(a) by cations, e.g. K'Y in ;llite, Na' or Ca2+ in smectites

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

(¢) by islands, e.g. the brucite (Mg(OH)z) or gibbsite (Al(OH)a) ,
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 tjpes. 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
where displaced Al3+ 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 érystalline illites and chlorites but in smectites and vermiculites,
the contribution of broken bonds to total exchange capacity 1s 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 detaliled account of clay properties is given by Grim (1968,.
Chapteré 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

assoclated 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 1nté¥1ayers and solution. In rock diagenesis
and in weathering, clays reactriﬁ 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 modific#tions 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 whiqh 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 interlayers in
preference to Mgz+ and F92+. These ions are presumed to move into the
octahedral layer while in turn, the displaced A1S' substitutes for si*

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 temperatu?es 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 al. (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. Vold volumes are
reduced which consequently increases sediment density and in saturated
materials water 1s simultaneously expelled from the voids. This is the
process of consolidation as described by Fleming et al. (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 e:fect 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 deeper 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 cafbonate
concretions 18 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 overconsolidated state; materials
which have not been subjected to greater overburden stresses than at
present are said to be normally consolidafed.

The response of overconsolidafed materials to a new stress environ-
ment depends on diagenetic bohd strength and on the recoverable strain
energy stored in those bonds. Sediments will tend fo expand and increase
their water contents as a resuit of possessing recoverable strain energy.
According to Fleming et al. (1970).‘a system will ténd toward equilibrium
with the existing stress st#te and moisture environment. However, expan-
sion 18 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 1s 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 gtress is iarger 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 hany 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 enviromnment imposed by processes such as glaciation and
river valley erosion may exert a significant influenée 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 séparate stage. Its major effects are further bond destruc-
tion and liberation of the strain energy imparted to the rock dqring
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 breakdoyn
thrbugh 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 pias 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
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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
(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 prefefential parting
giving shales thelr characteristic fissility. This property is often
attributed to mineral segregation into fine laminae and is not simply
related to clay orient;tion as commonly believed, as for example, by
Pettijohn (1975, p.263). Spears (1980) defined a lamina as a gtratum
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
haé 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 thesé 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, contalning 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 swellling 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. Breaskdown 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, Attewell & 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 éffective weathering. Percolating waters cariy dissolved ions
and if the& becqme §aturated with respect to par;icular minerals, thesé

will be precipitated. Spears & Taylor (1972) noted that ironstaining in
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joints at depths down to 6.6 m in Coal Measures 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 al. (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 al. (1956) drew
similar conclusions in theif 1nve§tigations of *shale breakdown in
water. It was found that physical abrasion was not enough to produce
particles smaller than 10 um in diameter but clays possessing swelling
properties, particularly in the presence of Na+, broke down to sizes less
than 5 um.

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 11lites. These slower
chemical processes form the second, 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 avallable 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
energles 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 AGr. The standard free energy change of a reaction
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(AGor) is the sum of the free energies of formation of all the reaction
products in their standard states (1 atm. pressure, 25°¢ temperature,
concentration of solutions 1 molar or 1 molal) minus the sum of‘the free
energies of formation of the reactahts in their standard states thus

Ac°r = 106t - $A6°2

(products) reactants
where AGof is the standard free energy of formation of a substance,
usually expressed in Kcal mol_l.

If AGof of the products is less than the AGof of the reaétanté,
energy must be liberated and the nroducts 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 otf reaction,
AGr, 1is zefo, products and reactants are in equilibrium, that is, they
coexist. If AGr 1s positive, the reverse reaction is spontaneous.

Almost without exception, free energy changes for realistic natural de-
composition‘reactions are negative and thus they occur spontane;usly in
the natural environment. It is logical that the greater the magnitude
of -AGr, the greater is the tendency for reaction to occur, ‘Curtis
(1976a) found a fair degree of correlation between AG%r for particular
minerals and thelr persistence in weathering, for example, AGor for dis-
solution of albite is -0.75 Kcal g atom™! which is two orders of magni-
tudé smaller than AGor = =17.6 Kcal g atzom-1 for pyrite oxidation.étA
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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These principles may be applied to any chemical weathering processes.1
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-
ment but assumption of the standard states is sufficient to facilitate 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 stabllity 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 suscepti-
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 valué 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.

1Thermodynamic 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

Thfee levels of reaction can be distinguished in the chemical
weathering of shales:

(a) Rapid breakdown of minerals which participate in redox reactions,
for e%amhle, pyrite. |
(b) Very slow degradafion, for example, quartz dissolution.

v(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‘éondi—

tions in terms of a series of chemical reactions:

2FeS2 + 702 + 2H,0 + 2FeSO4 + 2}{2804 2.1
FeSO4 + 2H20 g Fe(OH)2 + H2804 ‘ ‘ 2.2
4FeSO4 + 02 + 2H2804 > 2Fe2(SO4)3 + 2H20 _ 2.3
7Fez(SO4)3 + F982 + 8H20 -+ 15FeSO4 + 8H2804 4 2.4

- Penner et al. (1972) haveestablished that reactions 2.1 and 2.3 a;e
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 (1870),
Pemner et al. (1966), Ollier (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 30O

and 35°C, Oxygen is also essential. SHEFFIELD

UNIVERSITY
LIBRARY
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According to Bérard (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 al. (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 al. (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
liberated (-17.68 Kcal g atom-l) are of the same order as the oxidation
of methane (-20.54 Kcal g atom.1 ~ Curtis 1976b), spontaneous combustion
in pyrite-bearing material may occur, particularly in loose colliery
spoil or in mine dust, as reported by Bérard (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). '
and SO4-_ are thus left in solution and when added to the pre-existing

H+ concentration of natural waters derived from the equilibration of

in Hzo, the potential for aggressive weathering of fresh

atmospheric coz

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. Feigenbéum &
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 tb form H+—
clays. Fe, Mgkand Al are then released from the octahedral and tetra-
hedral sheets into the interlayers to transform H+-clays into Fe, Mg and
Al-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 1llite and smectite interlayer cations followed by
decomposition of their lattice layers tends to bring about degradation
into iron oxides, Al-hydroxides (gibbsite) and kaolinite (Norrish 1972)
which, according to Paces (1978), are the thermodynamically stable, or
metastable, products of aluminosilicate transformations at low tempera-
tures. Chlorites are also thought to. degrade to these secondary minerals
through an aluminous interlayer "intergrade" phase (Jackson 1963) and are
especially susceptible when Fe rich (Evans & Adams 1975). Vear‘(1981)
and Attewell & 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 play a part in similar clay mineral alterations under natural
conditions.

Apart from clay degradation, free gibbsite can appear as a weather-
ing product where Al3+ is released into solution by rapid leaching.
Goethite (FeO.OH) and hematite (fezos) are also fo?meq in weathered
shales, partly from the release of Fe2+ or Fe3+ froﬁ clays and, more
importantly, after pyrite oxidation. Chukrov et al (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 goethife or hematite (Schwertmann 1971). Chukrov
éncountered ferrihydrite precipitated from waters percolating through
sulphide‘Qres in mines and although its occurrence is not well documenfed,
the observed conditions for its formation are not far removed from those
assoclated with pyrite oxidation.

Leaching of cations from clays alters the composition of porewaters
resident in the weathered material. Acid attack on other minerals also
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
sécondary minerals, notably gypsum, jarosite and limonite. Taylor &
Cripps (in press) gave equations 2.6 and 2.7 for the'formation'of gypsum

aﬁd Jarosite after calcite dissolution and the release of K+ from illites

respectively:
sto4 + CaCOs + 2H20’+ Caso4.2H20 + Hzo + 002 | 2.6
H(KA1381308(0H)2) + 12FeSO4 + 5H H20 + 802 -+
H(KFes(OH)6 (804)2 + 12A1(OH)3 + 1281(0H)4 + 4H2804 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“Quigiey & Vogan
(1970)). In naturai situations, fissures play an important role in the
presence of air at depth. Surface avapqration also creates conditions
conducive to gypsum precipitation. Jarosite 1is generally observed at
greater depths than gypsum although in theory the two salts may occur
together (Penner et al. 1966; Vear & 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 al.
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(1974) discussed this in terms of packing densities of ioné 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 al. (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
(30°C) 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,
figsure development, water uptake and possibly chemical degradation,

progressively return indurated rocks to a normally consolidated condition.
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Tabie 2.2 presents physical data on a selection of rock types in
thei£ weathered and unweathered states, Generall}, 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 bt the
weathered materials.' Herstus (1971) described how weathering of Miocene
clay apparently produced 1ndiyidual 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. 1In 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 weathéred 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.

Cha;dler (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 in soils.

Secondary mineral precipitation was also noted., Apted (1977)

considered that the volume increase and resultant distortion of material



3Watér Content - - Plasticity Index Clay Fraction Effective Cohesion Resid;:ieih:;r
Rock Type - % R 1 <2 um % c' kN m-2 (1) S Teng
¢r (2)
Weathered|Unweathered|Weathered |Unweathered|Weathered|Unweathered|Weathered|Unweathered|Weathered |Unweathered
Keuper Marl 12-40 5-15 17-35 10 30-50 10-35 <15 »30 24-18° 23-32
Miocene Clay 39.2 25.6 50 30-40 - - - - - -
London Claj 23-49 19-28a 65 to 402 72 to 402 10b 80b 10.5 to 222
Barton Clay 21-32 - 55 to 21 70 io 25 7-11 8-24 15 -
Upper Lias 309 16° 30 to 209 65 1];0 559 10-17 -4 9 to 13.59
2“1’:;" Oxford|  55-33 15-25 50 to 28 70 to 30 0-20 10-216 17 to 13
Reference: Keuper Marl - Chandler (1969)
Miocene Clay - Herstus (1971)
London Clay - a. Cripps & Taylor (1981)
b. Apted (1977)
Barton Clay - Cripps & Taylor (1981)
Upper Lias - ¢, Chandler (1972)
: d. Cripps & Taylor (1981)
Lower Oxford _ .. ps & Taylor (1981)
Clay PP y :
(1) and (2) These strength parameters are defined in Appendix 3.

Table 2.2

unweathered material

Comparison of some engineering properties in weathered and
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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 associatimbetween illite degradation and reduction
in strength on weathering of this materisal.

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 alsq 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 & Miiller-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 Jjunction between weathered and un-
weathered material.

Skempton & Petley (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. 1In
London Clay it was found that even small displacements of about 5 mm
along joints were sufficieht 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
L]
may finally lead to catastrophe,
Bish#p (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 Vear & 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 anclent slip planes may be imﬁortant 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 soll 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 propertieé 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,
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CHAPTER III
EDALE SHALE AND ITS OCCURRENCE
AT MAM TOR

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 outcrops 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
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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 1s 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 biack 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
change in bedding dip from 50, commensurate with the regional dip, to
30--45o 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 crystal 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 b& 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 darkllayers are discernible. The lighterareas appear to be
characterised by low quartz 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 increaéingly 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 goatings
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



3.3d X-ray diffraction trace of Edale Shale from a depth of
26 m at Mam Tor showing the major alunite peaks,.
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Al 2-87A

L ! | ! I 1 )
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f | d-spacing (A)

Al - alunite; Q - quartz; K - kaolinite; F - feldspar; P - pyrite.
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PLATE 3.2 Thin section of fresh Edale Shale from a.depth of 27.7 m.




Clay Om 23.4 m 25 m 27.7 n Quarry
Kaolinite 16 21 9 17 23
Illite 22 21 24 23 21
E

xpanding | g 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 gsemi-quantitative analysis of the clay minerals (Fig. 3.3c) using
the method of Weir et al. (1975) gave the relative proporfions 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
gsurface material at Mam Tor. Contrary to the latter, however, shales
from the quarry contain pyrite which is surprising, although the sabsence
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 O, 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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3.3¢c 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 ym-size material,

K -'kaolinite; I1/8 - 111ite/smectite mixed layer clays; Chl - chlorite



(y) butdods-p R )
06072 0EL YL Z6o - 578¢9 SLlEL 9lt9
L I T T .

00

S€e

092

LLz

{w) yidag




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 (¢rg') 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 ¢ra' were obtained

under a normal stress of 294 kN m_2 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
¢ra' than the less weathered material from the Hope Valley Cement Works.
This is interpreted to reflect a higher quartz contemntin the weathered
material., Spears & Taylor (1972) noted that quartz tends to concentrate
during weathering due to preferential removal of finé 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.

¢ra' for the shale aggregate did not appear to be very sensitive to
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. Al-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 paft 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



Initial Final

o Moisture Moist

Sample ' LLy | PL% | PI sture
¢ra v % % Content Content

% %

Relatively
unweathered
Edale Shale
(Hope Valley
Cement Works) |21.5 28 14 14 27 -
<2 mm, strain
rate 0.48 deg.
per min.

As above o
< 850 um 22.5 28 15 13 18 25

As above
< 425 um 22.0 37 20 |17 11 20

As above
< 425 um,
strain.rate’ ~}121.7 - - - 11 20
0.048 deg. per
min.

Weathered

Edale Shale
from Mam Tor 24 39 23 16 31 -

< 425 um, 24 38 23 15
strain rate
0.48 deg.
per min.

Normal stress 294 kN/m2

cr' assumed to be zero

Material properties:

3

Initial bulk density of shale aggregate 3

Initial dry density of shale aggregate =
Intial void ratio = 0.87
Initial porosity = 0.46

Final bulk density (after consplidation in ring shear apparatus) = 2,75Mg mTB

Final dry density = 1.87 Mg m~3
Final void ratio = 0.43
Final porosity = 0.30

1.94 Mg m:
1.43 Mg m

Table 3.2 Residual shear strength and plasticity of Edale
Shale aggregate in different weathering states,
gsize 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 separateinvestigation (T,H. Al-Dabbagh, personal
communication).However, the occurrence of Edale Shale at this majér land-
slide (Fig. 1.6) provided an ideal opportunity to consider the findings of
ylaboratory 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 1n‘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 is a complex rotational slump with a
translaional toe. Thé exact geometry of the rotational slip surface is
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
backtilted from a regional dip ot 5o to values of 45° in the affected area,

The back scarp, shown in Plate 3.1 is about 108 m high and is cut
on its southern flank by a fault (Fig. 3.4) which brings the Edalé Shales

into juxtaposition with the Mam Tor Beds. Instability of the shales is



Fig3.4 Location and Major
Geomorphological Features
of the Landslide at

Mam Tor, Derbyshire
from Vear& Curtis(1981), fig.1
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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 ;chieved 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 i
rotational unit and is very unsorted. A plezometer 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 eérthflow 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 availﬁble 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 in<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>