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ABSTRACT

Scaly clay is an argillaceous sediment, with a pervasive fabric of lenticular, highly
polished, curved, slickensided surfaces and is commonly associated with mélange
formations. In regions subject to tropical weathering regimes outcrops of scaly clay
erode rapidly, giving rise to extensive badlands topography. Islands such as Barbados
lose considerable areas of land to badlands evolution each year and associated landslides
disrupt settlements and communications.

The effects and implications of tropical weathering on scaly clay sediments have been
examined. A programme of laboratory studies has been completed to characterise the
physical, mineralogical and mechanical properties of undisturbed samples of the
materials. The samples, collected from different depths within weathering profiles,
between ground surface and fresh, unweathered materials at depth were each subject to
similar experiments. The results provide a picture of how mechanical properties and
physical characteristics vary with depth into the weathering profile.

Two materials were selected: the Joe's River Formation from Barbados, a scaly clay of
Upper Eocene age; and the Lichi mélange of Taiwan, a Pliocene-Pleistocene scaly clay.
The outcrops of these two materials experience similar climate and weathering regimes
and are both characterised by frequent landslides, badlands development and loss of
agricultural land.

Physical parameters, clay mineralogy and chemical composition were determined and a
series of triaxial deformation experiments were conducted to gain a better understanding
of how the mechanical behaviour of the sediments changes with depth into the
weathering horizon. The data illustrate important changes during weathering, including
destruction of the original sedimentary structure, a large increase in pore volume and
variations in geotechnical characteristics. The experimental results demonstrate that
mechanical changes caused by tropical weathering are an important factor in the
development of the badlands which are common to scaly clay terrains.
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Plate 6.2.4 Photograph demonstrating pore enlargement in the highly weathered scaly
clay

Plate 6.5.1 Photograph showing widespread gulley system in badlands area

Plates AV A series of photographs demonstrating the undrained deformation process
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Chapter One: Introduction

1.1 Introduction

This thesis presents and discusses work concerning the influence of tropical weathering
on the deformation characteristics of some argillaceous rocks. The thesis reports the
results of research undertaken to examine some of the significant changes which take
place to the geotechnical properties of scaly clays, an argillaceous mudrock with a well
developed, pervasive fabric, under tropical weathering conditions. The study aims to gain
a better understanding, both qualitatively and quantitatively, of how weathering,
particularly in tropical environments, alters the physical and chemical properties and
subsequently the mechanical behaviour of the material. To accomplish the study
representative sites are needed. Two localities from two different parts of the world have
been chosen to undertake the research. One is Barbados, in the Caribbean, and the other
is Taiwan, in Southeast Asia. The reason for choosing these two places is their many
similarities in terms of the environment and the materials that characterise both locations.

A naturally developed landform may have reached its present shape by one of several
routes. It is the result of the interaction between the long-term action of a set of
denudation processes, still active at the present day and the physical characteristics of the
near-surface materials which are exposed to those particular conditions (Bromhead,
1986). To understand landform development, not only is an insight into the
characteristics of the processes and the properties of the material needed, but a
knowledge of the interaction between the two is particularly important.

As described above, the study material is scaly clay, an argillaceous rock with well
developed, randomly oriented micro-fabrics. The micro-fabrics seldom considered an
important feature in terms of significance in promoting weathering (Brenner et al.,
1981). In studies of cemented rock masses, such as sandstones and limestones, it is
accepted that discontinuity properties such as density, orientation and continuity are
important controls on material behaviour (Farmer, 1983; Selby, 1993). Smaller scale
fractures which manifest themselves as a micro-fabric are also likely to be significant in
many respects regarding material properties and the consequences of weathering. Cracks
will act as lines along which weathering will be preferentially active. As a consequence,
those variables which are important with the larger rock mass discontinuities may also be
significant at the smaller, macro- and micro-scales (Ebuck er al., 1990) if the
discontinuities are sufficiently permeable.
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The project consists of two major parts. One is the field observation and sampling. The
other is laboratory testing. The field observation provides a description of the landform
and preliminary information on the nature of the material. Laboratory testing provides a
more precise measure of the physical and geotechnical properties of the material. The
laboratory experimental program in this research was designed to allow study of the
interaction of the materials and earth surface processes through examination of physical,
chemical, mineralogical and mechanical properties of the materials and how they change
during tropical weathering. In the examination of the mechanical characteristics of the
materials a series of standard consolidated undrained triaxial experiments were
employed. Since mudrocks often exhibit low permeability, it seems to be reasonable to
monitor their failure behaviour under undrained conditions (Wu et al., 1990)

1.2 Research background

At some specific places on the surface of the Earth, due to the combination of a warm,
humid climate, tectonic activity and soft, argillaceous sedimentary rocks, it is possible to
detect the effects of weathering over a relatively short period of time. Rocks displaying
little or no sign of weathering may exist quite close to those materials which are exposed
at the ground surface and which have been significantly altered by various surface
processes. Sometimes the visual differences between the two are so great that it is
difficult to accept that the two materials are of the same lithologic unit. Such abrupt
profiles indicate that only short durations are required for freshly exposed sediments to
alter to highly weathered materials. For argillaceous sediments, scaly clay in this instance,
weathering processes usually promote a large increase in pore volume (Terzaghi, 1936;
Chandler & Apted, 1988), an appreciable change in material structure and associated
changes to mechanical properties of the material (Barden, 1972b; El-Sohby et al., 1990).

As mentioned previously, the rates of landform development and the characteristics of
landforms are strongly associated with weathering processes and rock type. Furthermore
landform evolution is directly controlled by the physical properties and mechanical
characteristics of the rocks that crop out in the area. With the above description in mind,
understanding the effects of weathering on the physical and mechanical characteristics of
the materials becomes the key to understanding landform evolution, one of the major
aims of the study. In order to have a more thorough understanding of landform
development it is necessary to investigate the physical and mechanical properties of the
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materials. Studies which try to establish the relationship between weathering, rock
materials and resulting landform often need to examine in situ rock outcrops (Caine,
1979; Motteshead, 1989) and recover undisturbed samples with different degrees of
weathering for laboratory testing (Chandler & Apted, 1988). Quantitative measures of
the effects of weathering tend to be based on rock disintegration.

Weathering is the collection of processes which modify and change properties of near
surface materials (Ollier, 1984). During weathering the geotechnical properties of rock
materials are changed and the consequence of the changes is the disintegration of the
rock mass (Aires-Barros & Mouraz-Miranda, 1989). In particular, weathering in tropical
environments is generally much more severe than anywhere else due to the warm
temperature and high humidity (Birkeland, 1984). There is hardly any other place where
the interactions between weathering processes, materials and landforms are so
significantly evident as in tropical environments where argillaceous rocks are exposed.
Additionally, tectonic activity may accelerate the weathering rate as rapid uplift provides
a more unstable environment which enables weathering to proceed more easily. Because
of the continuous uplifting and surface lowering (erosion) there is potential to examine
the effects of weathering on rock exposures displaying little or no signs of alteration and
directly compare this to those which have become highly altered within a relatively
shallow depth profile.

In tropical argillaceous rock terrains, one of the characteristics is the high frequency of
surface mud flows and shallow landslides. As a result, vegetation has difficulty sustaining
a presence on some slopes, resulting in a very distinctive type of landscape known as
"badlands". Badlands topography characterises both the chosen localities. The
characteristics of badlands are steep slopes with little or no vegetation and numerous
gullies. Typical badlands topography is shown in Plate 1.2.1. Badlands frequently
develop on materials comprising a massive muddy matrix with no perceptible bedding,
one of the characteristics of mélange formation (Ho, 1975). Examples are found in the
island of Nias, Indonesia (Moore & Kraig,, 1980), Cyprus (Hsu, 1971), Barbados
(Enriquez-Reyes et al., 1990) and Taiwan (Hsu, 1956). One thing the above places have
in common is the occurrence of mélange sediments. Most of the work that has been done
on badlands development has concentrated on the qualitative field description and
observation such as climate, vegetation and rock types (Yen & Chen, 1990) or on the
significance of material properties (Solé et al, 1992). Little work was focused on
quantitative analysis in terms of the mechanical characteristics and engineering behaviour
and how weathering changes the properties of the materials. It is hoped that by
combining field observation and the laboratory experimental data of undisturbed samples
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recovered from the selected sites, the whole evolutionary of sequence badlands
development can be better understood.

From a practical view point such as agricultural development and land use, the high
frequency of slope instabilities, the frequent surface erosion and the consequent land loss
often lead to a tremendous problem for human activities resulting in enormous physical
and economical loss in both study areas. In Southern Taiwan, for example, the frequent
and massive surface erosion in regions where argillaceous badlands topography develop
causes large volume of sediments to be deposited in reservoirs, shortening their life
expectancy, results in damages to roads causing problems in communication as well as a
loss of farm land. This leads to difficulties in developing the area. It is therefore an
important task to improve the situation caused by this developmentally unfriendly
geological condition in places like Taiwan where over-population and lack of easily-
usable land places significant pressures on land use.

Minimise the risks associated with widespread and rapid landscape denudation, it is
essential to have a full knowledge of landform development. Once the evolutionary
sequence of the landscape is understood, proper solutions and constructional plans can
then be designed. It is hoped that the results of the study and the conclusions drawn from
the data will provide quantitative information which can aid geotechnical design and
subsequently contribute to developing a feasible technique for slope stabilisation.

1.3 Research objectives

Having described the background and motives for this research, the main research
objectives are:

e To examine the physical, chemical, mineralogical and especially mechanical

properties of the scaly clays, and the changes of the properties through tropical
weathering.

¢ To understand the importance of the micro-fabric in terms of controlling the
mechanical behaviour and engineering performance, and the role played by the

Jabric during weathering in tropical environments.

e To investigate the interactions between the changes in deformation characteristics
of the scaly clay induced by weathering and the resulting badlands evolution.
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o To use the laboratory experimental data combined with information on
environmental conditions such as climate to establish a model for the landform
development.

The landform development model can subsequently be used to develop more suitable
land management practises in scaly clay terrains.

1.4 Arrangement of the thesis

Similar to many other laboratory based geological thesis, this piece of work consists of a
literature review, field work, experimental results, a discussion and conclusion. Chapters
Two and Three include an introduction to weathering and weathering processes, a
literature review of mechanical behaviour and weathering of clays, a description of scaly
clay and a description of the study areas. Laboratory experimental results are presented
in Chapters Four and Five. Chapter Four contains a presentation of the inherent
properties of the material including physical, chemical and mineralogical
characterisations. Chapter Five describes the triaxial test results. Each of the two
chapters describes test procedure and sample preparation and presents results. Following
the results is a discussion focused on the main theme of the chapter. A general discussion
is given in Chapter Six, synthesising the two sets of results and other relevant
information to assemble a general pattern of the effects of tropical weathering on scaly
clays. A proposed model of badlands evolution is also presented.
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Chapter Two: Weathering

2.1 Introduction

Most earth materials exposed at and immediately beneath the ground surface, are in an
environment which is quite different to that where they formed in terms of temperature
and pressure conditions. As a consequence, when subject to the near surface
environment, materials are no longer in an equilibrium state. The physical and chemical
alteration processes result in rock weathering. Weathering can therefore be defined as the
processes by which rocks and minerals adjust themselves to more stable forms under the
various conditions of moisture, temperature and biological activity that prevail at the
ground surface (Brunsden; 1979; Ollier, 1984). In other words, weathering is the
breakdown and/or alteration of minerals near the Earth surface to products that are more
stable under the newly imposed physical-chemical conditions.

Since weathering is the response of materials to the surface environment (Keller, 1957,
Birkeland, 1984; Gerrard, 1988; Chesworth, 1992), the nature and rate of weathering
will depend on several variables including climate, rock forming materials and biological
organisms. The variables combine through time to alter the basic properties of the
weathering mantle (Carroll, 1970b; Brunsden, 1979). Jenny (1941) noted that the five
basic factors, which control the weathering processes and thus soil formation, are
climate, topography, parent material, organisms and time which combine to yield the soil
properties.

Because of the totally different nature of the five basic factors, weathering processes may
vary significantly from one location to another. Generally speaking, however, there are
some tendencies common to all weathering processes.

1. Weathering is a movement toward a more stable state where mineral assemblages,
formed under conditions of subsurface temperature and pressure, adjust to new
environmental conditions, atmospheric pressure and lower temperatures at the Earth
surface.

2. Weathering causes an irreversible change of rock and mineral from a massive to a
clastic or plastic state as breakdown proceeds.
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3. Weathering changes the volume, density, grain size, surface area, permeability,
consolidation and shear characteristics of the material.

2.2 Weathering processes

The specific nature of weathering processes is essentially dependent on the prevailing
climatic conditions (Ollier, 1984). It is generally difficult to isolate the nature of the
climatic parameters that control the main weathering processes (Birkeland, 1984;
Chesworth, 1992). Usually it is only possible to relate generalised climatic parameters to
broad concepts of weathering process. The most important controls are the availability of
water and the prevailing temperature conditions. The intensity, frequency and duration of
precipitation-evaporation events are important in weathering processes since the supply
of water is essential for many of the main chemical changes such as hydration, hydrolysis
and solution (Trudgill, 1983). Characteristics of precipitation/evaporation events are also
important in the leaching and removal of soluble constituents thereby enhancing further
reactions (Pedro & Sieffermann, 1979). Water is essential to control the concentration of
hydrogen ions, organic content and oxidation-reduction conditions (Berner, 1970), and
to control the distribution of clay minerals and the zonation of the weathering profile
(Chesworth, 1972; Velde, 1985). The functions of water in the physical and chemical
weathering processes are summarised in Table 2.2.1.

Table 2.2.1 Functions of water in the weathering processes (after Chesworth, 1992)

Functions of water in physical weathering processes

1. Agent of physical transport on both macro- and micro-scale.

2. Medium through which reactants diffuse at reaction sites, such as at the solid-
liquid interface.

3. Exerts partial pressure, which is directly associated with chemical potential and
activity.

4. May help physical disintegration of solids, such as the freeze-thaw mechanism.

Function of water in chemical weathering processes

1. Most able solvent in the natural world.

2. Necessary component of all the typical reactions of the weathering zone, such as
hydration/dehydration, solution/precipitation, etc.

3. Important constituent of the principal new phases formed during weathering, such
as clays.

4. Acts as a chemical buffer.
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Although it is difficult to differentiate or isolate the weathering processes, two main
types of weathering can be recognised in terms of the mechanisms of rock material
alteration. One is physical weathering and the other is chemical weathering (Birkeland,
1974). A third class, biological weathering, is also recognised but this can be regarded as
being partly a physical and partly a chemical process (Ollier, 1984).

Physical weathering is the disintegration of rock into smaller-sized fragments, with no
appreciable change in chemical or mineralogical composition. The mechanism common
to all physical weathering is the establishment of sufficient stress within the rock to
enable it to break (Birkeland, 1984). In other words, physical weathering occurs when
the material is stressed in some way and the material breaks up under stress along lines of
weakness. Rock fragments may be produced, or the rock may be split into individual
minerals, or minerals may fragment along crystal cleavage planes.

The most common examples of physical weathering are unloading of rocks by removing
the overburden, expansion of fluid in cracks or along grain boundaries by wetting and
drying, freezing water, crystallisation of salts and possibly thermal expansion and
contraction of the constituent minerals (Ollier, 1984). Wetting and drying, for instance, is
one of the most important physical weathering processes, especially in tropical areas
(Gerrard, 1988; Nahon, 1991). Appreciable stress can be introduced into a rock by
alternate and frequent wetting and drying . Minerals will expand when they take up water
(known as hydration) into their crystal structures and contract when this water is
subsequently removed from the structure (dehydration). Hydration can result in
considerable stress and is thought to be a principal cause of the mechanical disintegration
of rocks (Trudgill, 1983). With alternate hydration and dehydration there will be
alternate expansion and contraction, which will consequently lead to the weakening of
crystals. Eventually, the minerals tend to break along lines of weakness.

Beside the absorption of water by crystal structures, water may also be absorbed on to
the surface of some minerals, especially clays. This surface water will accelerate chemical
reactions and diffusions (Chesworth, 1992). Swelling may frequently accompany these
processes.

Chemical weathering, on the other hand, is the alteration of the chemical and/or
mineralogical composition of the original rock and minerals. Usually chemical weathering
occurs because rocks and minerals are not chemically in equilibrium with near surface
moisture, temperature and pressure conditions (Nahon, 1991). Broadly speaking,
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chemical weathering is active in most areas where temperatures are high, since an
increase in temperature often accelerates chemical reactions (Brunsden, 1979).

Alteration by chemical weathering can also be the expression of the minerals of a rock
adjusting to equilibrium under new environmental conditions (Carroll, 1970b). This
alteration is fundamentally a chemical process in which the original minerals are affected
by inorganic and organic solutions that form within the weathering mantle. Specific
reactions are governed by the laws of chemical solution and equilibrium, free energy and
redox potentials (Ollier, 1984).

2.3 Weathering products

After experiencing different types of weathering processes, rocks become altered
physically and/or chemically to new materials, termed weathering products. Since
physical weathering does not alter the chemical or mineralogical composition of the
material appreciably, the weathering products introduced here are mostly the products
from chemical weathering.

Materials released during chemical weathering are either removed from the system by
leaching or react in the system to form a variety of crystalline and amorphous products
(Carroll, 1970b). The most commonly observed reaction products are the clay minerals
and hydrous oxides of aluminium and iron (Evans, 1992). The common clay minerals are
hydrated silicates of aluminium, iron and magnesium arranged in various combinations of
layers. They are termed layer silicates or phyllosilicates. Two kinds of sheet structures,
the tetrahedral and the octahedral (Figures 2.3.1 & 2.3.2), make up the clay minerals,
and variations in combinations of the structures and in their chemical makeup give rise to
the multitude of clay minerals (Evans, 1992). The basic difference between the two sheet
silicate structures is in the geometrical arrangement of Si, Al, Fe, Mg cations with
respect to the O and OH anions. The arrangements differ with the cation because it is the
size of the cation that determines how many O or OH ions surround it.

Although most clay minerals are by-products of weathering, it is possible that one clay
mineral can be transformed into another clay mineral if the present environmental
conditions are different from those which the minerals experienced previously (Deer et
al., 1966). Glenn and Nash (1964) demonstrated a sequential alteration caused by
weathering where by mica can be altered to become chlorite and then kaolinite or
gibbsite. Burial is also one of the usual explanations for clay minerals alteration (Gerrard,
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1988). Kaolinitic weathering, a process during which other minerals weather to kaolinite,
is also common (Thomas, 1974). Most kaolinite is formed by the acid leaching of
alkaline rocks, primarily the feldspars and micas. However, practically any silicate rock
or mineral will alter to kaolinite if leaching conditions are suitable for a sufficiently long
period of time (Weaver & Pollard, 1975). Montmorillonite, for example, is often
weathered to kaolinite (Deer ez al. 1966, Weaver & Pollard, 1975).

Other than clay minerals, hydrous oxides of aluminium and iron are also common as
weathering products (Birkeland, 1984). Some are crystalline, such as gibbsite (Al(OH)j3),
and some are non-crystalline, such as Allophane (Al,03-2Si0,-nH,0). Table 2.3.1
presents some common iron oxide minerals formed during weathering.

Table 2.3.1 Some common iron minerals occur during weathering
(after Schwertmann & Taylor, 1977)

Minerals Formula Colour
Goethite o-FeOOH yellowish to brown
Lepidocrocite Y-FeOOH orange
Hematite o-Fe203 bright red
Ferrihydrite FesHOg-4H,0 or Fes(O4H3)z reddish to brown
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Figure 2.3.2 The cation-oxygen octahedron and the octahedral sheet
(after Deer et al., 1966)
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2.4 Weathering profile

A weathering profile may be defined as the vertical extent of a rock sequence from the
land surface, which suffers the most severe weathering, down to the unweathered parent
rock (Senior & Mabbutt, 1979). The zonation may be formed by either physical or
chemical alteration and can vary considerabiy from place to place because of the
variation in climate, rock type and structures (Gerrard, 1988, Thomas, 1994).

In general, the upper layers of the weathering mantle suffer the most intense weathering
(Carroll, 1970b), because here the availibilities of water, air and organic life are greatest.
Consequently, all kinds of chemical and physical weathering processes are intensely
active. For most sedimentary rocks, water movement is mainly downward with
considerable leaching at lower levels (Ollier, 1984). This may introduce appreciable
amount of stress into the rocks and mineral grains. Towards the base of the weathering
mantle is the transition zone where oxidation and reduction are common (Gerrard,
1988), especially in the zone of capillary water just above water table. The transition
zone is particularly important in limestone and may even control the level of cave
formation (Ollier, 1984) for it is here that fresher unsaturated water is most likely to be
available. A model for the weathering zonation sequence is given in Table 2.4.1

Table 2.4.1 Classification of weathered mudrocks. (after Cripps & Taylor, 1981)

Term Grade Description

Fresh IA | No visible sign of weathering

Faintly weathered IB | Discoloration on major discontinuity surfaces

Slightly weathered 11 Discoloration

Moderately weathered | III | Less than half of rock material decomposed

Highly weathered IV | More than half of rock material decomposed

Completely weathered V | All rock material decomposed; original structure
still largely intact

Residual soil VI | All rock material converted to soil; rock structure
and fabric destroyed

The weathering grades defined by Cripps & Taylor (1981) can not be expected to be
found in all rock types and in all climatic conditions. It is more likely that any sequence
will be only partly developed. A four layered classification (Chandler, 1969) is often used
(Figure 2.4.1) in which the "A" horizon is defined as the zone of complete disintegration,
the material in this zone being plastic and exhibiting little or no trace of original
structure. The "B" horizon is the zone of advanced disintegration (Gerrard, 1988) and
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where the accumulation of the material derived from the "A" zone takes place. The "C"
horizon is a transitional zone of partly altered rock overlying the unaltered bedrock and
the "D" zone is the unweathered bedrock. In the "A" zone organic matter gradually
accumulates, and chemical weathering is most active (Birkeland, 1974). The "B" zone
depends largely on the drainage condition of the area. There are cases where the "B"
zone is absent because of the high rate of erosion and low permeability. The simple idea
of the "C" zone is being a mixture of "A"/"B" zone(s) and unweathered "D" zone. In the
early stage of weathering, the parent rock will influence the type of soil and clay minerals
that form (Birkeland, 1984). With increasing maturity!, climate and drainage conditions
become increasingly important and the same clay minerals can form from a wide variety
of rock types (Ollier, 1984; Macias & Chesworth, 1992).

Topography plays an important role in weathering profile development (Jenny, 1941;
Gerrard, 1988). The four layered classification described above is a general idea of
weathering zonation. At places which have steep slopes the "A" and "B" zones may not
exist or may only appear in very thin layers. This is reasonable because on steep slopes
downslope movement does not allow these two layers to be well developed.

Weathering profiles for mudrocks are highly variable from place to place (Gerrard,
1988). The classification described above can not be expected to apply in every case. It
only provides a. general trend of how the material changes with weathering. The
classification schemes can therefore only be used as a reference standard.

IThe term maturity is used in the sense of a measure of chemical and physical progress along some
predetermined evolutionary path (Lindsay, 1992).
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2.5 Weathering in tropical humid environment

In humid tropical environments, weathering is intense (Thomas, 1974, 1994; Ollier,
1984; Macias & Chesworth, 1992). As described previously, weathering processes are
essentially dependent on the prevailing climatic conditions. As a consequence, different
climates promote different types of weathering. The climatic controls associated with
weathering are mainly related to water and temperature. Water is the most important
factor affecting many respects of physical and chemical weathering in tropical
environments (Thomas, 1994). It is related to the hydrological cycle, that is the total
amount of precipitation, intensity of rainfall, proportion of precipitation that forms run-
off and precipitation-evaporation ratio. Temperature is also an essential control (Ollier,
1984) which involves mean temperature and temperature range. Many other factors such
as relative humidity, drying wind and climatic changeability may also be important
locally.

The characteristics of climatic conditions in tropical humid environments include high
humidity, high annual rainfall which is often seasonal and long periods of high
temperature. There is no doubt that the weathering processes associated with water and
high temperature are intensely active. Severe chemical weathering is expected because
sufficient water supply and high temperatures, which characterise tropical areas, are the
two most important controls promoting chemical reactions (Thomas, 1974). Figure 2.5.1
shows the intensity of chemical weathering in relation to rainfall and temperature. Figure
2.5.2 demonstrates the relative importance of various types of weathering under different
temperature and rainfall conditions (Peltier, 1950; Ollier, 1984). Although Peltier and
Ollier imply from their diagrams that physical weathering is not strong in high
temperature and high rainfall regions, adequate water supply can still be an important
control (Chesworth, 1992) and although not directly, maybe indirectly related to physical
weathering causing erosion, for example.

In addition to the warm and wet conditions, tectonic activity, in the two cases studied,
can contribute to weathering processes (Ollier, 1984). The uplift of the ground surface
resulting from lithospheric plate convergence disturbs the environmental system and
therefore the system is no longer in equilibrium. As a consequence, rates of erosion
increase leading to an acceleration of physical processes, and hence chemical weathering.

Knowing the environmental conditions that characterise the study areas selected in this

research, it is possible to describe the prevailing weathering regime. The combination of
abundant water and rapid uplift makes the rate of surface erosion specifically high
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leading to a quick change in the stress state of underlying rocks. The change in stress
state will contribute partly to the enlargement of the pore space due to the elasticity of
the material which results in a change in the physical properties of the material and thus
its mechanical behaviour. Warm temperature and availability of water and air enable
chemical reactions to occur very severely and quickly. For instance, oxidation will occur
within a very short period of time once rocks are exposed to water and air. In the upper
most layer, rocks suffering from heavy evaporation due to high temperatures and long
exposure to sunshine will experience frequent alternate wetting and drying which may
result in establishment of stresses in the rocks (Brunsden, 1979; Birkeland, 1984) or
introduction of suction pressure to draw fine particles together at a micro-scale (Pandian
et al., 1993a) and may subsequently accelerate other chemical reactions (Ollier, 1984).
Leaching may be severe because of massive water availability, but it depends very much
on the material properties such as permeability and structure. If a material is highly
permeable, leaching may result in a weathering profile of great vertical extent.
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Figure 2.5.1 Intensity of chemical weathering in relation to rainfall and temperature
(after Peltier, 1950)
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2.6 Mechanical behaviour and weathering of clays

As far as the aims of the study are concerned, the effect of weathering on clay materials,
specifically their geotechnical characteristics, is of most interest. To step into this, it is
important to have a broad concept about the physical properties and mechanical
behaviour of the material. Clay is one of the natural materials most studied by civil
engineers for it is of great importance as a foundation material and causes many
problems in engineering works. Much attention has been paid to the mechanical
properties of clays. The behaviour is described in the major works providing a
description of the deformation behaviour of soil, including Roscoe et al. (1958),
Schofield & Wroth (1968), Atkinson & Bransby (1978) and Wood (1990). All these
works try to establish a common framework to describe the deformation behaviour of all
soils.

Before the 1960s almost all the theories of clay behaviour concerning the physical and
chemical characteristics were based on the interaction of single particles (Barden,
1972a). These theories stand on the principle that the engineering behaviour of clay is
dominantly controlled by individual particles and the relationship with their surroundings.
However, in the last two or three decades it has become recognised that both artificial
and natural clay soils are made up of clay plates and plate aggregations including peds,
crumbs or clusters (Frost, 1967; Barden, 1972a; Pandian, 1993a). It is these particles and
aggregations as well as the structures they form which heavily influence the overall
behaviour of the clay.

Micro-structural studies have been made on a large number of natural clays by Barden
(1972a) using the scanning electron microscope technique. Barden (1972a) revealed that
almost no clay soils exhibited single plate "card-house" structure (Figure 2.6.1), but a
general occurrence of plates aggregated face to face (Figure 2.6.2). The results of
Barden's study conclude that in dispersed conditions the plates aggregation leads to a
"turbostratic" structure and in flocculated conditions to a "book-house" structure. Yong
(1971) also had a similar suggestion that single plate theory is relevant only to dilute
colloidal suspensions, and that natural consolidated clays require consideration as
multiple plate units.

It is not an unusual case that a number of tropical residual soils contain holloysite and/or
similar clay minerals, and often these clay particles aggregate together to form a larger
sized cluster which results in a higher shear strength and many characteristics of a
granular soil (Dixon & Robertson, 1970). The increasing evidence for aggregation in clay
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particles suggests that the basic deformation mechanisms of clay soil may depend not
only on the characteristics of the clay but also on the granular clay aggregates (Canestrari
& Scarpelli, 1993).

Figure 2.6.1 Diagram showing single plate "card-house" structure

Figure 2.6.2 Diagram showing plates aggregated face to face
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Continuous wetting and drying events are thought to be responsible for the aggregation
of clay particles, particularly in tropical regions (Lambe & Whitman, 1979; Pandian et
al., 1993a). This is because the wetting and drying result in large suction pressure
development and small particles are drawn together to become larger grains. Frost
(1967) demonstrated the results of the study of a loamy soil in which the strength
increased from 352 kPa for in situ conditions to 1620 kPa when the soil was air-dried,
re-wetted and compacted to field water content and density. The material also exhibited
characteristics of sand after drying and re-wetting. The change in material characteristics
is believed to be due to the aggregation of the fine particles. Wallace (1973) also
observed similar phenomenon in a residual soil from Papua New Guinea. The
permeability increased 100 times when the natural residual soil was dried, re-wetted and
compacted to meet the conditions in the field. The increase in permeability was due,
partly, to changes both in the nature of particles and voids and in the structure which
caused the original clayey soil to become sand-like in its physical characteristics.

Many natural soils are structured (Vaughan, 1985) and the mechanical behaviour of the
structured materials cannot be simply described using void ratio-effective stress
relationships (Aversa et al., 1993; also see Appendix I). In fact, the presence of micro-
structures and cohesive bonds are perhaps more important factors in terms of influencing
deformation characteristics such as stiffness and strength, of soil materials in most cases
(Petley et al., 1993; Rampello & Silvestri, 1993). Therefore, the mechanical behaviour of
natural soils are generally more complicated than published idealised models of soil
behaviour because of their micro-structures and bonding effects.

Stiffness and shear strength, for instance, are essentially dependent on the micro-
structure and bonding present in the soil material (Burland, 1990). Undisturbed samples
with original structures and diagenetic bonding exhibit much higher strength and stiffness
than those remoulded and subsequently re-consolidated samples, which without structure
and cement, at any given consolidation state (Rampello & Silvestri, 1993).

A preferred orientation of particles in a clay material will result in an overall weakening
of the material during deformation (Goldstein et al, 1961). If a material contains a
mixture of sand, silt and clay particles, then the clay particle orientation will produce an
anisotropy in the rock during deformation, even if the fabric within the material was
isotropic to begin with (Viggiani ez al., 1993). The anisotropy is normally in the form of
a band with low shear resistance which tends to act as a yield locus as it is the weakest
area in the rock and will facilitate further shear surfaces to be produced. As soon as any
shear displacement occurs, the shear strength along the plane will reduce to the residual
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value. Skempton (1964) suggested that this may induce progressive failure around the
plane of weakness.

The importance of particle orientation in a soil material on its mechanical characteristics
is best demonstrated by the fact that the shear strength of a clay sample with randomly
oriented, platy particles is much greater than that of a mass with highly oriented platy
particles (Skempton & Petley, 1967). Skempton (1964) conducted a series of direct
shear tests on overconsolidated clays under drained conditions. The results, in general,
showed that all samples exhibited an initial peak shear strength which rapidly declined as
the sample failed. If the displacement continued, then further minor peaks occurred
(Figure 2.6.3). The small peaks represented the increased shear resistance of clay
particles whose orientation opposed the shearing movement. The shear resistance
decreased as the particles gradually became re-aligned (Petley ef al., 1993). Skempton
(1964) suggested that the reduction of shear strength from the peak value down to the
residual in overconsolidated clay materials during shear was a result of a weakening of
the sample through an increase in water content of the sample (dilation) and the
reorientation of the clay particles within the sample.
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Figure 2.6.3 Results of shear tests conducted on samples from Walton's Wood
(after Skempton, 1964)
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The true residual strength of a clay material is reached when all the clay particles in the
shear zone became oriented parallel to the shear surface at which point, the resistance to
the shear displacement of the particles is at a minimum value. It is the continuous
displacement that causes the polished shear surfaces which weaken the material
(Skempton & Petley, 1967) and it is the friction between the oriented clay particles
which determines the magnitude of the residual strength.

The existence of fabrics within weak rocks, such as clay and chalk, also exerts significant
influence on their mechanical behaviour during laboratory deformation (Leddra, 1989,
Kageson-Loe et al., 1993; Petley et al., 1993). The most common phenomenon during
consolidation of these weak rocks is a reduction in the stiffness. This is due to the failure
of the original diagenetic fabric, structure and intergranular bonding in the material. This
change in state should not be regarded as simply the achievement of the pre-
consolidation pressure, but a consequence of the destruction of natural stiffness due to
bonding (Petley et al., 1993; Jones et al, 1994; Kégeson-Loe, 1994).

The peak strength magnitude and failure behaviour of clays are strongly influenced by the
structure of the grain fabric with the mineralogical composition exerting only minor
influence (Bertuccioli & Lanzo 1993). The number and arrangement of the fractures
within stiff clays and shales play an essential role in controlling their mechanical
behaviour (Bedian & Khera, 1993; Vallejo ez al., 1993). The most important controls are
the frequency and the orientation of the fissures. A reduction of 20% in the shear
strength is attributed to the presence of frequent micro-fissures and an even larger
reduction of 50% can be achieved if the fissures are parallel to the direction of shear
displacement (Bedian & Khera, 1993).

The bonding effect has more pronounced influence on the behaviour of soils in the low
stress regime than at high stresses (Coop & Atkinson, 1993; Toll & Malandraki, 1993).
Investigation made by Toll and Malandraki (1993) indicates that at low confining
pressures a bonded soil can sustain higher stress (with higher stress ratio q/p") due to the
bonding effect than the unbonded sample, whereas under a high stress regime, both
bonded and unbonded samples exhibit very similar stress ratio characteristics. This
suggests that during laboratory deformation, the magnitude of the applied confining
stress should be taken into account during phenomenological interpretation of the data.
The implication is that bonding may be destroyed by increasing confining pressure,
causing a reduction in the stiffness of the sample. the reduction is not due to the
achievement of the preconsolidation pressure which agrees with the investigations made
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by Coop & Atkinson (1993), Petley et al. (1993), Jones et al. (1994) and Kégeson-Loe
(1994).

Dilation is a commonly observed phenomenon while conducting soil triaxial compression
tests. It is the means through which a dense or overconsolidated soil can reach its
ultimate failure state or the critical state? (Atkinson & Bransby, 1978). For dense and
overconsolidated materials, in order to achieve the critical state the volume of the
specimen will tend to expand (because majority of overconsolidated soils are on the dry
side of criticaP) which, under undrained circumstance, will result in a negative pore
water pressure generation. Dilation has a significant effect on the angle of internal
friction of a soil sample and appears to be a function of the specific volume (v) of the
sample and mean effective stress (p') (Canestrari & Scarpelli, 1993). It is suggested that
dilation is responsible for many soils exhibiting extra friction above the critical state.

The residual strength of a clay soil is controlled by its mineralogy (Kenney, 1967) and is
independent of its compaction history (Skempton, 1961). In contrast, the peak strength
is controlled by the compaction history and diagenesis of the material (Russell & Parker,
1979). During the compaction and diagenesis, anisotropic textures caused by specific
arrangement of the platy clay particles and inter-particle bonds due to cementing agent
are formed (Bjerrum, 1967a; 1967b). The role of weathering is to reverse these
processes. The original texture will be modified and the diagenetic bonds will be
destroyed by weathering.

As described previously in the introduction section of this chapter, many rocks were
originally formed at high temperature and pressure and the main part of the weathering
process consists of changes in rock or rock fragments to equilibrate to a new
environment at lower temperatures and pressures in the presence of air and water.
Several kinds of alteration are possible and a material which is an end product of
weathering under one set of conditions may become an unstable material for renewed
weathering if conditions are different.

The final structure of a soil is often formed through weathering (Barden, 1972b). This is
to say that weathering is essentially a disruptive process tending to modify the micro-
structure of the materials through breakdown and homogenisation. Many of the soil
properties resulting from overconsolidation and compaction are modified by weathering.

2The definition of the critical state is given in appendix I.
3Dry and wet side of critical are introduced in appendix I. The simple explanation of dry side of critical
is that the water content of a sample is less than that of the sample at critical state.
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Many civil engineers and engineering geologists have been trying to establish a unique
scheme to classify different degrees of weathering. However, due to the different
characteristics of weathering regimes at different parts of the world and the different
nature of different rocks it is extremely difficult, if not impossible, to achieve this aim.
Though it is difficult, there are many weathering classifications. Tables 2.6.1, 2.6.2 and
2.6.3 are some examples. Nevertheless, it is important to note that all the classifications
are similar in a broad sense, such as increasing oxidation and loosing original structures.
The individual characteristics, have to be taken into account. Workers' personal opinions
and interpretations also have some influence on the recognition of weathering

classification.

Table 2.6.1 Weathering scheme for Keuper Marl (after Chandler, 1969)

Zone Description Notes
Fully IVb | Matrix only Can be confused with solifluction
weathered or drift deposits, but contains no
pebbles. Plastic, slightly silty
clay. may be fissured.
IVa | Matrix with occasional Little or no trace of original (I)

clay-stone pellets, less
than 1/8 in. dia. but more
usually coarse sand size.

structure, although clay may be
fissured. Lower permeability
than underlying layers

Partially I
weathered

Matrix with frequent
lithorelicts up to 1 in. As
weathering progresses
lithorelicts become less
angular.

Water content of matrix greater
than that of lithorelicts.

II

Angular blocks of
unweathered marl with
virtually no matrix

Spheroidal weathering. Matrix
starting to encroach along joints;
first indication of chemical
weathering.

Unweathered 1

Mudstone (often
fissured)

Water content varies due to
depositional variations.
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Table 2.6.2 Engineering grade classification of weathered mudrocks

(after Fookes et al., 1971)

Grade Degree of Field recognition
decomposition
VI Residual soil | The original soil is completely changed to one of new
structure and composition in harmony with existing
ground surface conditions.
\% Completely | The soil is discoloured and altered with no trace of
weathered original structures.
v Highly The soil is mainly altered with occasional small lithorelicts
weathered | of original soil. Little or no trace of original structures.
III Moderately | The soil is composed of large discoloured lithorelicts of
weathered | original soil separated by altered material. Alteration
penetrates inwards from the surfaces of discontinuities.
I Slightly The material is composed of angular blocks of fresh soil,
weathered | which may or may not be discoloured. Some altered
material starting to penetrate inwards from discontinuities
separating blocks.
I Fresh rock, | The parent soil shows no discoloration, loss of strength or

unweathered

other effects due to weathering.

Table 2.6.3 Weathering scheme for the London Clay at South Ockendon

(after Chandler & Apted, 1988)

Zone

Classification

Description

v

Fully
weathered

Completely remoulded clay, or a few lithorelicts (up to 10mm
max. dimension) occupying < 30% of whole, in a matrix of
soft to firm remoulded clay; brown or light grey, mottled
brown.

ITIb

IITa

Partially
weathered

Lithorelics (10 mm to 30 mm average dimension; brown
internally) completely separated by remoulded matrix and
occupying 30% to 70% of whole; fissure surfaces and matrix
often light grey (greyed); selenite crystals common.

Dominantly brown (oxidised), with clay fragments showing
original clay structure (lithorelics) with 30 to 70mm average
dimension occupying >70% of whole; remoulded matrix
developing in fissures and joints;, some selenite crystals.

IIb

IIa

Partially
weathered

Clay fragments bonded by heavily iron stained joints and
fissures, the brown coloration penetrating up to 20 mm,; centre
of fragments the colour of zone Ila clay; fissure spacing
typically 70 mm to 120 mm.

Weathering on surfaces of discontinuities only, with rusty
yellow staining on joint, fissure and bedding planes; bulk of
clay grey-brown; fissure spacing typically >100 mm.

Unweathered

Uniformly grey-brown or grey-blue; discontinuity spacing
typically >100 mm
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Studies of the effect of weathering on clays can roughly be divided into two classes in an
engineering sense. One group comprises of studies which examine the parameters
associated with strength characteristics, such as cohesion and angle of internal friction,
and the other group concerns modifications made to the structures, such as particle and
void characteristics, and fabrics. Mineralogical alteration is very important as far as
studies of weathering are concerned but it is relatively insignificant for clay materials
within the depth range that many civil engineers are interested (Chandler, 1969, Fan &
Jones, 1994).

It is well recognised that in overconsolidated clays the water content, which reflects the
void ratio, increases in the material with increasing proximity to the ground surface
(Terzaghi, 1936). The easiest and most convenient index of identifying the consequence
of weathering in most stiff, overconsolidated clays is the increasing water content
resulting from the various weathering processes (Chandler & Apted, 1988). Other than
the increase in natural water content, weathering may also lead to changes in particle and
void characteristics. Consequently, the mechanical properties of the clays will be
modified by the weathering processes.

Reduction in shear strength is a common consequence of weathering (Chandler, 1969;
Russell & Parker, 1979). Investigations of the effect of weathering on Keuper Marl
(Chandler, 1969) and Oxford Clay (Russell & Parker, 1979) reveal that as the degree of
weathering increases the strength of the material decreases. The decrease in strength is
the consequence of the decreased effective cohesion and effective internal angle of
friction resulting from destructuring induced by weathering. The deformation behaviour
is also changed because of the destructuring (Chandler, 1969). The overconsolidation
characteristics resulting from the previous compaction history becomes less pronounced
as weathering proceeds leading to a decrease in overconsolidation ratio.

Although weathering induced reduction of strength is common, it does not apply in all
cases. An opposite effect, increasing strength, has been observed in quite a few
investigations (Chandler, 1972; Balasubramaniam ef al.,1978; Fan et al., 1994). The
weathered samples exhibit higher shear resistance than the unweathered ones at a given
specific volume (v) and a given mean effective stress (p'). Chandler (1972) attributed this
increased strength to both the restructuring of the originally anisotropic fabric, and an
increase in plasticity by weathering. Similar change in characteristics can be expected in
other heavily overconsolidated clays and clay shale.



An example of strengthening is demonstrated by Balasubramaniam et al. (1978) who
studied the strength parameters of some Bangkok clays. Balasubramaniam et al. (1978)
classified the test clays into three layers: Weathered Clay, which was formed from the
overlain Soft Clay by various processes of weathering, approximately 4.5 m in thickness;
Soft Clay, extending to a depth of 10m below the weathered Clay, and is highly
compressible and lightly overconsolidated; Stiff Clay, often fissured, extending to a depth
of approximately 10m below the Soft Clay horizon. The ¢' (effective cohesion) and ¢'
(effective angle of friction) data obtained from their undrained compression loading tests
are given in Table 2.6.4.

Table 2.6.4 Strength parameters of the Bangkok Clays
(data compiled from Balasubramaniam ez al., 1978)

Sample Depth in the profile (m) ¢' (kN/m?2) ¢ (°)

Weathered Clay 0-4 0 22.2
Soft Clay 4-14 0 26
Stiff Clay 14-24 38 24

The results demonstrate that weathering significantly alters the strength properties of the
materials. The Stiff Clay is supposed to be an unweathered sample which preserves the
original diagenetic structure and overconsolidation characteristics and exhibits a cohesion
of 38 kNm2. Neither the Soft Clay, which lies above the Stiff Clay, nor the Weathered
Clay, which is the top weathered crust, exhibited any cohesion at all, suggesting that
cohesion, strongly controlled by bonding, is destroyed by the weathering processes. The
change in the angles of internal friction do not follow the sequence of the sample depths
but exhibit an initial increase in ¢ from 24° to 26° as the clay changes state from "Stiff"
to "Soft". Subsequently, continuous and more severe weathering caused the decrease in
the ¢ value to 22.2° as the clay turned into "Weathered". The initial increase in ¢ is
believed to be a result of restructuring of the clay induced by weathering leading to the
absence of the pre-existing fissures as suggested by Chandler (1972).

Weathering progressively destroys the structures previously formed either during
diagenesis or during compaction (Barden & Sides, 1971, Barden, 1972b; Grainger &
Harris, 1986; Coulthard & Bell, 1993). Usually, in unweathered overconsolidated clays,
samples have good alignment of clay particle assemblages around more poorly aligned
larger particles. The partially weathered samples have lost most of their diagenetic
bonding and original fabric but still retained some of the pre-existing structures and the
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highly weathered samples have a totally different type of fabric. The gradual change in
the micro-structure indicates that one of the most important effects of weathering is to
modify the original fabric by altering the arrangement of the clay particles.
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Chapter Three: Scaly clay and its Natural Occurrence

3.1 Introduction

The aim of this study is to investigate the influence of tropical weathering on the
geotechnical characteristics of scaly clays. It is important to have a general knowledge of
the back ground information on issues such as the material itself and study areas. In this
chapter, the theories on the origin of scaly clays and the general geology of the study
areas will be provided.

3.2 Scaly clay

Scaly clay is a fine grained argillaceous sediment. It has a pervasive fabric of lenticular,
highly polished, curved, slickensided surfaces. Scaly clays have been discovered and
identified both on and off shore in many tectonically active areas including Barbados
(Joe's River Formation) (Enriquez-Reyes e al., 1990), Taiwan (Lichi Mélange) (Liou, et
al., 1977), the island of Timor (Bobonaro scaly clay) (Barber, 1981), Cyprus (Moni
Mélange) (Hsu, 1971) and Italy (Yassir, 1989). The areas are, or have in the recent past,
experienced tectonism associated with subduction. In each case scaly clay is associated
with major mélange deposits.

Other than in subduction zones, scaly clays have also been reported in Deep Sea Drilling
Project (DSDP) core samples. The origin of the DSDP core scaly clays is thought to be
related to fault structure (Moore ef al., 1986; Schoonmaker, 1986). Most of the scaly
clays found within DSDP cores occur adjacent to faults. Cowan (1984) described scaly
clays found in association with thrust faults and the decollement zone of the Barbados
Ridge. In Cowan's description the texture of the material is very similar to the texture of
the Joe's River Formation mélange from Barbados. The difference is that the texture
Cowan described appears to be very limited within a narrow band, whereas the Joe's

River Formation has a pervasive distribution of scaly textures and forms an extensive
body.

3.2.1 Origin of the scaly fabric

The occurrence of the very distinctive scaly texture is believed to be a product of the
diagenetic and tectonic histories experienced by these clays (Barber et al., 1986). The
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high degree of preferred orientation is widely regarded to be a consequence of shear
deformation. Skempton (1966) conducted a series of experiments on remoulded clay
samples using direct shear box and triaxial apparatus and discovered that at the onset of
shearing, the samples developed a group of micro-shear planes with orientation of 10° to
30° to the principle displacement direction (Figure 3.2.1a). Because the micro-shear
planes are not parallel to the direction of the principle displacement, the movement along
them will eventually stop as they become locked. Further displacement would lead to the
development of new shear surfaces which are parallel to the direction of displacement.
Rhombohedral blocks would then be defined by the interaction of the two sets of planes
(Figure 3.2.1b), and the blocks would move independently of each other. With further
movement, however, the shear planes would join up to form a long, undulating principle
surface of shear displacement (Figure 3.2.1c). If movement continued, the entire shear
zone would gradually become flattened (Figure 3.2.1d) and any subsequent deformation
would result in distortions of the shear zone. A blocky, sheared clay composed of
numerous shear lenses is the result. The size and shape of the lenses may vary
significantly. Their surfaces could be curved, slickensided and polished producing a
fabric similar to that commonly observed in scaly clays (Figure 3.2.2).

Observations made by Skempton (1966), Morgenstern & Tchalenko (1967) and Clark
(1970) on the micro-structure of shear zones reveal that the scaly fabrics are produced in
areas where the clay particles become strongly aligned parallel to the shear surfaces.
Within a very thin layer the platy particles develop a strong preferred orientation. A
polished (scaly) surface is the result. The preferred alignment of particles is absent away
from the surfaces. Similar characteristics have also been observed by Page & Suppe
(1981), Cowan (1984), Moore et al. (1986) and Petley et al. (1993). Moore et al.
(1986) attributed the occurrence of the scaly texture that exists in DSDP cores to the
shear deformation induced by faulting.

In the scaly clays found adjacent to thrust faults, the scaly texture mostly develops in
areas rich in smectite. Moore et al. (1986) also reported that no mineralogical alteration
occurred during the formation of the scaly fabric. The scaly texture is interpreted as a
result of particle reorientation due to the state of shear stress adjacent to fault zones.
Moore et al. (1986) proposed a model for the development of scaly textures, in which
both shear failure and de-watering occur concurrently with faulting of the clay. This
would lead to a decrease in the pore fluid pressure within the fault zone mobilising
increased normal effective stresses. Consequently, the shear strength of the clay increases
during deformation because of the increased shear resistance on the shear surfaces.
Further shear failure would then be likely to occur in the weaker adjacent areas.
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Propagation of the strain hardening bifurcation due to the deformation will promote the
development of the scaly texture throughout the entire mass. A pervasive scaly fabric is
the result.

Page & Suppe (1981) suggested that the scaly fabrics of the Lich Mélange in Taiwan
may have developed whilst the mélange sediment was deformed during tectonic
emplacement. Barber ef al. (1986) attributed the origin of scaly clays and the occurrence
of the scaly texture to the movement of underconsolidated materials within active diapirs.
It was suggested in their investigation that when an underconsolidated clay is overlain by
normally consolidated material, the difference in the densities of the two materials would
generate a metastable condition, leading to an upward movement of the
underconsolidated sediment. If the normally consolidated material is faulted, the highly
plastic, underconsolidated clay would become mobilised and squeeze into the fault to
form a diapir. The high pore fluid pressure of the underconsolidated sediment would then
be able to dissipate during upward movement converting the sediment to a denser,
normally consolidated material. If the movement of the now densified clay mass
continued it would necessitate the development of internal shear failures and polished
shear surfaces with random orientation. The characteristic nature of the scaly clay would
be a result of the diapiric movement and the expulsion of pore fluids.

Field observations in Barbados (Jones pers. comm.; Allison pers. comm.) and Taiwan
(Jones pers. comm. and this study) have revealed that not only is the scaly texture of
mélange clays preserved with the weathering zone, but that the texture in various ways
interacts with and influences the weathering process. It is the investigation of how
weathering affects the characteristically textured clays which forms the major part of the
present study.
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Figure 3.2.1 A schematic representation of the fracture pattern in a shear zone
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Figure 3.2.2 Block diagrams showing fracture pattern described by Skempton (1966)
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3.3 Field areas

The materials examined in this research are the Joe's River Formation scaly clay from
Barbados and the Lichi Mélange scaly clay from Taiwan. Both Barbados and Taiwan
experience tectonic activity and tropical weathering. The general environmental
conditions of the study areas are summarised in this section. In addition, the sample
collection is also described.

3.3.1 Barbados
3.3.1.1 Climate

The island of Barbados is located in the Caribbean, on the Barbados Ridge and is the
only emergent part of the Caribbean Forearc complex associated with the 2,700 m deep
Tobago Trench (Figure 3.3.1). A large proportion (85%) of the surface of the island is
Pleistocene coral limestone (Figure 3.3.2), which has been heavily eroded (Speed, 1983).
The Scotland District lies in the north-east of the island (Figure 3.3.2) and possesses
folded Tertiary sedimentary rocks which, at present, are undergoing strong headward
erosion. Extensive mudslides frequently occur, as large parts of the waterlogged clay at
the base of the limestone slide away. Furthermore, strong spring erosion is adding to the
effects of headward erosion leading to a pronounced loss of agricultural land (Blume,
1968).

The average temperature at sea-level is over 25°C throughout the year, and the
difference between the coldest and hottest months is approximately 3°C. Seasonal
differences in weathering regime are therefore hardly, if at all, determined by
temperature.

Relative humidity is very high in the whole Caribbean area. The recorded climatic data
show that the daily variation in humidity is greater than seasonal variation. Normally the
highest relative humidity of more than 90% is reached at about sunrise. Rising
temperature causes a decrease in relative humidity but never to less than 50% and usually
not below 70%.

Heavy precipitation is one of the climatic characteristics of the Caribbean area, caused by
atmospheric instability and generally in the form of short and violent showers. Mean
annual precipitation in the Caribbean area varies considerably and depends largely on the
topographic conditions. For instance, mean annual precipitation increases from 1,100
mm to 2,100 mm with increasing height of 300 m on the island (Blume, 1968). The
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annual rainfall of Barbados is some 1,250 mm, and most of it is concentrated in the rainy
season from June to December (Blume, 1968). The general climatic type of Barbados
can be summarised as tropical moist climate with seasonal rainfall.

3.3.1.2 Geology

The island of Barbados lies on the Barbados Ridge Complex, which is a broad
accretionary complex lying east of the Lesser Antilles magmatic island arc (Figure 3.3.3).
The complex contains great thicknesses (10 km) of Tertiary sediments with variable
degrees of deformation which accumulated on the Atlantic Ocean floor. They include
heavily deformed Paleogene flysch, pelagic strata and possible local shallow-water
deposits (Westbrook & Smith, 1983; Case et al. 1984). The Barbados Ridge composes
the major part of the Forearc region of the Lesser Antilles magmatic arc. The toe of the
ridge is almost certainly the locus of modern accretion of sediment from the subducting
Atlantic sea floor (Westbrook, 1975). The pre-Pleistocene geology of the island of
Barbados, which exposes the crest of the Barbados Ridge, is best explained by accretion
implying that the ridge as a whole is an accretionary prism (Speed, 1981). Important
elements of the geology of the island in this interpretation are the occurrence of many of
the pre-Pleistocene rocks in fault-bounded packets (Speed & Larue, 1982).

Three geologic units exposed on the island of Barbados are recognised (Speed, 1981)
(Figure 3.3.2). First, an upper cap of Pleistocene reefs which were deposited in place.
Second, an intermediate zone of nappes of mainly calcareous pelagic rocks. Third, a
basal complex of steeply fault bounded packets of several sedimentary lithotypes. Such
rock types and structural features are thought to be a typical product of a tectonically
active area which, in this case, was accreted within an inner trench wall during the late
Eocene and which today extends to a depth of greater than 5 km below Barbados
(Torrini et al., 1985). The three geologic units are briefly described below.

1. Upper Cap

The cap occupies the majority area of the island and is a south-west trending arch of
uplifted reefs that progressively young towards the west. It is a Pleistocene reef-related
limestone (Torrini et al., 1985) At present, the cap is still raising at a significant but
variable rate throughout the area (Brown & Westbrook, 1987). The fastest rate observed
occurs along the south-west trending axis with an approximate value of 0.45 mm yr-1,
whereas the uplift rates at some other places only attain about half of this (Speed &
Larue, 1982).
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2. Oceanic Nappe

The intermediate zone of pelagic rocks comprises two discrete bodies which may not
have been originally contiguous. The main belt, the Oceanic Nappe (Figure 3.3.2), lies
below the Pleistocene reef cap and crops out in the form of a band rimming the basal
complex unit and separating it from the Upper cap. The other body is the Bissex Hill
Nappe exposed in the basal complex (Figure 3.3.5). Both bodies contact the rocks of the
basal complex with shallow-dipping faults. The age of the rocks of the Oceanic Nappe
ranges from middle Eocene to middle Miocene (Speed & Larue, 1982; Larue & Speed,
1984). Strata within the Oceanic Nappe are inclined at shallow angles but are locally
tightly folded about east to north-east trending axes, whereas the Bissex Hill Nappe
overlies the basement with sub-horizontal contact (Speed & Larue, 1982).

3. Basal Complex

This Basal Complex is the most studied unit in Barbados for it is the key to
understanding of the tectonic evolution of the south-east Caribbean. Rocks of the basal
complex crop out in north-eastern Barbados (Figure 3.3.2). The basal complex is
composed of fault-bounded packets, most of which are sub-vertical and have strikes
generally oriented northeast-east (Speed & Larue, 1982). Stratigraphically, each packet
is different from adjacent packets and no correlations between any two adjacent packets
can be made. Each packet of the basal complex contains rocks of one of three lithic
suites, namely, terrigenous, hemipelagic and mélange. The terrigenous suite comprises
quartzose sandstone and pelitic clastic rocks that accumulated in a trench wedge or sub-
sea fan environment. There are no evident correlations among the terrigenous suites.
Possible age of this suite is Paleocene to late Eocene (Larue & Speed, 1984). The
hemipelagic suite contains radiolarite, mudstone that is occasionally rich in radiolaria
with rare interbeds of quartzose turbidite. Radiolaria in the suite indicates that the
probable age of the suite ranges from early to middle Eocene (Larue & Speed, 1984).
The mélange suite, Joe's River Formation, contains massive breccia of mudstones and
sandstones, pebbly mudstone and local intervals of bedded mudstone and thin quartzose
turbidite (Speed, 1981; Speed & Larue, 1982). Dating based on the matrix indicates that
the suite is lower Eocene to upper Paleocene in age (Larue & Speed, 1984). The more
detailed geology of the Joe's River Formation will be given later this chapter in section
33.14.
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3.3.1.3 Tectonic setting

Geologically, the island of Barbados lies 160 km east of the Lesser Antilles arc and is the
highest point of the Barbados Ridge which is a ridge of sedimentary rock that runs
parallel to the arc (Figure 3.3.3). The Lesser Antilles Forearc, a calc-alkaline volcanic
island arc, forms the eastern margin of the Caribbean (Westbrook, 1975). This is a
tectonically active area where the Atlantic plate is being subducted beneath the Caribbean
plate (Figure 3.3.4), at an average rate of 20 mm yr-! (Pudsey & Reading, 1981). West
of the arc is the Grenada Trough, which is a flat-bottomed basin containing a 4 km thick
sequence of sediments and the Aves Ridge, which is a submarine ridge with a number of
features suggesting that it is an old island arc (Figure 3.3.3) (Westbrook, 1975).

The basal complex unit on the island of Barbados may be representative of rocks and
structures of the upper parts of the accretionary prism of the Lesser Antilles arc (Speed,
1983). Seismic surveys and sonar images of the sea floor to the east of Barbados indicate
the presence of mud diapirs associated with underconsolidated sediments at depth. It is
these sediments that are thought to form the diapiric mélange of which the Joe's River
Formation is a part (Biju-Duval et al., 1982; Stride ef al., 1982; Brown & Westbrook,
1987).
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3.3.1.4 Joe's River Formation

The Joe's River Formation outcrops in the Scotland District of Barbados (Figure 3.3.5)
and is thought to represent a diapiric mélange deposit, as opposed to an olistostrome
mélange (Senn, 1940; Pudsey & Reading, 1981; Barber et al., 1986). The Joe's River
Formation has three components. First, a massive breccia of mudstone and sandstone
clasts, with a foliated mudstone matrix. Second, a layered breccia of scattered, poorly to
well oriented blocks of quartzose turbidite, radiolarite and calcareous pelagic rocks in
foliated, sandy, mud-pebbly mudstone. Third, turbidite beds, one of which includes
calcareous micro-fossils (Larue & Speed, 1984). The Formation includes a number of
large olistoliths embedded in a dark green to brown, silty clay matrix, which appears to
be highly inhomogeneous, containing clay rich and silt rich areas. It also contains wisps
of uncemented, fine grained sand and streaks of solid hydrocarbon (Enriquez-Reyes &
Jones, 1991). In addition to the inhomogeneity, there are nodules of highly plastic, light
green clay, which are of variable diameter.

The most distinctive feature of the mélange clay is its pervasive fracture pattern (Yassir,
1989; Enriquez-Reyes & Jones, 1991). The material possesses numerous, anastomising
cleavage planes which vary in spacing between 2 mm and 15 mm (Enriquez-Reyes &
Jones, 1991). The cleavage surfaces are usually smooth, frequently curved and when
exposed in outcrop, display a polished slickensided surface. Only a small shear stress is
needed for blocks of unweathered material to break up. The scaly fabric acts as lines of
weakness along which disintegration occurs (Plate 3.3.1).

Rapid rates of erosion characterise the surface exposures of the Joe's River Formation.
Materials exposed on hill sides are susceptible to erosion by water during torrential
rainstorms. If rainstorm events are of long duration, the exposed surface materials
become over saturated and liquefied, and then surface flow occurs. The process is
particularly noticeable on areas of bare ground exposed by the removal of overlying
material.

Landslides are prevalent on many scaly clay outcrops. Geomorphologic mapping
completed by Enriquez-Reyes et al. (1990) (Figure 3.3.6) provides an example of the
spatial distribution of landslides on these terrains. Most of the landslides are of the
shallow seated translational type characteristic of mudflows (Brunsden, 1984). Although
mudflows are most common in terms of spatial distribution in the Joe's River Formation,
there are other shallow transitional slips along streams due to toe erosion. The latter type
is pronounced following torrential rain events when stream discharges are at high level.
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3.3.2 Taiwan
3.3.2.1 Climate

Taiwan is located some 150 km off the south-east coast of mainland China (Figure
3.3.7). The Taiwan Strait which has an average depth of 100 m, separates the two. The
geographical position of Taiwan is at about 121° East longitude and 23.5° North
latitude. The southern part of the island is therefore in the tropical region and the north is
in the subtropics. East of the island is the Pacific Ocean, where submarine slopes plunge
down with a gradient of 1:10 and the ocean floor reaches a depth of more than 4,000 m
about 50 km from the coast (Ho, 1975).

Due to the topographic complexity of the island the climatic conditions, such as
temperature, precipitation and humidity, vary significantly from place to place. The data
given here are those for the study area, Taitung. The mean temperature is 24°C where
the highest temperature ranges from 28° to 31°C and the lowest from 18° to 19°C. The
relative humidity is generally high, around 80%. Fluctuation of the relative humidity is
fairly small ranging from 70% to 90% throughout the year. Annual precipitation varies
significantly from year to year. It seems to be strongly controlled by the number of
tropical cyclones that across the island each year. Generally speaking, the annual rainfall
of the Taitung area is about 1,800 mm yr-1. Table 3.3.1 gives the climatic data of the
study area in Taiwan.

Table 3.3.1. The climatic data of Taitung from 1981 to 1990
(data source: Central Weather Bureau of Taiwan)

Year Temperatures (°C) Annual rainfall (mm) Mean relative humidity (%)

1981 H:29.2; L:18.0; M:23.7 1461.6 83
1982 | H:28.0; L:18.4; M:24.1 1353.4 78
1983 | H:30.9; L:19.0; M:24.3 1021.3 78
1984 | H:28.9; L:18.1; M:24.1 1971.5 78
1985 H:28.5; L:18.9; M:24.2 2063.1 79
1986 | H:29.0; L:17.7, M:23.8 1822.2 81
1987 | H:28.3;L:17.8, M:23.6 1502.7 82
1988 | H:29.7; L:18.3; M:24.2 2035.9 80
1989 | H:29.8; L:18.6; M:23.9 1427.8 80
1990 | H:30.3; L:18.8; M:24.0 2294.8 84
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3.3.2.2 Geology

Taiwan is a young, recently uplifted island with a longitudinal axis running roughly
north-south for a length of 385 km. Approximately two thirds of the land surface is
occupied by steep mountains with a highly complex landscape. A major mountain belt,
the Central Mountain Range, runs from north to south coinciding with the long axis of
the island (Figure 3.3.8, Plate 3.3.2). Most of the island to the west of the range
comprises flat, low altitude coastal plains. East of the range lies the Eastern Coastal
Range. The two mountain chains are separated by a longitudinal valley which has
recently been assumed to be the convergent boundary of the Eurasian continental plate
and Philippine oceanic plate. As a consequence, earthquakes and neo-tectonic activity
are frequent (Figure 3.3.9).

It was suggested by Ho (1975) that the island of Taiwan was originally a geosynclinal*
trough on a metamorphic basement filled with Tertiary sediments to a thickness of more
than 10,000 m. The trough had a trend generally north-south and its axis has been
shifting progressively westward with successive orogenies. During the present orogeny
most of the Tertiary sediment in the geosyncline has been subject to different grades of
metamorphism (Ho, 1975). Large igneous intrusions are rare, but there are important
areas of volcanic rocks in northern and eastern Taiwan, and the Taiwan strait.

All the major rock formations and structure features in Taiwan occur in long narrow
belts, roughly parallel to the axis of the island (Figure 3.3.8). The rocks become
progressively younger westwards from the central range to the western foothills. The
prevailing structural pattern of all the rocks is that of an elongated arc with its convexity
facing westward to the Asian continent.

Geologically, Taiwan can be divided into three provinces (Figure 3.3.10). It is the
different nature of the provinces which results in the very different geomorphologic
characteristics of different parts of the island. Brief descriptions of the three provinces
are as follows.

1. The Central Range
The Central Range runs through almost the whole island, and is the main water ridge

between east and west coasts of Taiwan. The range bisects the island into two unequal
parts with a ratio of approximately 1:2 for the east and the west sides respectively. The

4Geosyncline is an old geological term which has not been widely used in recent literatures. The term in
the context actually means a continental margin sedimentary basin.
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province contains all the Tertiary sub-metamorphic rocks and the pre-Tertiary
metamorphic complex. This geological province may be further subdivided into the back-
bone range on the eastern flank, made of Palaeozoic rocks, which include schists and
gneisses and the Hsuehshan range on the western flank, which is predominantly
Paleogene slate.

2. The Western Foothills and Coastal Plain

Non-metamorphosed Neogene rocks are exposed on the Western Foothills extending
westwards underneath the western coastal plain. The Western Foothills contain shallow-
deposited sediments with a maximum thickness of approximately 8,000 m or more
decreasing westwards (Ho, 1975). The age of the Western Foothills is late Oligocene or
Miocene to early Pleistocene (Ho, 1979). The rock formations on the Western Foothills
are strongly folded and steeply dipping. The thrusting and folding in the Western
Foothills are relatively shallow and are thought to result from gravitational gliding which
is commonly observed in orogenic regions. Southwest of the foothills region is a wide
extent of coastal plain containing most recent alluvial sediments and well-bedded but
poorly consolidated clastic deposits (Ho, 1987). The coastal plain has a north-south
length of 240 km and a maximum width of 45 km.

3. The Coastal Range

The Coastal Range in eastern Taiwan consists of a now obducted and extinct island arc,
and lies east of the Central Range. The two Ranges are separated by a valley, which is
fault-bounded on both sides and represents an important tectonic boundary (Ernst,
1983). Associated with the Neogene volcanic rocks of the Coastal Range is a chaotic,
sequence of non-stratified, muddy to clayey sediment, known as the Lichi Mélange. The
Lichi contains numerous exotic blocks of different sizes, ages and lithologies including
ophiolitic materials and was emplaced in late Pliocene to early Pleistocene times beneath
the south-western part of the Range (Liou et al., 1977). A more detailed description of
the Lichi Mélange will be given later in section 3.3.2.4.
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3.3.2.3 Tectonic setting

Taiwan is a part of the Ryukyu-Taiwan-Philippine island arc chain, rimming the western
border of the Pacific ocean (Figure 3.3.11). Tectonically, Taiwan is situated on a
convergent and compressive boundary between the Eurasian continental plate and the
Philippine oceanic plate (Figure 3.3.12) (Ernst, 1983). As described previously, the
valley between the Central Range and the Coastal Range is thought to be the suture of
the two plates, by which the Central Range on the continental plate and the Coastal
Range on the oceanic plate are separated (Ho, 1982). Figure 3.3.11 demonstrates an
active collision of the Luzon Island Arc with the continental margin of Asia. The
arc/continent collision started during the Pliocene period and is probably still continuing
today, although motion on the plate margin is now more dominantly strike slip (Biq,
1981; Ho, 1982; Lin, 1991). The collision is a very young tectonic event. At present the
rate of plate convergence is about 7 cm yr-! in a northwest-southeast direction (Seno,
1977).

The high mountains and steep slopes of the island are a result of the arc/continental
collision and have been demonstrated to be still rising at a significant rate (Biq, 1984).
For instance, there are more than 30 peaks in the Central Range that are over 3,000 m in
elevation. Other than undergoing a collision with the Luzon Island Arc, the island is also
involved in the tectonic and thermal processes of the Ryukyu arc system at its northern
end (Lin, 1991). Due to the neo-tectonic activity of Taiwan, including the rapid uplift,
frequent earthquake and young weak sedimentary rocks, steep hillsides are highly
susceptible to instability (Chen, 1987).
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3.3.2.4 Lichi Mélange

The Lichi Formation (Hsu, 1956) crops out in a long, narrow belt, approximately 3 km
to 5 km wide, exhibiting low rolling hill country along the western side of the southern
Coastal Range from Taitung to Yuli, a distance of about 65 km (Figure 3.3.13). The type
area for the scaly clay is at the vicinity of Lichi near by Taitung, especially close to the
Pei-Nan River. The Lichi Formation is a large mélange, consisting largely of chaotic,
scaly mudstone which encloses abundant exotic fragments ranging in size from silt-sized
detrital granules to large blocks up to a kilometre in long dimension (Ernst, 1977; Liou et
al., 1977). The landscape of the clayey mélange in some cases is marked by smooth,
gentle slopes from which protrude resistant exotic blocks, whereas in other places it
exhibits a typical badlands topography (Plate 3.3.3). Numerous exotic blocks, cobbles,
pebbles and fine-grained water-worn detritus occur within the scaly clay matrix.
Microfossil assemblages from the clayey matrix and a few sedimentary blocks indicate
mixed Miocene and Pliocene (and possible Pleistocene) ages (Chang, 1967, 1968, 1969,
Huang et al., 1979; Chi, 1982; Barrier & Muller, 1984; Chen, 1988). The most
remarkable feature of Lichi Mélange outcrops is the associated badlands topography
(Plate 3.3.3). Vegetation is absent on the slope surface of the badlands area.

The origin of the Lichi Formation has been a major argument since it was first identified.
The arguments have centred on whether it is an olistostrome product through gravity
sliding or a tectonic mélange due to scrapping upon the trench wall (Biq,1969, 1971,
1973; Hsu, 1976, Wang, 1976; Ernst, 1977, Ho, 1977, Liou et al., 1977; Lo et al., 1978,
Page, 1974, 1978; Huang et al., 1979, Teng 1981). It has, however, generally been
accepted that the Lichi Formation is directly or indirectly related to the previous
subduction of the plates.

As mentioned previously, the Lichi Mélange is made of a disturbed scaly mudstone
matrix and chaotically disturbed blocks and fragments, of largely sandstones and ophilitic
rocks. The presence of the blocks, the weakness of the mudstone, and the lack of normal
stratigraphic continuity produce a hummocky topography with hillocks and depressions.
The terrain includes many landslides, rapidly growing gullies, and local area of badlands
erosion. The mélange has an apparent thickness of more than 1km, as determined from
an exploratory bore hole (6.5 km south-east of Lichi village) that penetrated 1,061 m
without reaching the base of the mélange (Meng & Chiang, 1965).

The scaly fabric of the mudstone matrix varies in its degree of development and is not
generally randomly oriented. The scaly surfaces are seen to be narrow plastic shear bands
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