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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 2.3.1 The silicon-oxygen tetrahedron and tetrahedral sheet
(after Deer et al., 1966)
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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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