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ABSTRACT

This thesis looks at the behaviour of a structurally complex clay formation from a

landslide site in the Southern Italian Apennines. The argille scagliose or scaly clays

which form the greater part of the argillaceous component of the geological sequence

consist of small shear lenses (or scales) of clay, whose orientation may change within a

few centimetres. These clays have a very complex structure in that they are both

bonded and discontinuous. As a result of the tectonic history of these materials, they

have a bonded micro-structure consisting of composite particles of clay minerals and a

fissured macro-structure.

The behaviour of these soils was investigated using S.E.M., Atterberg limit, triaxial and

ring shear tests in the laboratory. This research has considered soils with four different

types of structure: natural samples from the underlying formation; soil from the

landslide body which had been remoulded as a result of the landslide activity; and two

different types of reconstituted samples (reconstituted and minced) prepared with

different amounts of remoulding energy. The effect of different macro- and micro-

structures could therefore be assessed by comparing the behavio.urs of these different

materials with those of corresponding reconstituted samples, normalised where

appropriate to account for their different stress states, specific volumes and natures.

Several negative effects of structure on the strength and compressibility of these

materials were observed. Samples which were vigorously disaggregated (minced) were

able to exist at specific volumes not possible in the sample prepared using a less

destructive method (reconstituted), whilst the scaly formation material sheared at its

estimated in-situ stress level achieved strengths which were lower than those of the

corresponding reconstituted samples at their critical states.

The effect of landsliding on the material behaviour was also assessed by comparing the

behaviours of samples from inside and outside the landslide body, normalised with

respect to that of a corresponding reconstituted sample. Remoulding as the result of the

landslide activity showed a change in the appearance of these materials from a scaly

clay to a clay matrix containing lithorelicts. This change in the macro-structure of the

natural material, due to remoulding within the landslide body, resulted in a soil

behaviour which was more similar to that of the reconstituted material than the

underlying formation.
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LIST OF SYMBOLS

A	 constant in power law relationship between Gm and p' for a normally
consolidated soil (Equation 2.6)

B	 Skempton's pore pressure multiplier

c	 P'e'P' exponent in power law relationship between shear modulus and mean
normal effective stress and p' s/p' (Equation 4.13)

undrained shear strength

undrained shear strength of the intact clay

(cU)LL undrained shear strength at the liquid limit

(c U)pL undrained shear strength at the plastic limit

c	 undrained shear strength of the remoulded clay

C	 coefficient of compressibility

C	 intrinsic coefficient of compressibility

C	 gradient of the swelling line

gradient of a swelling line for a reconstituted sample

CF	 clay fraction

e	 voids ratio

eg	 granular void ratio

eL	 voids ratio at the liquid limit

e* lkpa voids ratio of a normally consolidated reconstituted sample at 1 kPa in one-
dimensional compression

e* ioo voids ratio of a normally consolidated reconstituted sample at 100 kPa in one-
dimensional compression

e* 1000 voids ratio of a normally consolidated reconstituted sample at 1000 kPa in one-
dimensional compression

Ed	energy dissipated in breaking up and remoulding the moving material

Ef	frictional energy required to keep the soil mass moving
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Ek
	 kinetic energy used to accelerate the soil mass

E
	

potential energy of a soil mass at failure

G
	

shear modulus

Gm	 shear modulus at very small strains (or G0)

shear modulus at very small strains (or Gm)

G	 specific gravity

G	 undrained shear modulus

'p
	 plasticity index

remoulding index

'V
	 void index

J
	

cross-anisotropic modulus (Equation 4.15)

K	 bulk modulus

Km	 small strain bulk modulus

K,	 in-situ earth pressure

m overconslidation ratio exponent in power law relationship between shear
modulus and mean normal effective stress and overconsolidation ratio
(Equation 2.6)

M	 stress ratio (qYp') at the critical state

n mean normal effective stress ratio exponent in power law relationship between
shear modulus and mean normal effective stress for a normally consolidated
soil (Equation 2.6)

mean normal effective stress ratio exponent in power law relationship between
shear modulus and mean normal effective stress and p'e'p' (Equation 4.13)

N	 Intercept of the isotropic normal compression line at 1 kPa

OCR	 overconsolidation ratio

p,
	

mean normal effective stress

Pr	 reference pressure (lkPa) in Equation 2.6

p,cs	 equivalent pressure on the critical state line
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P'e	 equivalent pressure on the isotropic normal compression line

p' 0 	mean effective stress at the beginning of a loading stage

q'	 deviatoric stress

overconsolidation ratio in terms of vertical effective stress

mean effective stress in plane strain

S'	 constant in power law relationship between Gm and p' for a normally
consolidated soil (Equation 4.13)

t	 maximum shear stress in plane strain

u	 pore pressure

v	 specific volume

v	 shear wave velocity

WL 	 liquid limit

F	 Intercept of the critical state line at 1 kPa

6	 small increment of

large increment of

C	 normal strains

Ea 	 axial strain

radial strain

shear strain

volumetric strain

K	 gradient of isotropic swelling line in v-lnp' space

gradient of reconstituted isotropic swelling line in v-lnp' space

1'Inv-Inp gradient of isotropic swelling line in lnv-lnp' space

K*Inv ip gradient of reconstituted isotropic swelling line in lnv-lnp' space

2.	 gradient of the isotropic normal compression line
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p	 mass density

axial effective stress

cell pressure

normal effective stress

a' 1	radial effective stress

vertical effective stress

vertical stress at yield in one-dimensional compression

& ve* 	 equivalent vertical pressure on the reconstituted one-dimensional compression

line

shear stress

shear stress measured at the residual state

friction angle

peak friction angle

residual friction angle

'res	 residual friction angle
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CHAPTER 1 INTRODUCTION

The principal aims of this research were to look at the mechanics of the clays from a

landslide site in Southern Italy; to ascertain whether their behaviour could be assessed

within a critical state framework; to assess the role that structure played in their

behaviour; to determine how that structure changed as a result of landsliding; and to

provide the numerical values of the parameters to be used in the stability analysis of the

slope.

This research formed part of a European Community funded project entitled "Landslide

Evolution controlled by Climatic Factors in a Seismic Area: Prediction Methods and

Warning Criterion", which was carried out in conjunction with the Istituto di Geologia

Applicata e Geotecnica of the Politecnico di Ban in Italy and Armines-CGI from the

Ecole de Mines in Paris, France, as is described in greater detail in Section 1.1. The

many landslides within the study area have been responsible for a large number of

fatalities and partially for the region's poor economic status.

The particular landslide site on which this research was centred is the Acquara-

Vadoncello landslide, which lies just outside the village of Senerchia in Southern Italy,

which was activated in December 1993. This landslide is a subsidiary of the much

larger Serra dell'Acquara landslide which was remobilised by the 1980 Irpinian

earthquake. Figure 1.1 shows a photograph of the Serra dell'Acquara landslide and

Figures 1.2 and 1.3 show photographs of the scarp and downslope regions of the

Acquara-Vadoncello landslides respectively. The landslide is described in more detail

in Section 1.1.1

The soils at the landslide site are a structurally complex clay formation. The materials

have a very complex structure which results from their geological origin. The soils

were originally deposited as turbidites, but have subsequently been moved by several

hundred kilometres as a result of tectonic activity, as will be discussed in Section 2.3.1.

The argille scagliose (scaly clays) which form much of the underlying formation consist

typically of small shear lenses (or scales) of clay, whose orientation may change within

a few centimetres.
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One of the principal aims of this research was to assess the mechanical behaviour of

these soils within a critical state framework, as has been done for other structured clays.

The effects of the structure on the behaviour of these soils have been assessed by

comparing the behaviour of the natural material with that of the reconstituted material,

where structure is a combination of particle arrangements and interparticle attractions,

as defined by Mitchell (1976). It was also possible to assess other aspects of the

structure of these soils by comparing the behaviour of the reconstituted soil, prepared by

swelling these soils by immersion in water, with that of a minced soil, prepared by

passing the soil through an industrial food mincer to break down some of the silt-sized

aggregates of clay particles.

The effects of the different structures of the natural and reconstituted materials and the

reconstituted and minced materials have been assessed by comparing their Atterberg

Limits, the locations of their normal compression lines, their shear strengths, residual

strengths and shear stiffnesses, normalised where appropriate to account for different

stress states, specific volumes and material characteristics.

In this chapter, a brief overview is given of the European Community project and the

roles played by the different partners. Section 1.1.1 gives a description of the Acquara-

Vadoncello landslide site and the site investigation carried out.

In Chapter 2, a literature review assesses the research that has been carried out on other

structured clays. Within the context of the conclusions drawn from the research on

structured clays in general, the literature on other structurally complex clays from

Southern Italy is reviewed. The aim of this study is to assess the effects of the very

evident structure of the structurally complex clays on the material behaviour. This has

been carried out where possible by comparison of the natural soil behaviour with that of

the corresponding reconstituted soils.

In Chapter 3, the equipment used for the laboratory study is described. Index tests were

carried out to determine basic soil properties and for classification of materials across

the site. Triaxial tests were carried out to determine the fundamental soil behaviour and

in particular to determine strength and stiffness parameters for the numerical analyses.

Ring shear tests were also carried out to determine the residual strength of the soils.

This large displacement strength is appropriate for failures on pre-existing shear

surfaces that occur in landslides. The main improvements to the triaxial apparatus

27



concerned the need to improve the resolution and accuracy of the data for the small

strain stiffnesses to be calculated. The Bishop ring shear apparatus was instrumented to

allow continuous data logging. This chapter also describes the preparation methods and

test procedures that were used for these difficult soils.

Chapter 4 gives details of the results of the index tests, ring shear tests and the triaxial

tests on the materials from the site. The work focuses on comparing the behaviour of

corresponding undisturbed (natural), reconstituted and minced samples to assess the role

that structure plays in controlling the behaviour of these soils. The properties compared

include the Atterberg limits, the residual strengths, the positions of the normal

compression lines of the minced and reconstituted samples, the critical state friction

angles and the very small and small strain stiffnesses. The data were normalised where

appropriate to account for their different specific volumes, stress states and material

characteristics.

In Chapter 5 the different structures of the soils tested are assessed from the results of

the Scanning Electron Microscope (S.E.M.) analyses and the data from the laboratory

tests are interpreted within this context. The behaviour of soils from within and outside

the sliding mass are then compared to assess the changes in the structure of the soil as a

result of remoulding within the landslide body. Also given in Chapter 5 are the

parameters interpreted from the laboratory tests used for the numerical modelling by

Armines-CGI. Finally the conclusions of this thesis and recommendations for further

work are presented.

1.1 Summary of the EC Project

As described in the previous section, the research for this thesis formed part of a

European Community funded project entitled "Landslide Evolution controlled by

Climatic Factors in a Seismic Region: Prediction Methods and Warning Criterion". The

aim of the project as the title suggests was to "establish the effects of climatic events on

the mechanical behaviour and the stability of soil slopes with special reference to those

affected by neotectonic events" (Cotecchia et al. 1996).
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This work was carried out in conjunction with Armines-CGI from the Ecole de Mines in

Paris, who were responsible for the numerical modelling and the Istituto di Geologia

Applicata e Geotecnica from the Politecnico di Bar Italy, who were responsible for the

geological, geomorphological, hydrological and seismical aspects. The Geotechnical

Engineering Research Centre at City University were responsible for providing data to

assist with classification of the soils in the landslide; to provide Armines-CGI with the

input parameters for their numerical analyses and to assess any unusual features of these

soils. This work forms the basis for this dissertation. The completed project is

contained in a European Community report as part of the Environmental Research

Programme (1991-1994) and is referenced in this thesis as Cotecchia at al. (1996). An

outline of the parts of the project relevant to this thesis is presented in this section.

A study area was chosen which is located in the Southern Appenines between the

provinces of Avellino, Salerno, Foggia and Potenza. Slope instability and earthquakes

in this study area have had a drastic effect on the economy of the region and have

resulted in the loss of thousands of human lives. The location of the study area is shown

in Figure 1.4. Within the large study area, a specific landslide was chosen for a detailed

investigation. The landslide site chosen was called the Acquara-Vadoncello landslide, a

subsidiary of the Serra DelI'Acquara Landslide, located near the village of Senerchia.

The upper valleys of the Ofanto and Sele rivers have been hit in the past by some strong

earthquakes, up to IX or X on the Mercalli scale. For example the 1980 earthquake

whose epicentre was located in the upper Sele valley, measured X on the Mercalli scale.

This earthquake was responsible for reactivating a number of ancient landslides which

included those at Buoninventre, Senerchia, Calitri and Bisaccia. Reactivation usually

occurred several days after the main shock. During the course of this two year project

the seismic activity at the landslide site was monitored. Three low intensity earthquakes

hit the study area. The strongest of these occurred on 3 April 1996 and had a magnitude

of 4.3 on the Richter scale. It was felt at Senerchia, which was 20 to 30 km from the

epicentre with an intensity of IV - V on the Mercalli scale.
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1.2 The Acquara-Vadoncello Landslide

The Acquara-Vadoncello landslide is located on the south-eastern outskirts of the town

of Senerchia. It is a subsidiary of the Serra Dell'Acquara slide which is a 2.5 km long

mudslide, remobolised by the 1980 earthquake (Cotecchia and Del Prete, 1984). The

Acquara-Vadoncello landslide was formed from a reactivation or enlargement of a

subsidiary of the Serra Dell'Acquara slide after several days of intensive rainfall on 29

December 1993. It intersects the left flank of the middle to upper portion of the main

slide, as shown in Figure 1.5. The slide caused the destruction of about 100 m of a

secondary road and the relocation of one family whose house lay 20 m from the head of

the scarp at the time the landslide was selected for study (August 1994). In January

1996, the house lay on the scarp and showed large structural cracks.

The Acquara-Vadoncello landslide lies in the upper valley of the Sele River in the

Campanian-Lucanian Appenines, at the foot of the Picentini Mountains. The fractured

and karstified limestones and dolomites of the Picentini Mountains overlie the clay-rich

flyschoid sequences (Sicilide Units). At Senerchia several springs are located at the foot

of the steep slopes of the Picentini Mountains, which discharge water into the slopes at

rates of up to 200 1/s (Cotecchia et al, 1986).

The sequence exposed in the scarp of the landslide shows the substratum to be a

carbonate rich turbidite or flysch with alternations of marlstones, marly clays, many

limestones, sandstones and clay shales. These materials are described in Section 2.3.1.

At the head of the scarp there are lenses of what could be called a true 'varicolori' clay

which are black, red and yellow-brown fissured clays or argillites. The geological and

geotechnical properties of these structurally complex clays or turbidites are discussed in

Chapter 2.

A plan and cross-section of the Acquara-Vadoncello landslide are shown in Figures 1.5

and 1.6 respectively. The total length of the landslide was determined to be over 550 m,

with a maximum width of 140 m. The difference in elevation between the crown and

the tip is 90 m. The average slope angle of the section between the headscarp of the

1993 slide and the side-scarp of the 1980 slide varies from 15° to 20°, reducing to 5° to

12° in the middle section. In the region of 'confluence' or interference between the

1980 and the 1993 slides the average slope of the ground surface slope is less than 5°.
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The landslide evolution seems to be characterised by retrogression of the scarp.

Monitoring of the scarp retrogression began in the summer of 1994, but the detailed

monitoring was only commenced in the summer of 1995. The results of the scarp

retrogression determined from this monitoring are shown in Figure 1.7. The

retrogression of the scarp was fairly irregular both in space and in time. The major

retrogression occurred in the summer of 1995, about 18 months after the initial mass

movement. The rate then slowed down over the following winter period and by the end

of September 1996 the process of retrogression appeared to be in a stationary state.

Cotecchia et al. (1996) were not sure whether this was a result of the natural

stabilisation of the slope and proposed further monitoring.

The retrogression of the scarp does not appear to be closely related to periods of rainfall.

The major retrogression in the summer of 1994 occurred in a relatively dry period. It

did, however, follow large movements in the downslope region in the wetter spring

period. The processes were thought by Cotecchia et al. (1996) to be related, but there

was a considerable time delay. The seismic events which affected the area did not

correlate closely with the landslide movement either. The process of retrogression was

therefore thought by Cotecchia et al. (1996) to be controlled by the lithological and

structural heterogeneity of the scarp and the rate at which the material was moved from

the base of the main scarp.

As part of the detailed analysis of this landslide, a site investigation was carried out.

The first phase of the site investigation began in November 1994 and involved the

rotary drilling of eight continuously cored boreholes (11-14 and P1 -P4). The positions

of these boreholes are indicated on Figure 1.5. High quality undisturbed samples for the

laboratory testing were retrieved from these boreholes using the Osterberg and Mazier

tube samplers. The number of good quality samples that could be obtained was limited

by sampling problems in these heterogeneous materials. Disturbed samples were also

obtained for index testing. In four of these boreholes inclinometer tubes were installed

(Ii - 14), whilst in the other four boreholes (P1 to P4) Cassagrande and electrical

piezometers were installed at a variety of depths. The large movements experienced by

the landslide body in the spring-summer 1995 resulted in the loss of several of the

inclinometers and piezometers. Therefore during the second phase of the site

investigation, a further seven boreholes were drilled, also indicated on Figure 1.5 and

two further inclinometers were installed.
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This landslide is thought by this author to be of either a mudslide or a slump earthflow

type as classified by Hutchinson (1988) and shown in Figure 1.8. The difference

between these two types of slide is the nature of failure at the scarp. The location of the

slip surface in the mudslide section was identified from the inclinometer readings. A

typical example is shown in Figure 1.9, showing the depth of the landslide at this

section to be approximately 17 m below ground level.
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CHAPTER 2 LITERATURE REVIEW

2.0 Introduction

The aim of this chapter is to look at the role that structure plays in the behaviour of

structurally complex clays. This effect has been considered within the context of the

more advanced research on other structured soils.

In order to assess the role of structure, the concept of clay structure and factors

influencing its formation have first been considered. Structure was defined by Mitchell

(1976) as a combination of particle associations and arrangements (fabric), and

interparticle forces. The difference between the behaviour of natural and reconstituted

samples was attributed by Leroueil and Vaughan (1990) to the structure of the natural

material as the reconstituted samples were considered to be 'destructured'. Cotecchia

(1996) however showed that reconstituted samples were not 'unstructured' but instead

had a different sedimentation structure to that of the natural soil, as is discussed in

Section 2.2.1. The effect of the method of reconstitution on a soil's structure is

therefore also examined.

When studying natural soils, Leroueil and Vaughan (1990) highlighted structure as

being as important as stress history and porosity (or specific volume) in determining the

behaviour of a soil. The effect of the structure on the mechanical behaviour of a natural

clay was therefore assessed by comparing the behaviour of natural samples with that of

the equivalent reconstituted samples for reference.

Structurally complex clay formations are found over much of Southern Italy. The

complex geological origins of the Italian turbidites have resulted in sequences with a

wide range of material properties and a great deal of tectonic distortion. These clays

have complex structures which exist at a number of scales between the macro- and the

micro-scale. The behaviour of these clays is considered within the light of existing

research on structured clays.

Finally the effect of landsliding on the mechanical behaviour of clays has been

considered by examining cases where comparisons are made between the behaviour of

samples of clay from outside and inside the landslide body.
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2.1 Soil Structure

2.1.0 Introduction

Structure was defined by Mitchell (1 .976) as a combination of particle associations and

arrangements (fabric), and interparticle forces. This structure may exist at several

levels as was illustrated in Figure 2.1 (Collins and McGown, 1974). Mitchell (1993)

defined three levels: the micro-fabric which is the aggregations between particles and

the very small pores between them; the mini-fabric which is the associations between

the aggregates of micro-fabric and the pores between them; and the macro-fabric which

considers the interassemblage of particle groups and the corresponding transassemblage

pores such as cracks, fissures, laminations and root holes.

Due to the complexity of the soil structure of the structurally complex clay formations

which are discussed in this thesis, two scales have been defined for these materials

which are slightly different to those defined by Mitchell (1993). The structurally

complex soils have a distinctive visible structure at the sample scale, which will be

called in this thesis, the 'macro-structure'. The soils from the underlying formation

have a scaly macro-structure, whilst the macro-structure of the material from inside the

landslide body is characterised by lithorelicts (renmants of the unweathered parent

material) in a clay matrix. The aggregations between the particles and the associations

between the aggregates were also grouped together for simplicity and called the 'micro-

structure'.

The nature of particle interactions in a natural clay has been shown by S.E.M. analyses

to be very complex. This complexity is symptomatic of the many influences that affect

a clay structure during its formation. Processes which can change the structure of the

sedimented clay have been listed in Figure 2.2 (Mitchell, 1993) and include leaching,

cementation, weathering, diagenesis, consolidation, wetting/drying, freezing/thawing,

shearing and shrinking/swelling. Some of these factors are reviewed in this section.
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2.1.1 Clay Mineralogy

Clay behaviour at the particulate level is greatly influenced by the mineralogy. The

structures of the basic clay minerals are made up of combinations of sheets of two

structural units the silicon tetrahedron and the aluminium or magnesium octahedron.

The difference between the clay mineral groups is determined by the different stacking

of these sheets and the manner in which successive sheets are held together. Differences

between minerals within a group result from isomorphous substitution of the metal ions

within the crystal structure (e.g. Fe 2 Mg2 ). For engineering purposes minerals in a

group tend to have similar engineering properties (Mitchell, 1993). Typical clay

mineral groupings are shown in Figure 2.3.

Bonding between the unit layers varies between mineral groups but may be sufficiently

weak that the physical and chemical characteristics of these clays are controlled by the

strength of these bonds. As a result of the substitution of metal ions within the crystal

lattice, the unit layers often have a net surface electrical charge. In illites the charge

deficiency between the octahedral sheets is balanced by a K cation, which fits in the

hole at the base of the silicon tetrahedron and provides a strong bond. A much weaker

bond exists between the unit layers in the smectites, which is provided by hydrated

cations. These cations can be easily substituted as the result of changes in the chemistry

of the soil-water system. A change in the valency of these cations will change the basal

spacing, the space between the unit layers. This weak bond is responsible for the

swelling characteristics of these soils. Kaolinite has the most stable bonds as hydrogen

bonding as well as Van der Waals forces exist between the unit layers. The hydrogen

bonding is stable in the presence of water. The chlorites have an organised octahedral

sheet between the unit layers which again provides a strong bond.

2.1.2 Particle Associations

The arrangement of particles created during sedimentation will depend on many factors

including their mode of deposition; the electro-chemistry at the time of deposition;

particle size, shape and gradation; clay mineralogy; exchangeable cations, particularly

their valency; acidity; organic content; concentration of sediment and rate of deposition;

depth and state of agitation of water; and seasonal drying out (Collins and McGown,

1974).
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Particle associations in clay suspensions were described by van Olphen (1977) as being

either dispersed (no face to face associations of clay particles), aggregated (face to face

associations of several clay particles), flocculated (edge to edge or edge to face

association of aggregates) and deflocculated (no association between aggregates) as

shown in Figure 2.4. These diagrams are illustrative of the type of particle associations

that are theoretically possible.

One factor that influences the tendency to disperse or flocculate is the clay-water

electrolyte system. The thicker the diffuse ionic layer the less the tendency of particles

to flocculate. When a clay is placed in water, any cations in excess of those required to

achieve electrical neutrality of the clay particles go into solution. Because the absorbed

cations cause a much higher charge concentration near the particle surface, the cations

try to diffuse away from the surface to equalise the concentration in the surrounding

fluid. The movement of these cations is, however, opposed by the negative charge on

the surface of the clay particle. The charged surface and the adjacent distributed charge

are together called the diffuse double layer.

The thickness of the double layer may be greatly affected by the concentration of

hydrated cations. O'Brien (1971) looked at the micro-fabrics of kaolinite and illite

flocculated in distilled water and in salt water. He showed that kaolinite, which

essentially has no net electrical surface charge, had similar fabrics when flocculated in

salt water and distilled water (stepped cardhouse). However illite, which flocculated in

salt water, had a mixture of edge to face associations and stepped clusters of face to face

oriented particles, whilst in distilled water it had an abundance of face to face oriented

platelets.

Observations using the S.E.M. have shown that clay particles tend not to exist as single

grained fabrics but aggregate together to form domains or groups of face to face

oriented particles (Smart, 1971; Barden, 1972). Typical particle arrangements in natural

soils are shown schematically in Figure 2.5 (Sfrondini, 1975). Identification of clay

particle arrangements from S.E.M. has shown that a number of different types of micro-

fabric can exist side-by-side in one soil, although one type of feature may be dominant

and control the behaviour.
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2.1.3 Changes in Structure Post-Deposition

Post-depositional changes in the structure of a clay can result from a number of physical

and chemical processes as were summarised in Figure 2.2 (Mitchell, 1993). Processes

which can change the structure of the sedimented clay include leaching, cementation,

weathering, thixotropy, diagenesis, consolidation, wetting/drying, freezing/thawing,

shearing and shrinking/swelling.

Thixotropy is defined as an isothermal reversible time-dependant process occurring

under conditions of constant composition and volume whereby a material stiffens while

at rest as a result of changes in the water-cation system surrounding the particles

(Mitchell, 1993). Thixotropic hardening may account for the sensitivity of low to

medium sensitivity clays (Skempton and Northey, 1952). It differs from diagenesis in

that it is reversible.

Cementation may occur in soils that contain carbonates, iron oxides, alumina and

organic matter any of which may precipitate at particle joints and act as a cementing

agent. Breaking of these bonds can result in a loss of strength.

2.2 The Effect of 'Structure' on the Mechanical Properties of a Clay

2.2.0 Introduction

The critical state framework, developed for reconstituted soils, uses the stress state and

specific volume to describe soil behaviour. However when studying natural soils,

Leroueil and Vaughan (1990) highlighted structure as being as important as stress

history and porosity (or specific volume) in determining the soil behaviour. Structure,

which was described as being a combination of fabric and interparticle attractions,

accounts for the difference between the behaviour of the reconstituted and the natural

soils at the same specific volume and with a similar stress history.
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2.2.1 Remoulding and Reconstitution

The difference between the behaviour of the natural and remoulded soils is frequently

quantified by the sensitivity of the soil, i.e. the ratio of the undrained strengths of the

natural and remoulded soils. Further work has also been carried out to assess the effects

of structure on the behaviour of natural soils by comparing the properties of the natural

soil with those of the reconstituted soil, normalising to take account of the different

stress states and void ratios of the two soils (e.g. Leroueil and Vaughan, 1990;

Cotecchia, 1996; Burland et al., 1996).

Burland (1990) suggested that a reconstituted sample should be made from a natural

sample which is mixed with water to form a slurry, without air or oven drying the soil

prior to mixing. The slurry should have a water content between the liquid limit (wL)

and 1.5 WL. It is then consolidated, preferably under one-dimensional conditions.

Ideally the water used for reconstitution should have a similar chemistry to the pore

fluid. Burland called the parameters determined for a soil prepared in this manner as

intrinsic, as these parameters were felt to be unique for a given soil type. Intrinsic

parameters were denoted by an asterisk.

A remoulded sample should be prepared by vigorously mixing the natural sample at the

original moisture content, although this term is sometimes inappropriately used. A

remoulded sample is unlikely to have the same structure as the reconstituted sample at

the same moisture content and the intrinsic sensitivity will therefore be defined as the

ratio of the undrained compressive strength of the natural to the reconstituted soil at the

same moisture content.

Mitchell (1993) postulated that the behaviour after remoulding will depend on the

strength of the pre-existing fabric units and the mixing effort. The general effects of

remoulding are to break down flocculated aggregates, destroy shear planes, eliminate

large pores and produce a more homogeneous fabric at the macro-scale. It therefore

follows that the behaviour of a reconstituted sample might depend on the effort used in

the reconstitution process. Hence the reconstituted properties may not be truly

'intrinsic' as implied by Burland's definition. For example, Cotecchia (1996) noticed

that when the Pappadai clay was reconstituted by swelling by immersion in water and

mixing at this new water content, it was not sufficient to break down some of the

aggregates. Simplistically, the water content at which the soil is mixed could be related
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to the remoulding effort. This is because the energy that is required to remould the soil

is related to the undrained strength of the soil, which in turn depends on the water

content.

To ensure disaggregation of the particles Cotecchia (1996) reconstituted the Pappadai

clay by drying the soil at a temperature of 60 degrees, mechanically grinding and then

mixing to a slurry with distilled water. Drying can affect the properties of a soil,

particularly if the soil contains organic matter or expansive materials (Head 1990). Dry

grinding has also been shown to affect the grading of the clay, the features of the clay

particles and the clay mineralogy (Picarelli, 1991). Dry grinding and mixing with

distilled water is, however, a fairly common method of reconstitution. This method was

used by Rampello and Silvestri (1993) to reconstitute samples of Vallerica and

Pietrafitta clays; by Rampello et al. (1993) for Vallerica clay; and by Canestrari and

Scarpelli (1993) for Ancona clay.

It is proposed here that a fabric that is resistant to disaggregation by unconfined

swelling when immersed in distilled water and mixed as a slurry would be the most

appropriate base fabric for comparison with the natural soil. It is thought that a base

fabric reconstituted in this fashion is stable, homogenous, reproducible and as close to

the natural as possible. The base micro-fabric which would be formed in the laboratory

after disaggregating the clay particles by dry grinding is likely to be very different from

that of the natural material, due to their different flocculation environments.

Burland (1990) and Leroueil and Vaughan (1990) referred to a reconstituted soil as

'destructured'. Cotecchia (1996) however showed that a reconstituted sample had a

visible structure and was not in fact 'destructured'. Cotecchia proposed that the

difference between the natural and the reconstituted soil was primarily due to the nature,

stability and strength of their different structures. In reconstituted clays the bonding

was of an electrostatic and electromagnetic nature and stable, whereas with natural

sensitive clays the structure included some metastable components. Cotecchia proposed

that the difference between the stabilities of their structures could be quantified by the

sensitivity or the ratio of the undrained compressive strengths of the natural to the

reconstituted material at the same water content.
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2.2.2 Compression Behaviour of Reconstituted and Natural Clay

a) 'Intrinsic' Normal Compression Line

The normal compression lines for a number of reconstituted clays were analysed by

Burland (1990). He normalised the data by plotting the void index against the vertical

effective stress causing the curves to form a single line. The void index gives an

indication of the 'intrinsic' compactness of a soil and is similar to the liquidity index.

The void index was preferred as the void ratio is compared to measured mechanical

properties rather than two essentially empirical tests. It is defined by Equation 2.1:

(e - e1000 *) /
Iv =	 /(e100 * —e1000

Equation 2.1

where e*ioo and e*i000 are the voids ratios of the reconstituted sample at vertical

effective stresses of 100 and 1000 kPa respectively during one-dimensional

compression. The difference between e*100 and e*i000 was defined the intrinsic

compression index (C*).

Cotecchia (1996) showed that the sensitivity of strength was approximately equal to the

ratio of the yield stress of a natural sample in compression to the equivalent pressure for

the natural water content taken on the intrinsic one-dimensional compression line, as is

discussed in Section 2.2.2 (c). Hence the 'intrinsic' normal compression line provides a

useful reference line to assess the sensitivity of natural soils. The 'intrinsic' normal

compression line, defined by a test on a reconstituted sample, can then be considered as

a contour in I-log o,' space with a sensitivity of one.

Burland (1990) correlated e*100 and the intrinsic compression index C* with the voids

ratio at the liquid limit eL, resulting in the following empirical equations:

e 100 * = 0.109 + O.679e L - 0.089eL2 + 0.016 eL	 Equation 2.2

C' = O.256eL - 0.04
	

Equation 2.3

Burland correlated the data with the voids ratio at the liquid limit rather than with the

plasticity index as there was a better statistical fit. There is no theoretical basis for this

correlation and it is this author's belief that it is only successful because all the soils
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analysed by Burland plotted as a straight line on the Cassagrande A-line chart. These

correlations should therefore only be used if the soil to which the correlation is to be

applied plots within a similar band on the A-line chart as those analysed by Burland.

The correlation derived by Muir Wood (1990), between the compression index of a soil

and the plasticity index, may be a useful alternative as it has a theoretical basis.

b) Sedimentation Compression Line

The effect of sedimentation and gravitational compaction was assessed by Skempton

(1970), who determined the variation of water content and hence liquidity index with

depth for a number of natural soils. Excluded from the study were quick clays,

diatomaceous clays, clays containing more than 5% organic matter and clays with a

carbonate content of more than 25%. Burland (1990) replotted these data in terms of

void index and compared them with the 'intrinsic' normal compression line determined

from laboratory oedometer tests. Figure 2.6 shows that the data plot to the right of the

reconstituted normal compression line, indicating the different structures of the natural

and reconstituted soils, which can result from the changed depositional and

consolidation environments. Sedimentation of a marine clay in the laboratory over a

period of two and a half years by Bj errum and Rosenqvist (1956) was shown by Burland

(1990) (Figure 2.7) to give a sedimentation line which lay above the 'intrinsic' normal

compression line. Leaching was also shown to further increase the sensitivity.

Mitchell (1993) plotted contours of sensitivity for several natural clays on a diagram of

liquidity index versus vertical effective stress (Figure 2.8). Cotecchia (1996) proposed a

schematic graph similar to Mitchell, showing contours of sensitivity on a graph of void

index against vertical effective stress. These sensitivity loci represent different

sedimentation curves which result from different sedimentation and post-sedimentation

processes. Burland's sedimentation compression line, plotted in the middle of the

sedimentation compression curves derived for soils which had sensitivities between 4

and 9 and was therefore considered by Cotecchia (1996) to be the sedimentation

compression line for soils with a sensitivity of between 5 and 6.
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c) The Effect of Structure on the Compression Behaviour of Clays

The behaviour of natural and reconstituted samples under K. 0 and isotropic compression

in laboratory tests was investigated by Leroueil and Vaughan (1990). They also found

that the natural samples were able to exist at void ratios outside the state boundary

surface of the reconstituted soil. Figure 2.9 shows a schematic diagram of the behaviour

observed. The natural sample yields to the right of the normal compression line of the

reconstituted soil and was followed by large compression strains tending toward the

'intrinsic' normal compression line at high stresses. The region in which natural soils

were able to exist outside the state boundary at void ratios greater than those possible

for the reconstituted material was termed 'structure permitted space'. The description

'structure permitted space' was based on the assumption that the reconstituted material

could be defined as destructured. As shown by Cotecchia (1996), it is only a difference

in structure that allows soils to exist at states outside the reconstituted state boundary

surface and therefore the term 'natural structure permitted space' would be perhaps

more appropriate.

Leroueil and Vaughan (1990) showed that the behaviour of the natural sample post-

yield was related to the location of that yield. Yield was defined as a discontinuity in

the stress-strain curve under a monotonic stress increase and did not refer to the limit of

purely elastic behaviour of the soil. This yield point was related to the onset of fabric

instability (Cotecchia, 1996) or destructuration (Leroueil and Vaughan, 1990). Leroueil

and Vaughan noted that materials which yield in structure permitted space exhibited

large compression strains as the state of the soil tended toward the 'intrinsic' state

boundary surface. Large strains were, however, unlikely if yield occurred whilst the soil

existed in space allowable for the reconstituted soil.

Leroueil and Vaughan postulated that a natural sample will only reach the 'intrinsic'

normal compression line if isotropic compression induces sufficient 'destructuration'.

Using a high pressure triaxial apparatus, Rampello and Silvestri (1993) showed that the

compression behaviour of natural Vallerica clay, after yielding, did not converge with

that of the reconstituted soil, tending instead towards a distinct and parallel normal

compression line. Coop et al (1995) showed similar behaviour for Boom clay which

they attributed to a different fabric in the natural sample (Figure 2.10). Coop and

Cotecchia (1995) suggested that whereas bonding would be removed by increasing

isotropic compression bringing the soil state back to the 'intrinsic' compression line,
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fabric may have the effect of giving a compression line for the natural soil which was

parallel to that of the reconstituted. This is, perhaps, a too simplistic view given the

complex nature of clay structure.

The ratio of the yield stress to the equivalent pressure on the intrinsic one-dimensional

compression line (c'/ a ve*) was used by Burland et al. (1996) as a quantitative

measure of the increased resistance under compression of the natural soil over the

reconstituted soil. Cotecchia (1996) noted that this ratio was approximately equal to the

sensitivity of the natural soil at a confining stress equal to the yield stress in

compression.

d) Changes in Fabric with One-dimensional Compression

Tchalenko (1967) proposed that the effect of one-dimensional compression on the fabric

of a reconstituted clay was to orientate uncemented clay particles perpendicularly to the

consolidation stress. Griffith and Joshy (1990) studied the changes in the fabric of a

reconstituted soil as a result of one-dimensional compression with the electron

microscope. There was a tendency of particles to orientate, but orientation involved

only part of the fabric and a random fabric was still observed in the particle

assemblages. Yield occurred when some particle connectors were destroyed and the

interassemblage porosity was lost. At higher stresses some reorientation was seen

within the assemblages but areas of random fabric orientation still existed.

Quigley and Thompson (1966) looked at the degree of particle orientation in

undisturbed and remoulded Leda clay, measuring the peak heights (amount) of illite

lying perpendicular to the major principal plane using X-Ray diffraction. Figure 2.11

shows that the degree of orientation of the particles is greater for the remoulded soil.

Orientation of the undisturbed sample increased at yield and tended towards that of the

reconstituted. Yield occurred at a fairly high water content followed by rapid

convergence towards the 'intrinsic' normal compression line. Once fabric instability

had been initiated large volumetric strains occur.

Cotecchia (1996) carried out a detailed study of the effects of one-dimensional

compression on the micro-fabrics of reconstituted and undisturbed Pappadai clay using

S.E.M. analyses. Figure 2.12 shows one-dimensional compression lines for the natural

43



and reconstituted samples. Yield in oedometric compression was seen to break down

the original features of fabric in the natural clay creating a chaotic and irregular fabric

post-yield. Further compression reorganised the fabric creating a new regular fabric.

Alternatively, oedometric compression of the reconstituted sample to higher pressures

resulted in a non-uniform compaction, with chaotic particle affangements. The micro-

fabrics of the reconstituted and natural soils were different at all stress levels and tended

to become increasingly so at larger stresses. The variation between the natural and

reconstituted fabrics was perhaps accentuated by the aggressive reconstitution technique

used by Cotecchia (1996) in which the natural material was dry ground to break down

the clay aggregates.

e) Swelling Behaviour of Natural Clays

The effect of structure on swelling behaviour was studied by Schmertmann (1969), who

noted that the gradients of the swelling lines of natural material can be much lower than

those of reconstituted materials. He noted that the ratio of the swelling line gradients

for the reconstituted and natural samples (C*/C), which he termed the swelling

sensitivity, could be used as an indicator of the influence of fabric and interparticle

bonding in the natural soil.

The effect of structure on the swelling characteristics of Gault clay was discussed by

Burland (1990), (after Samuels, 1975), who observed that two natural samples of Gault

clay were much less expansive than the reconstituted soil (Figure 2.13). This was

attributed to a carbonate bonding; the clay had a calcium carbonate content of 30 %.

One-dimensional compression was shown to destroy some of the bonding as the natural

sample, loaded to 7000 kPa, became twice as expansive as that which had only been

unloaded from its in-situ stress. Leroueil and Vaughan (1990) noted that breakdown of

a bonded structure may also result when a soil, which contains expansive minerals, is

isotropically swelled in the laboratory.
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(el kpa. —e'\
,-.,'-' ye Equation 2.4

2.2.3 Shear Behaviour of Natural and Reconstituted Clays

a) Peak Strength

Burland (1990) investigated the difference in the shear behaviour of natural and

reconstituted samples, by normalising the peak strength values for samples of intact

Todi clay with respect to the equivalent pressures taken on the 'intrinsic' compression

line, to account for their different stress states and void ratios (Figure 2.14). The

equivalent pressure a've, is the vertical effective stress on the 'intrinsic' compression

line corresponding to the current void ratio of the soil e, defmed by Equation 2.4:

where e lkpa* is the intercept of the one-dimensional intrinsic compression line

extrapolated to a vertical effective stress of 1 kPa. The peak strengths of the natural soil

lay at states outside the 'intrinsic' state boundary surface and this greater strength was

therefore attributed to the inherent structure in the natural sample.

Rampello et al. (1993) noted that the increase in strength observed for the natural

samples could be the logical consequence of the normal compression line for the natural

sample lying to the right of the 'intrinsic' normal compression line. Rampello et al.

determined normalised strength envelopes from tests on natural and reconstituted

samples of Vallerica clay. Figure 2.15 (a) shows the data for the natural soils

normalised with respect to the isotropic normal compression line for the reconstituted

material. The normalising parameter P'e is defined by:

(N—v

Pee A
	

Equation 2.5

where N and ? are the intercept of the normal compression line and v is the current

specific volume of the sample. Figure 2.15 (b) shows the natural clay data normalised

with respect to the isotropic normal compression line for the natural sample, while the

data for the reconstituted samples are still normalised with respect to the intrinsic

normal compression line. Even when normalised with respect to the relevant normal

compression line, the strength data for the natural samples still reach stress states

outside the 'intrinsic' state boundary surface. Normalising in this way with respect to
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the appropriate normal compression line will account for differences in volume that

result from the different particle arrangements of the natural and the reconstituted

materials. The remaining increase in strength is then due to the additional shear

resistance of the natural structure.

The structure in a stiff clay is thought to result from its geological history. Todi clay is

a low to medium plasticity lacaustrine clay of Pleistocene age, which is

overconsolidated and highly fissured. Vallerica clay is a medium plasticity,

overconsolidated clay, which was deposited in a shallow marine environment. In

contrast Coop et al. (1995) showed that the behaviour of natural and reconstituted

samples of boulder clays from Chapelcross both gave similar peak strengths. This

evidence that structure had little effect for this soil was attributed to the extensive

remoulding of the natural soil by ice movements during deposition.

Leroueil and Vaughan (1990) also showed an increased strength for natural soils in

comparison to their equivalent reconstituted soils for tests on an artificially bonded

material, the Saint Vallier soft clay and an oolitic limestone. Because the peak strength

in reconstituted soils is caused by dilation, when the peak strength in the natural

materials occurs before the maximum rate of dilation, there must be some effect of the

structure.

Quantification of this increased resistance has been assessed in several ways, as shown

schematically in Figure 2.16. The simplest is the sensitivity, which is the ratio of the

undrained strength of the natural soil to that of the remoulded soil (Skempton and

Northey, 1952, Terzaghi 1944), or perhaps more fundamentally the ratio of the

undrained strength of the natural soil to that of the reconstituted at the same void ratio

(Cotecchia, 1996). Burland et al. (1996) suggested two parameters, the ratio of the

cohesive intercepts of the Hvorslev surfaces (AB/AC) on Figure 2.16 and the ratio of

normalised strengths at the intrinsic critical state (DE/DF). The former is not

recommended by this author as the surface is often curved. Burland et al. (1996)

thought that the ratio DE/DF was an indication of bonding. As this ratio takes no

account of the different volumetric states occupied by the micro-structures of the natural

and reconstituted soils and the curvature of this surface, this is unlikely to be correct.
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b) Critical State and Post Rupture Strength

The stress-strain behaviour of a natural sample of Todi clay was analysed in detail by

Burland (1990) and is shown in Figure 2.17. He observed a peak strength, which

coincided with the formation of a slip surface, following which the stress fell after a few

millimetres displacement to a well defined plateau, which he called the post-rupture

strength. The post-rupture deformation consisted of a near rigid body sliding on a

failure plane.

Atkinson and Richardson (1987) showed that for both drained and undrained tests on

heavily overconsolidated reconstituted samples strain localisation often occurred as a

result of local drainage. Once localisation had occurred volume changes within the

shear zone caused the stress path to fall directly towards a critical state stress ratio

instead of moving along the state boundary surface towards the true critical state, as is

shown in Figure 2.18. The likelihood of strain localisation increased with the duration

of the test, as this increased the possibility for local drainage to occur. As can be seen in

Figure 2.18, the samples where strain localised occurred reached the correct critical state

line in q' :p' space, however they did not reach the correct critical state line in v:lnp'

space.

This phenomenon was also evident for drained and undrained tests on natural samples.

Viggiani et al. (1993) carried out a series of tests on three different overconsolidated

clays to study localisation phenomena. As well as the softening effect of dilation,

sensitive soils were found also to be subject to softening due to their fabric instability.

Using local gauges to measure the axial displacement, strain localisation was

demonstrated to start well before the peak stress ratio (q'/p') was reached, but then

increased suddenly at the peak. A mid-height pore pressure transducer showed that the

difference in pore pressure between the mid-height and the base for the undrained tests

increased gradually until the peak was reached and then dropped suddenly as a result of

the local drainage during strain localisation, as has been described by Atkinson and

Richardson (1987). Post-peak, the pore pressures equalised throughout the sample.

The post-rupture strength for the Todi clay was found by Burland (1990) to be

comparable with the 'intrinsic' critical state line in q':p' space over the range of normal

effective stress (o,') 100 to 1000 kPa but dropped below the critical state line at larger
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confining stresses (Figure 2.19). Similar behaviour was shown for samples of Pietrafitta

clay, Vallerica clay and Corinth marl (Burland et al. 1996).

The post-rupture behaviour of the natural samples is comparable with that observed by

Atkinson and Richardson (1985) for overconsolidated reconstituted samples. The

natural samples reach the critical state line in q' :p' space, but the correct critical state is

not reached in terms of volume. Even if the post-rupture friction angles of the natural

and reconstituted samples are the same, the peak strengths of the natural and

reconstituted samples may still be different.

Burland (1990) showed that the operational undrained strength of fissured London clay

en masse was close to the post-rupture failure envelope for a back-analysis of large

diameter in-situ plate loading tests. This was also found to be the case for undrained

tests on 38 mm and 98 mm diameter samples by Marsiand (1974). In addition most

tests on London clay from Ashford Common gave peak undrained strengths close to the

post-rupture failure line. However, some of the strengths measured were somewhat

lower. Burland et al. (1996) noted therefore, that for intensely fissured clays, the

operational strength of the natural soil may be lower than that of the equivalent

reconstituted soil. The behaviour of the intensely fissured structurally complex clays is

discussed in the Section 2.3.

c) Normalised Shear Behaviour

Cotecchia investigated the shear behaviour of the Pappadai clay in the triaxial apparatus.

Whereas the critical state line was similar in q'/p' space, Cotecchia found that for the

Pappadai clay the natural material formed a unique critical state line in v:lnp' space

which was different from that of the reconstituted, as shown in Figure 2.20. This is

believed to result from the different volumetric states of the micro-fabrics. After yield

as a result of shearing, the natural Pappadai clay forms a stable fabric which has a

different specific volume to the reconstituted clay at the same stress.

Figure 2.21 shows the normalised shear behaviour of the Pappadai clay in q':p' space.

The data was normalised by the equivalent pressure on the respective critical state line,

which in this figure is labelled P'e• She determined similar values of stress ratio at the

critical state M = 0.91 for the reconstituted material whereas values of 0.78 to 0.93 were
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determined for the natural material. Again the natural material was able to achieve

states outside the state boundary surface of the reconstituted material, as was seen for

the Todi clay by Burland (1990) and for the Vallerica clay by Rampello et al. (1993).

The boundary between the zones of contractant (dry side) and dilatant (wet side)

behaviour in normalised stress space was not the reconstituted critical state line, at a

stress ratio of 0.85, as is the case for the reconstituted soil, but occurs at a stress ratio

(q'/p') of 1.08, as indicated in Figure 2.21. Structural differences between the natural

and reconstituted soils therefore exist even at the critical state. The stress-strain

behaviour of the natural sample was considered to be mostly frictional, as there were

linear flow rules for both the drained and undrained behaviour, i.e. the stress ratio q'/p'

was proportional to the plastic strain increment ratio (8E/6E). Any non-frictional

elements were attributed to structural degradation. The different flow rules for the

drained and undrained behaviour are an unusual feature as it is difficult to understand

how the soil knows whether it is subject to drained or undrained loading. The

consequence of this would be that the soil would have an infinite number of flow rules

depending on the nature of the loading. As there were a large number of assumptions

made to determine the plastic strain increments, this unusual conclusion needs

verification for other soils.

Cotecchia (1996) showed that yield in isotropic compression prior to shearing resulted

in a reduction in the size of the normalised boundary surface, although the critical state

stress ratio remained constant. As normalising with respect to the void ratio on the

critical state line of the reconstituted sample did not produce a unique boundary surface

during post-yield compression, she proposed normalising also with respect to yield

stress.

2.2.4 Pre- Failure Deformations

Atkinson and Sallfors, (1991) showed that the stress-strain behaviour of soil is highly

non-linear almost over the complete range of strains. Figure 2.22 shows their

idealisation of the graph relating shear modulus with shear strain. There is a very small

range of strains (typically less than 0.001 %) over which the shear modulus is

approximately constant and has a value of G' 0 or G'm. This value is typically

measured either statically using accurate local triaxial instrumentation or dynamically

using a resonant column apparatus or piezo-ceramic bender elements. The small strain
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region over which the stiffness is highly non-linear is typically between 0.00 1 and 1 %

strain, and is therefore highly relevant to most engineering applications.

Viggiani (1992) investigated the effect of mean normal effective stress, p' and the

effective overconsolidation ratio (R 0) on the shear modulus of the soil. The relationship

was defined by a power law:

GIPr = A(p'/p 1)(R0)m
	

Equation 2.6

where Pr is used as a reference pressure of 1 kPa to keep the parameters A, n and m non-

dimensional. The parameters A and n vary with strain magnitude as is shown in Figure

2.23. The parameter n varies from a value in the range 0.6 to 0.9 for Gm, depending on

the plasticity of the soil, increasing to a value of 1 at a shear strain of about 1 %. This

value of n = 1 indicates a direct relationship between the shear modulus and the mean

normal effective stress, depicting a frictional material. The parameters A, n and m each

vary with plasticity. The variation of these three parameters with plasticity index within

the very small strain region is shown in Figure 2.25.

The parameter R0 is defined as the ratio of the maximum mean normal effective stress to

which the soil has been subjected to the current mean normal effective stress

(P'rnax"P'current) If the maximum mean normal effective stress is not known or if the soil

has been subjected to some change in volume without moving along the state boundary

surface, for example as a result of creep, P'm is assumed to be the intersection of the

current swelling line of the soil with the isotropic normal compression line.

a) Very Small Strain Behaviour - Gm

Bender element tests on reconstituted and natural samples of London clay (Figure 2.25),

by Viggiani and Atkinson (1995a) showed a straight line in log:log space for the

correlation between the shear stiffness (G0) normalised with respect to the small strain

shear modulus of a normally consolidated sample at the same mean normal effective

stress at the same value of (G0 ) and the overconsolidation ratio (R.0). The authors

concluded that for the London clay tested the stiffness is dependent on

overconsolidation ratio and current stress, and is unaffected by structure.
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Rampello and Silvestri (1993) determined values of G for natural and reconstituted

samples of Vallerica and Pietrafitta clays using resonant column-torsional shear (RC-

TS) equipment. Figure 2.26 shows a plot of G0IP' e against P"P'e for the Vallerica clay

in which the equivalent pressure P'e is taken on the intrinsic normal compression line.

The values for the natural samples lie above those for the reconstituted. The difference

between these two sets of points was found to be equivalent to the difference in volumes

between the reconstituted and natural normal compression lines and when the data were

normalised with respect to the appropriate normal compression line, the two sets of data

were found to be coincident (Figure 2.26(b)). There was no difference in the behaviour

of the two different sets of natural samples of Vallerica clay, identified on these figures

as natural (1990) and natural (1992). The first set of samples were swelled or

compressed from the initial mean normal effective stress after sampling, whilst the latter

were first compressed to p' = 800 kPa before being unloaded. The reconstituted

samples were also consolidated to p' = 800 kPa before unloading.

Three sets of samples of Pietrafitta clay (Figure 2.27) were also tested: reconstituted,

natural (1992) and natural (1990). The test procedures were the same as those used for

the Vallerica clay. The authors observed higher values of 0o"P'e even when the

appropriate normal compression lines were used for normalisation. They concluded that

this difference was accounted for by interparticle cemented bonds. The values of 0o'P'e

for the natural (1992) samples were consistent with those of the reconstituted. The

authors suggested that for this soil, yielding in swelling erased the effects of this type of

structure on soil stiffness. Unfortunately the normal compression line for the natural

material was only assumed in their analysis as neither set of natural samples was

compressed to sufficient stresses to be able to identify its position.

There is therefore no consistent effect of structure on the shear modulus of these stiff

clays. The London clay samples showed no effect of structure on the stiffness

properties measured. The Vallerica clay also showed no effect of structure on the

stiffness parameters, when the data were normalised with respect to the relevant normal

compression lines. However the Pietrafita clay showed an increased stiffness of the

natural soil even when normalised with respect to the appropriate normal compression

line. Whilst all these samples showed some effects of structure on their material

behaviour at larger strains, only the structure of the Pietrafita clay affected the very

small strain stiffness.
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b) Small Strain Behaviour

Figure 2.28 shows undrained stiffness data for natural and reconstituted samples of

Boom clay at strains of 0.01% and 0.1% (Coop et al., 1995). The values of G have

been normalised with respect to 
(p)fl 

and also with respect to M, as the stress ratio at the

critical state changed with stress level. The mean effective stresses p' have been

normalised with respect to the Hvorslev equivalent pressure P'e' using the appropriate

intrinsic or natural normal compression line, as the normal compression lines of the

natural and reconstituted Boom clay were parallel. Although there was some scatter in

the data, there was no clear distinction in the stiffnesses of the natural and reconstituted

samples, which indicates there was no effect of structure other than on the volume.

Cotecchia and Chandler (1997) also found no differences between the small strain

stiffnesses of natural and reconstituted samples of Pappadai clay. They did however

find that the parameter m (Equation 2.6) did not appear to be constant at higher

overconsolidation ratios. However at medium strains the differences became more

noticeable.

Figure 2.29 shows a typical variation of shear modulus with strain for samples of

Vallerica and Pietrafitta clays for both reconstituted and natural samples using the

resonant column and torsional shear tests (Rampello and Silvestri, 1993). The difference

between the cyclic and dynamic testing was more pronounced for the natural samples.

This was thought to be due to the influence of cyclic loading and strain rate effects.

When the shear moduli were normalised with respect to G0, there was little variation of

the normalised shear moduli with consolidation stress. Rampello and Silvestri also

looked at the threshold shear strain, which was defined as the value of strain where

stiffness is no longer constant. They showed that the reconstituted samples yield at

higher strains than the natural, and that the yield of the latter is also more rate sensitive.

2.2.5 Residual Strength

a) Introduction

The residual strength is achieved when a soil is sheared along a discrete plane to large

displacements. The soil particle mechanism of failure at the residual strength was

shown by Lupini et al. (1981) to be either turbulent, transitional or sliding. The type of
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mechanism was controlled by the particle shape, size and intergrain friction. Sands or

soils with predominantly rotund particles failed with a turbulent motion, whereas clays

with platy particles failed with a sliding mechanism. The transitional mechanism was a

combination of both the sliding and turbulent mechanisms.

The turbulent mode of failure occurs in samples of predominantly rotund particles,

where failure occurs by rolling and translation, as direct sliding is prevented by

interlocking. Theoretically this occurs at the critical state, where shearing occurs at

constant stress and volume. The residual friction angle for samples failing in a turbulent

fashion was found typically to be greater than the value of interparticle friction and is

also usually greater than 25°.

Platy particles were found to fail with a sliding mechanism. As the clay was sheared

along a discontinuity, the displacement caused the particles to align relative to the shear

surface, allowing the soil to strain soften. If sheared to large enough displacements, the

particles will eventually become parallel to the slip surface, giving a limiting value or

the residual strength. The residual strength is then controlled by the value of

interparticle friction.

Lupini et al. (1981) hypothesised that the expected mechanism of failure should be a

function of the granular void ratio e g, which is the ratio of the volume of platy particles

and water in the soil to the volume of the rotund particles, defined by Equation 2.7:

volume of platy particles and water=	 Equation 2.7
volume of rotund particles

Their results are summarised in Figure 2.30. The granular void ratio is not however a

simple parameter to measure for a natural soil as it requires the mineralogy of the soil to

be known. The clay size fraction cannot be used alone to determine this parameter as it

may contain both platy and rotund particles.

Kenney (1967) showed that the mineralogy of the grains was the most important factor

determining the residual strength of soils. The mineralogy controls the particle size,

shape and intergranular friction. He also found that changes in the pore water chemistry

could effect the residual strength measured.
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b) Variation of Residual Strength with Normal Stress

Lupini et al. (1981) and Kenney (1967) are among a number of authors who have

noticed an increase in the residual friction angle at low stresses so that the failure

envelope is curved, as can be seen in Figure 2.31. Skinner (1969) showed with tests on

glass ballotini at a normal effective stress of only 6 kPa, that the apparatus effects were

negligible and could not account for this observation.

The increase in the residual friction angle at low effective stresses was thought to occur

because failure did not occur purely as a sliding mechanism. Mitchell (1993) suggested

that less work may be required to shear the particles without complete reorientation than

was required to orientate particles during shear, resulting in a transitional failure

mechanism.

c) Variation of Residual Strength with Strain Rate

Lemos (1991) investigated the effect of strain rate on the residual strength of soils. The

effect of increasing the strain rate was found to have either a positive, negative or

neutral effect on the residual strength. The effect of the strain rate may be important for

landslides subject to seismic activity.

A neutral rate effect was found in soils of rotund particles. Although a slight increase in

the peak was detected for faster rates of shearing, this was followed by a reduction to the

same value of residual strength angle as was measured for slow strain rates.

For soils composed predominantly but not entirely of clay particles, increasing the strain

rate increased the residual strength. This was attributed to the disruption of the

alignment of the platy particles in the shear zone by massive particles. The maximum

disturbance and hence strain rate effect was noted for soils with a clay fraction of around

50%.

For soils with clay fractions of between 5 and 40 % the result of increasing the strain

rate was to reduce the residual strength. This behaviour was the most critical as it could

have a dramatic effect on the stability of a landslide when sheared at fast rates. This

behaviour was typically associated with materials which have a transitional mode of
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failure when sheared with a slow strain rate. The decrease in strength was attributed to

an increase in porosity in the shear zone. This increase in specific volume was

demonstrated by Lemos (1991) using coloured water in the water bath of the ring shear

apparatus which was found to migrate into the shear zone during shearing. The shear

zone was determined to be in equilibrium without significant excess pore pressures

during the phase of rapid shearing. When shearing was stopped the shear zone tried to

contract and excess pore pressures were then generated.

d) Correlations of Residual Strength with Index Properties

Many authors have proposed correlations between residual strength and various index

properties such as the liquid limit, plasticity index or clay fraction. Lupini et al. (1981)

summarised the correlations that have been proposed between clay fraction or plasticity

index and residual strength. These are shown in Figures 2.32 and 2.33. As can be seen,

there is a large variation between the correlations.

Stark and Eid (1994) proposed a correlation based on liquid limit, clay fraction and

normal effective stress, which recognised the non-linearity of the residual strength

envelope and the fact that neither liquid limit nor clay size fraction alone adequately

describes the particle size and shape.

As previously mentioned, the residual strength is controlled primarily by the particle

size and shape and interparticle friction, all of which will influence the mechanism of

failure. As stated by Kenney (1967), the mineralogy of the grains strongly effects the

residual strength and will control the interparticle friction, particle shape and to some

degree the particle size. Correlations will only work if they adequately describe these

factors.

As the interparticle friction controls the residual strength when the failure mechanism is

by sliding, the clay fraction should be a good indicator of the residual strength when the

clay size fraction is kaolin, muscovite or chlorite as they all have similar angles of

interparticle friction of 10 - 12 degrees. However if some of the clay size fraction was

composed of rotund particles, the residual strength measured would be likely to be

higher than the correlation. Figure 2.34 shows the residual friction angles determined

for different clay and quartz mixtures. The illite arid quartz mixtures have much higher
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residual friction angles than the montmorillonite and quartz mixtures for the same clay

fractions. The residual strength of the soil mixtures containing sodium montmorillonite

and no salt also showed little change in the friction angle for clay contents larger than

20%. Additionally the plasticity index for kaolin is lower than that for illite but it has a

lower residual friction angle. Therefore the curves for plasticity index against residual

friction angle for these two common minerals will not be concurrent.

Another problem encountered when comparing index properties with residual strengths

for clay shales, has been in the determination of the liquid limits for aggregated soils.

Clay shales are highly overconsolidated clays with varying degrees of diagenesis. Mesri

and Cepeda-Diaz (1986) found that the liquid limits determined for some shales could

be increased by a more violent breaking up of the aggregates. Disaggregation, which is

a breaking down of aggregates to their constituent particles, was found to increase the

liquid limit and the clay fraction significantly. However, the effect on the residual

friction angle was not determined as the residual strength was only measured for

samples which had been disaggregated by air drying and ball grinding. Chandler (1966,

1969) found a higher clay fraction in the shear surface following triaxial tests and

reversal shear box tests on Keuper Marl, indicating some disaggregation during shear.

There has been much work published about the structurally complex clays that has

shown this effect of aggregation on the liquid limits and this is discussed in detail in

Section 2.3.2.

2.3 Structurally Complex Clays

2.3.0 Introduction

A literature review was carried out to assess the mechanical properties of clays of the

structurally complex formations in Italy. The behaviour of these materials is of much

concern, as the prevalence of landslides within these formations has resulted in a large

number of fatalities and significant economic problems within the study area. The

complex geological origins of the Italian turbidites has resulted in sequences with a

wide range of material properties and a great deal of tectonic distortion. The review has

therefore focused on the more clayey formations with a lapideous (stone) content of less

than 20 %, which were thought to be more relevant to the stability of the landslide. The
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effects of soil structure on the behaviour of these clays is assessed by comparing their

properties with those of corresponding reconstituted samples.

2.3.1 Geological Origin and Classification

Structurally complex clay formations are found over much of Southern Italy. Their

complex geological history has resulted in a wide variety of materials, with both

geological complexity and geotechnical complexity. Geotecimical complexity refers to

a heterogeneity in geotechnical parameters and geological complexity is caused by

mineralogical and structural features. The geology of the study area was shown in

Figure 1.4

The Italian turbidites are an example of a geotechnically complex formation (D'Elia,

1991). They were originally deposited on the continental shelf, and were subsequently

transported as turbidity currents at high density and velocity and then deposited on the

continental scarp, forming widespread submarine fans. The intense deformations due to

subsequent tectonic activity have resulted in a highly structured material. Modern

theories for the geology in this area suggest that the formations have been displaced

horizontally by distances of more than 100 km from their sedimentation position to their

current location (A.G.I. 1985).

As a result of their complex genesis, the turbidites are composed of a variety of

materials with different mechanical properties. They usually consist of an argillaceous

or pelitic component, which is often fissile and sheared, with a low mechanical strength,

together with a lapideous or rock component, which may be arenaceous, calcareous or

many and has a higher strength. The Italian turbidites were subdivided by the A.G.I.

(1979) into three main groups; calcareous-pelitic formations, pelitic formations and

arenaceous-pelitic formations, whose characteristics are summarised in Figure 2.35.

Attempts have been made to classif' the macro-structural features. Esu (1977) defined

the types of structural complexity in the Italian turbidites in Figure 2.36. Group A was

composed of homogeneous materials which were jointed (Al) or sheared (A2). The

second group B had a lapideous component with ordered (B 1), disarranged (B2) or

chaotically arranged (B3) blocks. The fine grained component was sometimes jointed

and frequently fissured. The soils in group C were the result of weathering or softening
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of these materials, giving a soil of hard lithorelicts in a clay matrix. The lithorelicts are

remnants of the unweathered material. A classification for the pelitic formations was

proposed by D'Elia (1991) (Figure 2.37) who characterised the structural complexity

using the percentage of the lapideous component and the amount of tectonic distortion,

ranging from ordered to disarranged to chaotic.

Guerriero et al. (1995) categorised the structure of a variegated clay as one of four types.

These consist of reconstituted (type a), bonded but not fissured (type 3); intensely

fissured clay shales (type y) and softened shales (type 8). The latter consists of intact

lithorelicts in a clay matrix. Sketches of types ' and 8 are shown in Figure 2.38.

D'Elia (1991) summarised the features of macro-structure which affect the behaviour of

structurally complex clays (Figure 2.39). The nature of the clay shale component was

controlled by the mineral composition, diagenetic bonds, and fissuring andlor shearing.

The nature of the lapideous component was controlled by the continuity of the rock

layers and the size and shape of the rock fragments. The combined structure of the

material was also controlled by the percentage of the rock fragments and their

distribution.

The Sicilide Units, which form part of the pelitic formation, typically have weak

diagenetic bonds and have structures of the types B2 and B3 as defined by Esu (1977) in

Figure 2.36. The Acquara-Vadoncello landslide, which was studied in detail for this

project, was comprised of these materials. In these variegated shales, the tectonic

deformation has affected the bulk of the formations, leaving the soil generally chaotic

and disarranged. The clay mass is formed of aggregates of plates whose sizes are of the

order of 1 cm which are in turn comprised of smaller plates of the order of 1 mm or less,

giving these soils their scaly appearance. The shear lenses have smooth polished sides

and may show a weathered coating (Cotecchia et al., 1977). The lenses are iso-

orientated (orientated in the same direction), but the predominant orientation may

change within a few centimetres. Typical mineralogies for the variegated clay shales of

Central Southern Italy are given in Figure 2.40. The scaly clay shales are unusual

within the context of other structured clays, as they are both bonded, having elemental

aggregations of bonded particles as a result of diagenesis, and discontinuous, being

constituted of small fragments (Cicolella and Picarelli, 1990).
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The Liguride Units, which form part of the calcareous-pelitic formations typically have

stronger diagenetic bonds and lower plasticities than the Sicilide Units and may have

structures of the types B 1, B2 or B3, as defined by Esu (1977). The research presented

in this thesis has focused on the behaviour of the Sicilide Units, which compose the

geology of the site studied. Comparisons are made however with the behaviour of the

Liguride Units.

2.3.2 Mechanical Behaviour

Structurally complex clays often consist of intact lithorelicts in a clay matrix. The two

components may have very different mechanical properties. D'Elia (1991) investigated

numerically the effect of increasing the lapideous component on the overall mechanical

behaviour. The model consisted of cubic blocks of rock set regularly in a clay matrix.

By assuming linear elastic parameters both for the soil and the rock, the overall shear

and bulk moduli were determined. The overall shear modulus and bulk modulus used,

which were referred to on Figure 2.41 as G 0 and K, were not the very small strain

stiffnesses, but a linear approximation of the appropriate stress-strain curve. Figure 2.41

shows a graph of the overall shear modulus and bulk modulus, normalised with respect

to those for the clay shale alone, plotted against the rock fraction. The influence of a

rock fraction of less than 20% was considered to have a negligible influence on the

overall behaviour. Given this assumption, the geotechnical characterisation of these

soils can be based on laboratory samples of the matrix soil, which for these materials are

the clay shales.

The lapideous fraction did, however, effect the measurements made of water content

(laccarmno et al., 1995 and Hutchinson, 1988). The water content of the matrix was

significantly greater than the overall water content and could therefore lead to problems

when normalising the stress-strain behaviour of the soil with respect to volumetric state

(Figure 2.42).

a) Index Properties

Index properties for the Sicilide and Liguride clay shales of Southern Italy are plotted on

a plasticity chart in Figure 2.43. The plasticity indices typically lie slightly above the
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A-line, indicative of clays, with liquid limits of 20 to 130 %. This wide range of

plasticities is typical of a geotechnically complex sequence, by definition. The wide

range of materials results from their complex geological origin.

Index properties for the variegated shales of Southern Italy have been shown to be

greatly affected by the sample treatment method (Rippa and Picarelli, 1977;

Airo'Farulla and La Rosa, 1977; Bertuccioli and Lanzo, 1993). The index properties

determined were found to depend on the degree of disaggregation and hence on the

method of sample preparation. The effect of a more violent destructuration, by

mechanical means on the index properties obtained, is demonstrated in Figure 2.44.

The effect of this mechanical destructuration was to break down some of the aggregates

of particles, increasing the clay fraction of the materials (Rippa and Picarelli, 1977;

Bilotta and Umilta 1981; Bertuccioli and Lanzo 1993). The increase in the liquid limit

is related to the increase in the clay fraction as can be seen in Figure 2.45, where the

percentage change in the liquid limits is plotted against the percentage change in clay

fraction using data from Rippa and Picarelli (1977).

b) Compression Behaviour

i) Intrinsic Compression Line

There has not been much work published in the literature which has determined the

compression lines for reconstituted samples of structurally complex clays. Guerriero et

al. (1995) determined the one-dimensional compression line for a single reconstituted

sample of M. Marino clay in the oedometer and the isotopic normal compression line

for a sample of reconstituted Bisaccia clay in the triaxial apparatus. Picarelli (1991)

gives the reconstituted one-dimensional compression lines for Fiumarella clay shale and

Laviano clay shale. The validity of the correlations between plasticity index and

compressibility proposed by Mitchell (1976) is assessed for these materials in Figure

2.46. Although the correlation works well at lower plasticities, the data point for the

Bisaccia clay appears to lie significantly below the correlation line. One of the

problems with this correlation is that it ignores the curvature of the normal compression

line. The stress range over which the gradient is determined using the correlation is

approximately 2 to 200 kPa, which corresponds to the undrained strengths at the liquid

and plastic limit. This range is lower than that over which the gradient of the

corresponding compression line is usually determined.
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To assess the validity of Burland's correlations (Equations 2.2 and 2.3), Figure 2.47

shows the void ratio at the liquid limit, plotted against the coefficient of compression

(C*) and the void ratio at a vertical effective stress of 100 kPa (eioo*) for the published

data on reconstituted structurally complex clays. A value of specific gravity of 2.74 was

assumed in plotting these data, which was the value determined for soils from the

landslide site at Senerchia. There are fewer data points plotted on these graphs than

were plotted in Figure 2.46, as liquid limit data were not published for all the

oedometric compression tests. The problem with the assessment of the validity of these

empirical correlations is accentuated by the variation of the Atterberg limits with the

method of preparation, particularly the liquid limit, as was discussed in the previous

section. However, the Burland correlations provide a reasonable agreement with the

data determined for the structurally complex clays.

In addition to the change in Atterberg limits with preparation method, from Figure 2.46

it can be deduced that the reconstitution method is also likely to greatly affect the

behaviour of the reconstituted soil in compression, because of the change in C with

plasticity index. The reconstitution method used by Guerierro et al. (1995) for the

Bisaccia and M. Marino clays was to air dry the natural material and mix it to a slurry at

a water content of 1.5 times the liquid limit. The natural and reconstituted samples of

the Bisaccia clay tested by Guerriero et al. (1995) had plasticity indices of 127 and 104

% respectively. Similarly the natural, softened and reconstituted samples of M. Marino

clay had plasticity indices of 27, 23 and 20 % respectively. The softened material was

material that had been remoulded within the landslide body. The difference in the

plasticity of the natural and reconstituted samples of the M. Marino clay could account

for a difference in the coefficient of compressibility of 35 % based on the correlation

proposed by Wood (1990) (X = 0.595 In).

ii) Compression Behaviour of Natural Samples

In order to assess the effect of structure on the behaviour of a natural sample it is useful

to compare the behaviour of each natural sample with that of the corresponding

reconstituted sample. Due to the lack of tests that have been carried out on reconstituted

samples, Burland's empirical correlations discussed in the previous section have been

used where required and when index data were available. The correlation proposed by

61



Wood (1990) was not used, as it only gives a correlation for the coefficient of

compressibility and not e 100* which is also required to locate the intrinsic normal

compression line. Although the use of correlations instead of real test data is not ideal,

the correlations do give a good approximation. Figure 2.48 shows the normalised

compression data available from the literature for the natural samples, plotting the void

index as defined by Equations 2.2 and 2.3 and discussed in Section 2.2.2 (a).

It is apparent that most samples do not reach the intrinsic compression line at the

stresses used in the tests. Instead, most tend to form compression lines parallel to but

below the intrinsic compression line. It cannot therefore be concluded from the

available data whether the natural compression lines would eventually reach or cross

those of the reconstituted soil. One possible hypothesis for the unusual compression

behaviour observed in Figure 2.48 is that the effect of the aggregation of particles on the

compression behaviour of a natural soil is to lower the position of the compression line.

This hypothesis would be in agreement with the observed increase in Atterberg limits

with disaggregation.

For these structurally complex clays, gross yield, defined by Leroueil and Vaughan

(1990) as a discontinuity in the stress-strain behaviour under monotonic loading, was

seen to occur for compression within the intrinsic state boundary surface. This yield can

be attributed to the onset of structural degradation. The effect of yield on the swelling

index of the Laviano clay shale was examined by Picarelli (1991) and is shown in

Figure 2.49. There is a progressive structural breakdown with increasing maximum

pressure, as can be concluded from the increase of the swelling index. The ratio of the

swelling indices between natural and reconstituted samples of the same soil was shown

by Schmertmann (1969) to be an indication of the degree of influence of structure, as

was discussed in Section 2.2.2 (e). This breakdown of structure as a result of

compression and swelling can eventually result in the natural soil reaching void ratios

larger than the initial undisturbed value.

c) Shear Behaviour

The shear behaviour of undisturbed samples of structurally complex clays is generally

contractant and ductile, sometimes with a small peak followed by a slight reduction in

strength. (A.G.I., 1985). This is unusual given their high overconsolidation ratios.
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Examples of materials, which exhibit this behaviour include the Bisaccia clay shale

(D'Elia, 1991, Guerriero et al., 1995), the Santa Barbara clay shales (D'Elia, 1991), the

M. Marino clay (Guerriero et al., 1995, Guerriero, 1995), the Roseto clay shale

(Bertuccioli and Lanzo, 1993) and scaly clays from Bifarera and Piano Campo (Bilotta

and Umilta, 1981).

In order to assess the effect of structure on the behaviour of these materials, it is useful

to compare the results with the reconstituted behaviour. Again there has been very little

work published that has looked at the behaviour of reconstituted structurally complex

clays. Guerriero et al. (1995) have compared the behaviours of natural and reconstituted

samples of M. Marino and Bisaccia clay shales, whilst laccarino at al. (1995) compared

the large strain behaviour of natural, softened and reconstituted samples from a

landslide in scaly clay. As before, the 'softened' clay shales described, comprised

materials that had softened as a result of remoulding within the landslide body. Due to

the variability of the materials locally within the structurally complex formations, it is

also important to compare the behaviour of each natural sample with the corresponding

reconstituted sample and not with a single reconstituted sample for the whole site as

they have done.

As discussed previously in Section 2.2.3 (b), Burland (1990) noted that the post-rupture

strength of fissured London clay was consistent with or slightly below the post-rupture

failure line and the critical state line determined for the reconstituted soil. As these

structurally complex clays are intensely fissured and the size and orientation of these

fissures is small relative to the size of the sample and also randomly oriented, there is

not usually a scale effect on the strength measured. As most samples tend to reach a

plateau and peaks are only seen at higher confining stresses, not considered here, the

peak and the post-rupture friction angles will therefore be considered to be coincident.

The friction angle only drops towards that of the residual state at much larger

displacements than are considered here. It is therefore proposed to compare here the

peak friction angle of the fissured samples with the critical state friction angle defined

by reconstituted samples.

As very little data were available for the strength of reconstituted materials, the peak

friction angle for the natural samples and the reconstituted critical state friction angles

have both been plotted against plasticity index in Figure 2.50. These peak friction

angles have been obtained from the triaxial data assuming a zero intercept, to allow
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correct comparison with the reconstituted critical state angles. The results in Figure

2.50 show that the intrinsic friction angle of the material typically lies slightly below the

those predicted from the plasticity index using the correlation for clays in general

proposed by Mitchell (1993). The peak friction angles for the natural samples have a

larger scatter but are consistent with the intrinsic critical state friction angle. This result

is similar to that observed by Burland, who noted that the post-rupture stress ratio of the

natural soil is similar to that of the reconstituted critical state.

The apparent failure of the natural samples at a critical state stress ratio is similar to the

strain localisation behaviour observed by Atkinson and Richardson (1987) for

overconsolidated reconstituted clays, however the mechanism of localisation for the

fissured soil is thought to be very different from that of a reconstituted soil. On

reaching the state boundary surface, the stress paths of the overconsolidated

reconstituted samples did not tend towards their true critical states, but instead the

strains tended to localise so that the peak friction angle was less than might have been

expected. Localisation however occurs in these fissured clays at a much lower stress

ratios because the planes of localisation are pre-existing and are not formed during the

test and so it is possible that the states of the samples head directly towards a critical

state ratio with no peak at all. Although the post-rupture or critical state friction angles

are the same for the reconstituted and natural samples, the peak strength of the

reconstituted samples are however higher than those of the fissured samples.

The strengths of the natural samples can be seen to be lower than those of the

reconstituted at a similar value of P"P'e, as is clearly demonstrated in Figure 2.51

(Guerriero et al. 1995) by normalised shearing path data for the natural and reconstituted

M. Marino clay. The data are normalised with respect to an equivalent pressure, P'e

taken on the normal compression line for the reconstituted samples, thus accounting for

differences in the void ratios and stress states of the various samples. Neither the

natural nor the overconsolidated reconstituted samples reached critical states, as on

reaching the appropriate state boundary surface, the samples did not dilate sufficiently

to reach their critical states and strain localisation occurred. The reason the natural

samples have lower strengths than the reconstituted samples is not because they have

lower post-rupture or critical state friction angles, but as they do not dilate to give a

peak, as the reconstituted samples did.
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The difference between the peak strengths of the natural and reconstituted samples was

more pronounced for the Bisaccia clay data which are plotted in Figure 2.52. At lower

values of P''P'e' less than 0.4, the stress ratio of the soil at failure coincided with the

critical state ratio. This reduction in peak strength was attributed by Guerriero et al.

(1995) to slipping along discontinuities, upon which the strength tended towards a

residual state. At higher values of P"P'e the friction angles of the natural material fall

further below those of the reconstituted.

The reduction of the stress ratio at failure at higher values of P"P'e was believed to be

the result of higher confining stresses. The friction angle could reduce as a result of the

scales being sheared through at higher stresses to form a more planar shear surface. At

lower stresses, shearing along the fissures is thought to be prevented by interlocking of

the scales, as there is not sufficient energy to shear the aggregates. This process may

occur either at the macro- or the micro-level. A similar behaviour has been observed in

ring shear tests carried out by Picarelli (1991) on the natural and reconstituted clay as

will be discussed in the following section.

d) Residual Behaviour

There have been a large number of ring shear tests published on the structurally

complex clays due to the landslide-prone nature of this region. A number of results

from the literature have been plotted on graphs of residual friction angle against clay

fraction and plasticity index, shown in Figures 2.53 and 2.54 respectively. Also plotted

are the correlations from the literature that were summarised by Lupini et a!. (1981).

The data generally plot within the limits given by the correlations. The scatter is not

unexpected given the wide range of materials; small local variations between the

properties of the soil used in the tests for the index properties and the tests for the

residual strength; the changes in the Atterberg limits and clay fractions with preparation

method; and the different testing methods used to determine the residual strength.

The influence of preparation method on the residual strength properties has also been

investigated. laccarino et al. (1995) determined the residual strength of intact and

reconstituted samples of a clay shale from the Basento Valley. The residual friction

angles of the intact samples ranged from 8.1° to 10.0°. These were higher than those

measured for the reconstituted samples which ranged from 5.5° to 7.3°. Similar results
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were observed by Picarelli and Viggiani (1988) for a clay shale from a site near Melfi

and Cotecchia et al. (1992) for clay from Senerchia and Buoninventre. Picarelli (1991)

also observed a difference between the residual friction angles of intact and

reconstituted samples of Laviano clay shale, measured using either direct or ring shear

tests (Figure 2.55). The difference between the natural and reconstituted samples

decreased with increasing normal stress. Aversa et al. (1993) attributed this behaviour

to the different size, shape and angularity of the grains or particle aggregations for the

natural and reconstituted samples. This hypothesis is consistent with the test data of

Fenelli et al. (1982), who found similar residual friction angles for samples sheared

perpendicular to and parallel to the scales for the Laviano clay shale. It is however

different from the conclusions of Chandler (1966, 1969), for the Keuper Marl who

found that the silt size aggregations of clay particles break down within the residual

shear surface. As was discussed in Section 2.2.5 (b) Mitchell (1993) suggested that at

lower stress levels, less work may be required to shear the particles without complete

reorientation than was required to orientate particles during shear. Similarly it could

also be suggested that at lower stress levels, less work is required to shear the

aggregated particles without particle breakdown and reorientation at lower stress levels

than is required to shear through the clay aggregates.

Lemos (1986) carried out direct and ring shear tests on two reconstituted samples from

the Sierra Dell'Acquara slide at Senerchia. The results are shown in Figure 2.56.

Residual friction angles of 7.8° and 5.7° were obtained by assuming a linear residual

failure envelope. There is a noticeable increase in the residual strengths determined

using the direct shear apparatus, compared with those from the ring shear apparatus.

This is likely to be the result of incomplete orientation of particles along the slip surface

due to changes in direction in the former apparatus. Tika (1989) investigated the effect

of shear rate on the residual strength of a sample of clay from Senerchia. A residual

friction angle of 4.6° to 5.0° was measured for slow shearing which increased to an

angle of greater than 6.8° when the sample was sheared at 133 mmlmin. A positive

strain rate effect would increase the stability of a failing landslide during a seismic

event.
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2.4 Changes in Soil Properties as a Result of Landsliding

2.4.0 Introduction

The aim of this section is to assess the effect of landsliding on the geotechnical

characteristics of these materials, focusing on the role that structure may play in the

behaviour of a slope and how the structure of the soil may change as a result of

landsliding. Due to the complex nature of these soils and their history, a preliminary

method of assessing their behaviour is to compare the behaviour of material pre- and

post-failure i.e. within and outside the landslide body. A review of landslides in

structurally complex clays has not been attempted.

The geotechnical behaviour of landslides was divided into four stages by Leroueil et al.

(1996), pre-failure, failure, post-failure and reactivation. At the pre-failure stage the soil

is essentially intact. Large movements can still occur at this stage as a result of cycles

of effective stresses. Failure is characterised by a continuous shear band through the

slope. The friction angles mobilised at failure back-analysed from first-time slides in

London clay correspond well to the critical state value (Skempton, 1977; Silvestri,

1980). This agrees well with the laboratory tests on natural samples which show that

the post-rupture friction angles also lie close to the intrinsic critical state angle. For the

intensely fissured clay shales found in this region the peak friction angle at lower

overconsolidation ratios was shown in Section 2.3.2 (c) to be much lower than that at

the corresponding critical states and so it might be expected that the same conclusion

might not hold. Landsliding in the structurally complex clays is often a result of

reactivation of existing slide and the strength along the shear surface is therefore likely

to be controlled by the residual friction angle.

The post-failure stage includes movements just after failure until the landslide

essentially stops. D'Elia et al. (1996) considered these post-failure movements simply

from a consideration of the energy dissipated. The available potential energy (E r) of a

soil mass at failure is dissipated as the frictional energy (E f) required to keep the soil

mass moving along the shear surface and an energy release as a result of strain

softening, as shown in Figure 2.57. This energy released was assumed to be dissipated

in breaking up and remoulding the moving material (E d) and accelerating it to a certain

velocity (Ek). The differences between the rates of movement pre- and post-failure of

two Italian slides at Allori and Bomba are shown in Figure 2.58. The brittle Bomba
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clay had much faster post-failure movements than the ductile Allori clay. It is not clear

whether the degree of remoulding would also vary in this way.

There has been very little work on the remoulding effect of landsliding, which will

effect the behaviour of the material within the landslide body. Leroueil at al. (1996)

noted that the ability of a clay to be remoulded depended on the height of the slope and

the physical and mechanical characteristics of the clay. Very little work has been done

on the energy required to remould a clay. Tavernas et al. (1983) showed that for a

laboratory study of Eastern Canadian sensitive clays the energy required to remould the

soil to a remoulding index of 75% increased with plasticity index (Figure 2.59). The

remoulding index (I r) was defined by Equation 2.8:

Ir = lOOx (c uint act - 
C%u 

mt act - cur)

	 Equation 2.8

where cu is the undrained shear strength of the clay and Cu intact and Cur are the undrained

shear strengths of the intact and remoulded clays respectively. Leroueil at al. (1996)

stated that the structure of the formation is fully remoulded within the landslide body.

Although there was found to be a remoulding of the large scale structure, it was

concluded that there was still a macro-structure of the soil within the landslide body, as

the landslide debris was observed to consist of lithorelicts in a clayey matrix. However,

it is not clear to what degree the structure of the clay forming the matrix had been

remoulded and this has been examined in Chapter 4, by comparing the behaviour of the

material from inside and outside the Senerchia landslide.

2.4.1 Material Properties

(a) Fabric

The effect of remoulding on the landslide material can be seen visually by observing the

materials inside and outside the slipped mass. The fissured clay shale described by

Guerriero et al. (1995) as type 7 is very different from the softened shales of the

landslide debris again called type & As will be seen for the landslide examined here,

the debris again consists of intact lithorelicts in a clay matrix. Sketches of types y and ö

are shown in Figure 2.38.
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(b) Water Content

Changes in the water content of the soil within the landslide body have been observed

by laccarino et al. (1995) for slides in the Bassento valley, Guerriero et al. (1995) for the

M. Marino clay and Picarelli and Viggiani (1988) for a slope near Melfi, but were not

seen by Baldassare et al. (1996) at Scab di Trivigno. Changes in the water content in

the vicinity of the shear surface were also observed by laccarino et al. (1995) and

Guerriero et al. (1995). There are a number of difficulties with measuring the water

content of a mudslide fabric as were highlighted by Hutchinson (1988) and

demonstrated for the structurally complex clays by laccarino et al. (1995) (Figure 2.42).

The water content of the matrix is higher than the overall water content, because of the

lapideous component. Difficulties also arise when measuring the water content of the

structurally complex clays due to the difficulty of sampling. The effect of the variability

of the material properties could be reduced by comparing the liquidity indices. These

data were not however available.

c) Index Properties

Baldassarre et al. (1996) compared index properties of materials inside and outside a

landslide. Typically landslide deposits had a lower plasticity than the formation and

lower activity but similar clay fractions and bulk densities. This was attributed to

erosion of the more fine-grained materials near the surface and the remoulding of a

greater variety of the formation materials into the clay matrix within the landslide body.

The smaller range of index properties between samples tested from within the landslide

deposits compared with those from the formation material may be due to the increased

homogeneity of the landslide material, but could simply be related to the different

number of samples tested; 6 samples from the landslide debris compared to 13 from

outside the landslide. Picarelli and Viggiani (1988) noticed no difference between the

activity and plasticity of samples from inside and outside a landslide near Melfi.

The changes in the material properties due to the variability of these materials and the

difficulty of sampling do not allow any firm conclusions to be drawn. There is no

evidence of a substantial increase in the plasticity of the materials due to a breaking

down of the particle aggregates for the soils within the landslide body. It is therefore

suggested that the remoulding due to landsliding is insufficient to break down the
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aggregations (i.e. the micro-structure of the soil), as occurred during the Atterberg limit

tests on vigorously remoulded samples, discussed in Section 2.3.2 (a).

d) Permeability

The degree of remoulding of the structure of these structurally complex clays in a

landslide was demonstrated by laccarino et a!. (1995) for clay shales from the Bassento

valley by comparing the permeability of the intact material with that of the

reconstituted. The permeabilities of both the landslide body and the formation were

much higher than that of the reconstituted soil whereas the permeability of the shear

zone was much closer to that of the reconstituted. The difference was thought to result

from the presence of fissures in the formation increasing the overall permeability of the

soil. These fissures were not visible in the shear zone and were thought to be erased by

the remoulding of the soil within the shear zone.

e) Compression Behaviour

Guerriero (1995) and Guerriero et al. (1995) looked at the mechanical properties of soil

from an active landslide in the Bassento valley, located about 18 km south-east of

Potenza. The Masseria Marino clay is part of the Argille Varicolori formation. They

compared the mechanical properties of soil samples from the landslide body, the shear

surface and the unsoftened material from outside the slide with the behaviour of the

reconstituted samples.

Figure 2.60 shows the behaviour in compression of four different samples of M. Marino

clay subjected to cyclic oedometer tests. One was unsoftened (type y) from outside the

landslide, one was from the landslide body (type 8), one was from the shear surface

(type 6) and one was reconstituted. The swelling index (C s) increases with the degree of

destructuration. The swelling indices of the softened materials (type 6) lie between the

reconstituted and the type ' behaviour. The material in the shear zone was largely

destructured and showed behaviour similar to that of the reconstituted. This sample of

the softened clay crossed the intrinsic compression line and reached a compression line

parallel to that of the reconstituted. The difference between the position of these two

lines, which should represent the different structures of the natural and reconstituted
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materials, may be affected by differences between the nature of the materials comprising

these samples, as a result of the heterogeneity of soils within the landslide. Only one

reconstituted sample was tested for the whole landslide. It may also be affected by the

difficulty of assessing the void ratio of these inhomogeneous materials, as was

demonstrated in Figure 2.42 (laccarino et al., 1995).

f) Shear Behaviour

Figure 2.61 shows the normalised shear behaviour of the M. Marino clay. The data

were normalised with respect the equivalent pressures Qeq) taken on the normal

compression line for the reconstituted samples. The shear strengths of the natural

samples (type y) were shown to be greatly affected by the natural discontinuities in the

samples, which caused strain localisation in the samples before they reached the state

boundary surface, so that they did not dilate along the boundary surface to the critical

state. Samples retrieved from inside the landslide body (type 8) reached a higher stress

ratio than the samples from the formation. The higher stress ratio achieved for the

sample from inside the landslide body was attributed to an eradication of the scaly

macro-structure of the formation material by landsliding, and hence a reduction in the

number of discontinuities within the sample.

Remoulding due to landsliding was therefore thought to removes the macro- and not the

micro-structure. The micro-structure was not broken down as a result of landsliding as

aggregates still existed in the soils from the landslide body. The macro-structure could

be seen to have changed visually from a macro-fabric (type ') that was scaly outside the

landslide to one that consisted of lithorelicts in a clay matrix (type 6) in the landslide

body.

2.5 Summary

The effect of structure on the behaviour of a natural clays may be assessed by

comparisons with the behaviour of corresponding reconstituted samples, as was shown

for clays in general in Section 2.3 and for structurally complex clays in Section 2.4.
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Cotecchia (1996) emphasised that reconstituted samples were not "destructured" as had

been suggested by Leroueil and Vaughan (1990), but instead had a different fabric to

that of the natural material. The aim of reconstitution is therefore not to produce a

destructured soil but to create a homogeneous material with a stable base fabric. It was

also suggested here that, ideally, the base micro-fabric, while fulfilling these conditions,

should be as close as possible to the natural material in order to be an appropriate

reference material.

By comparing the behaviour of natural samples of a structurally complex clay to that of

corresponding reconstituted ones, it was shown that structure can have a negative effect

on the soil behaviour, as well as the positive one usually seen. Figure 2.48 shows the

normal compression lines for a number of structurally complex clays, normalised using

the void index. The normal compression lines for the natural samples appear to plot to

the left of those of corresponding reconstituted samples. This negative effect of

structure was felt to result from the aggregations of soil particles in the natural material

resulting in a less open micro-fabric than the reconstituted soil. A negative effect of

structure was also seen for the shear behaviour of samples of M. Marino and Bisaccia

clay shale, shown in Figures 2.51 and 2.52. The natural samples failed before reaching

the intrinsic state boundary surface. This negative effect was felt to result from the

fissured nature of these materials at the scale of the macro-fabric which promoted strain

localisation in the samples before a critical state was reached.

The residual strength of these structurally complex clays was also shown to be affected

by structure producing an increase in the residual strength of these materials particularly

at low stresses. An effect of structure on the residual strength was thought to be related

to the stability of the base micro-fabric.
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CHAPTER 3 LABORATORY EQUIPMENT AN]) TEST PROCEDURES

3.0 Introduction

The experimental work looked at index tests, ring shear tests and triaxial tests carried

out on samples retrieved during the site investigation. The soil testing focused on the

more argillaceous materials as these are likely to control the stability of the landslide.

They also form the greater part of the stratigraphy particularly in the scarp region. The

testing programme set out to establish: the index properties to assist with the

classification of the soils; the material parameters of a range of soils; and whether the

soils exhibit any unusual behaviour. This chapter describes the equipment

modifications and test procedures that were implemented for this research.

Triaxial tests were carried out on natural and reconstituted samples to determine

strength and stiffness parameters for these soils. Due to the complex nature of the

natural soil, preparation methods had to be developed to allow the triaxial samples to be

trimmed. Another difficulty associated with the testing of these materials was their very

low permeability, which greatly increased the duration of the tests. The test times of up

to five months increased the possibility of transducer drift and the likelihood of a test

loss. The number of tests that could be carried out was also restricted, even when ten

different triaxial apparatus were used during the course of this project. The main

modifications to these apparatus were to improve the quality of the data at the beginning

of shearing to obtain small strain stiffness measurements of high accuracy.

Ring shear tests were carried out in the Bromhead and Bishop ring shear apparatus to

determine the soil residual strength. The Bishop ring shear apparatus was instrumented

and a data acquisition system was added to allow automatic logging of the data.

As was discussed in Section 2.3.2, Rippa and Picarelli (1977) highlighted the variability

of Atterberg limits with preparation methods for these structurally complex soils.

Therefore a series of Atterberg limit, ring shear and triaxial tests was carried out on

corresponding minced and reconstituted samples to determine the effect of different

degrees of destructuration on the material properties. The vigorously remoulded or

minced samples were prepared by passing the soil through an industrial food mincer,

whereas the reconstituted samples were prepared using a low energy method, swelling

the natural soil by immersion in distilled water.
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3.1 Index Testing

Basic soil tests were carried out on soil samples retrieved during the site investigation to

determine fundamental soil properties and assist with the classification of materials

across the site. Tests were carried out according to BS 1377 and Head (1990) to

determine the Atterberg limits, particle size distributions, carbonate contents, organic

contents, specific gravities and water contents of the samples. In order to increase the

quantity of results that could be obtained, some of the Atterberg limits, the particle size

distributions and the carbonate and organic contents were contracted out to Laing

Technology Services (L.T.S., 1995).

The Atterberg limits of a structurally complex clay were shown by Rippa and Picarelli

(1977) to be highly dependent on the preparation method, as was discussed in Section

2.3.2. Tests were carried out to determine this effect of preparation method and hence

the degree of destructuration on the behaviour of these soils. The preparation methods

used included a "standard" method, reconstitution, mincing and subjecting the soil to

ultrasound, as described below.

Tests were carried out by Laing Technology Services and at City University, in

accordance with BS 1377 Part 2. The soils were not dried, and particles larger than

425 tm were removed by hand. The liquid limit tests were conducted using the cone

penetrometer four point method. Both liquid limit and plastic limit test procedures are

described by Head (1990).

A standard preparation procedure was developed at City University for preparing the

liquid limit samples. The soil was broken into small pieces and placed in a watertight bag

with sufficient de-aired water to bring the sample to a water content slightly lower than the

liquid limit. The soil was then allowed to swell overnight. Next, the sample was

vigorously remoulded and the soil was again left to hydrate overnight, before the liquid

limit test was carried out.

In order to assess the destructuring effects of reconstituting samples for the triaxial tests,

comparative index tests were carried out on samples prepared using the standard and

reconstituted preparation technique. The preparation method for the reconstituted

sample was the same as that used for the reconstituted triaxial samples. The soil was cut
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into pieces and placed in a bowl with sufficient water to bring the water content to around

1.1 to 1.5 times the liquid limit and the soil was allowed to swell overnight. The soil was

then placed in a mechanical mixer for about two hours until a homogeneous sluny was

formed. Any clumps of unmixed material, if formed at the bottom of the mixing bowl,

were broken down by passing through a 1.18 mm sieve. The sample was then de-aired by

placing it in a vacuum chamber. The water content of the slurry was reduced to a value at

which the Atterberg limits could be measured by compressing in a consolidometer. The

soil was thoroughly remoulded before testing to remove any induced structure from this

one-dimensional loading.

The effect of a more vigorous preparation technique was investigated by mincing the soil

with an industrial food mincer. The soil was remoulded as it passed along a screw

conveyor 100 nm-i long with a diameter of 50mm and passed out through grill holes of 8

nm-i diameter. The minced samples were fed through the mincer a specified number of

times at a given moisture content, usually at approximately the plastic limit. Moisture

content samples were taken throughout the mincing, to ascertain if moisture was lost due

to the heat generated during the mincing. To counteract any possible moisture loss, the

barrel of the mincer was periodically cooled by holding it under cold running water, taking

care not to wet the sample. The soil was also sprayed with distilled water to counteract

any possible drying. The minced material was then prepared for the liquid limit test using

the same method as the standard preparation method.

It was suggested by one of the Italian co-workers on the B.C. project, that

destructuration could be achieved by ultrasounding, without the need of significant

mechanical energy. Therefore an ultrasounded sample was prepared by breaking the

soil into small pieces and placing it in a sealable bag with sufficient distilled water to bring

the sample to approximately 1.1 to 1.5 times the liquid limit. The soil was then allowed to

swell overnight, before being remoulded and then placed in the ultrasonic bath for a period

of approximately three hours. The water content of the slurry was finally reduced by

compression to a value at which the Atterberg limits could be measured. The soil was

again thoroughly remoulded before testing to remove any induced structure.
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3.2 Triaxial Apparatus

3.2.0 Introduction

Triaxial tests were carried out on natural, reconstituted and minced samples to determine

their strength and stiffness parameters. Different preparation methods were used to assess

the role that structure plays. The natural samples were trimmed from 'undisturbed'

samples taken during the site investigations, the reconstituted samples were made from the

trimmings and the minced samples were prepared from trimmings passed through an

industrial food mincer to vigorously remould the material. Tests were predominantly

carried out on 38 mm diameter samples in hydraulic triaxial cells, similar to that described

by Bishop and Wesley (1975).

Eight different Bishop and Wesley triaxial cells were utilised during this research

project. A large number of apparatus were used because of the unusually long duration

of each test. The time taken for one triaxial test on a reconstituted sample was five

months. Each triaxial apparatus was slightly different: two different types of data

logging/control system and two different types of air pressure controllers were used and

also the local instrumentation varied between apparatus. A high pressure triaxial

apparatus, of the type described by Taylor and Coop (1990), was also used to test at cell

pressures of up to 5 MPa. The features of the different apparatus control systems and

local instrumentation are summarised in Tables 3.1 and 3.2 respectively.

The main improvements to the triaxial systems, made for this project, focused on the

internal instrumentation. Local axial gauges were added to most of the apparatus. A

radial strain belt was designed and built for cell 9 and mid-height pore pressure

transducers were added to cells 6 and 7. Due to the very long durations of the tests,

particularly on the reconstituted samples, eight different triaxial apparatus were

upgraded.

3.2.1 Standard Pressure Triaxial Apparatus

The standard tests were carried out using hydraulic stress path apparatus, similar to the

type described by Bishop and Wesley (1975), with control systems similar to those

described by Atkinson and Evans (1985). These computer controlled apparatus had the
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ability to control the radial, axial and back pressure, whilst datalogging the stresses and

axial and volumetric strains. Axial and radial pressures were applied through air-water

interfaces, with a maximum air pressure of approximately 800 kPa. A 50 cc capacity

volume gauge made by Imperial College acted as an interface for the back pressure.

Two different computer control systems were used to log and operate the triaxial cells.

The 'BBC' system used a BBC microcomputer with a Spectra Micro - MS analogue to

digital converter, whilst the 'PC' system used an IBM compatible computer with a plug

in interface card which acted as an analogue to digital converter. The 'BBC' and 'PC'

systems used electromanostats to control the pressure, whilst cells 2 and 10 used

electro-pneumatic pressure regulators. Figure 3.1 shows a schematic diagram of the

control system for the triaxial cells. This figure also shows a schematic for the bender

element system which was used in cells 4 and 10 and the high pressure cell.

The 'BBC' system was used with cells 4, 7, 8 and 9. A Spectra Micro MS interface,

manufactured by Intercole Systems Ltd, carried out an analogue to digital conversion on

a 12 bit basis, automatically selecting the gain from eleven ranges to match the input

from the transducer as closely as possible. This improves the resolution of the

transducers provided they are used at positions close to their electrical zero. The

resolution and accuracy of the transducers is discussed in Section 3.2.3. The Spectra

had 32 analogue input channels available. The axial, cell and back pressures in the

system were regulated by electromanostats which were driven by incremental stepper

motors. The stepper motors were operated by relays, which were in turn controlled by

the computer.

The 'PC' system was used with cells 2 and 6. The systems used an IBM compatible

286 or 386 computer with a Alpha Super Interface Card, manufactured by CIL. The

CIL card acted as an analogue/digital and digital/analogue converter and had 8 analogue

inputs, 4 analogue outputs and 4 relay outputs. As the CIL card only allowed a fixed

gain to be selected via the software for each channel, the software was used to

autorange, increasing the resolution of the transducer when used close to the electrical

zero, as discussed in Section 3.2.3. A 'PC' system was also used with cell 10.

However, this system used two data translation (DT) cards (Jovicic, 1997), which

fulfilled a similar function as a CIL card.
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In cell 6 the CIL card regulated the pressures using electromanostats controlled by

relays in the interface card. As the CIL cards had only 4 relays and a total of 6 were

required to control the cell, axial and back pressures, the back pressure was controlled

manually because it was in any case often kept constant during tests. In cells 2 and 10

the pressures were regulated by electro-pneumatic regulators, controlled using the

computer directly through the analogue output channels of the interface card.

Control of the pressures with the analogue-pneumatic converters was much more

accurate than for the electromanostats, where the smallest stress change was limited to

one step of the stepper motor; approximately ± 0.4 kPa. The minimum stress increment

for the analogue-pneumatic pressure converter is theoretically limited to the resolution

of the digital-analogue conversion. The electromanostats were however preferred for

such long tests as pressure was not lost in the event of power failure, for example

through loss of the battery power backup.

Axial loading could be carried out using stress or strain control. Stress controlled

loading was applied using the pressure regulators acting through the air-water interface;

strain controlled loading was applied using a motorised Bishop ram. This was placed

between the air-water interface and the axial loading cylinder, with a valve to disconnect

this closed volume system from the air-water interface. A stepper motor with a gear box

on the Bishop ram was used to load or unload the sample at a constant strain rate

controlled by the computer or a timed relay (clicker box).

3.2.2 High Pressure Apparatus

The high pressure tests were carried out in a high pressure apparatus with a cell pressure

capacity of 5 MPa. The apparatus was similar to that described by Taylor and Coop

(1990), but had been modified to include an internal load cell to measure the deviatoric

force. An internal load cell was used as it was not subject to the friction between the

axial loading ram and the 0-ring in the top of the apparatus or the force of cell pressure

acting on the ram.

A schematic of the high pressure system is shown in Figure 3.2. Water was used as a

cell fluid due to its comparative ease of use. The axial load was applied using an axial

hydraulic piston mounted on the top of a more conventional triaxial apparatus, as a
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bellofram could not be used at the high pressures required to apply the axial stress. The

axial, radial and back pressures were controlled hydraulically which allowed a complete

range of stress paths to be applied. The stresses and strains were measured using

conventional load cells, pressure transducers, displacement and volume gauges, each

with appropriate ranges.

The cell pressure and axial pressure were applied though air-water and oil-water

interfaces in the standard pressure range (0-800 kPa). The air pressures were regulated

by electro-pneumatic regulators, controlled by an IBM compatible 286 computer,

similar to the 'PC-system' used in the standard pressure apparatus. As was seen in cell

'2' the regulators could be controlled directly through the analogue output channels of

the interface card.

Pressure multipliers were used to achieve pressures above 800 kPa. The multipliers

increased the air pressure that was applied by factors of approximately 8 and 12 for the

axial and radial pressures respectively. Back pressures were always applied in the

standard pressure range through a 50 cc volume gauge, which acted as an air-water

interface.

Shearing was carried out under a constant rate of axial displacement using the motorised

loading frame, with which the sample could be loaded at different rates, varying from

0.000 1 to 5 mmlmin.

3.2.3 Instrumentation

The standard instrumentation for the Bishop and Wesley cells consisted of an internal

load cell to measure the axial load, two pressure transducers to measure the back

pressure and the cell pressure, an LVDT to measure the external axial displacement and

a volume gauge to measure the volumetric change. Details of the local instrumentation

that was also used in each cell are given in Table 3.2. Most of the cells were fitted with

internal axial strain gauges; cells 6 and 7 were fitted with mid-height pore pressure

transducers; cells 7 and 9 were equipped with radial strain belts and cells 1, 4 and 10

and the high pressure cell were fitted with piezo-ceramic bender elements.
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The reliability of the instrumentation was assessed for typical transducers in Table 3.3

by considering their accuracies and resolutions. Due to the large number of apparatus

and hence transducers used, the resolutions and accuracies quoted are the typical values

for each transducer type from Cuccovillo (1995). The accuracy of a transducer can be

defined as the closeness with which the readings measured approach the true value and

will be affected by noise, non-linearity, hysteresis and drift. The resolution is defined as

the smallest change in mechanical input which produces a measurable change in output.

The noise is the electrical disturbance to the signal of the transducers arising for instance

from the connections, small fluctuations in the power supply, temperature changes and

interference of magnetic fields caused by the equipment. The electrical noise is related

to the electrical system and is not a function of the output of the transducer and hence

can be expressed in the units measured by the transducer. It was checked during

calibration by holding the transducer under a given load, pressure or displacement and

observing the fluctuation in the readings.

Hysteresis is the variation in the output of a transducer at the same stress, load or

displacement after following a loading-unloading loop and is usually expressed as a

percentage of full scale. The hysteresis was checked during calibration and was

generally more problematic for load cells and pressure transducers. The non-linearity is

the maximum variation of the output of the transducer from the best fit line through the

data over the calibration range expressed as a percentage of full scale. This was again

determined during calibration.

The drift of the electrical zero with time under conditions of constant load pressure or

displacement can also cause errors in the transducer measurements. The drift of the load

cells was simply checked by comparing the zero condition at the beginning and the end

of each test. Due to the unusually long test durations, the drift of the load cells was

found to be particularly problematic in some of the tests and errors greatly in excess of

the typical values given in Table 3.3 were occasionally observed.

As previously stated the resolution is the smallest change in the mechanical input which

produces a measurable change in output. The resolution depends on the gain selected

by the data logger for the voltage input from the transducer, the number of bits over

which the A/D conversion is operated and the calibration constant. In the PC system the

output voltages from the transducers can be read over three scales, ±1OV, ±1V or
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±100 mY. The number of bits over which the analogue:digital conversion is operated is

16 bits. Hence the resolution when the data is read over the ±10 Volt scale would be

10 Volts / 2' multiplied by the calibration factor, whereas the resolution read over the

±100 mV scale would be 100 times better or 100 mV / 2' multiplied by the calibration

factor. In the BBC system the transducers could be read over 11 ranges down to

±20 mV, however the number of bits over which the analogue:digital conversion was

operated was only 12 bits.

Auto-ranging was used in all the systems to increase the resolution of the data close to

the electrical zero. In the BBC system the micro spectra did this automatically. In the

PC systems as a fixed gain had to be specified for the logging of each channel, this was

achieved by rewriting the software. Auto-ranging was used to fmd the maximum gain

(or minimum range) at which the input voltage could be read. This was achieved by

reading the output voltage from each transducer with successively decreasing gains (or

increasing scales) until the voltage could be read. Hence when the transducers were set

to their electrical zero at the beginning of each shear stage, they could be read at the

maximum gain and hence have the maximum resolution and accuracy. The speed of

logging was also quicker when the transducers were close to their electrical zero, as the

autoranging routine in the program started by reading the output voltage with the

maximum gain, and proceeded by decreasing the gain until the transducer output could

be read.

Design of the instrumentation initially focused on the need to increase the accuracy of

the instrumentation at the beginning of shearing to allow the small strain stiffness to be

calculated. Additional problems were also addressed which arose due to the very low

permeability of the soil which greatly increased the lengths of the tests.

The axial load in the Bishop and Wesley type cells was generally measured with 5 kN

internal load cells, manufactured by Maywood Instruments Ltd, based on the design by

Surrey University. Internal load cells were used so the axial load measurements would

not affected by friction on the shaft. The load cells were self compensating to account

for changes in the cell pressure. In order to increase the resolution of the load cells,

cells 2, 6, 8 and 10 and the high pressure cell were fitted with RDP S7-DC signal

amplifiers. To maximise the resolution at the beginning of loading, the electrical zero

was positioned so that it coincided with zero deviatoric load. A major problem was

however caused in a few tests by faulty load cells whose electrical zero drifted with time
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(up to 1.5 kPa per day). This problem was exaggerated by the very long duration of the

tests, which increased the magnitude of the drift seen at the end of the test and reduced

the possibility of repetition of the test, due to insufficient time. Faulty load cells were

replaced when detected, but it was only possible to detect a drift in the load cell at the

end of the test, when the suction cap was disconnected. In order to utilise data where it

was not possible to repeat the test, if drift occurred, it was assumed that the drift varied

linearly with time. In the latter stages of the testing programme, for some tests either a

half ball connection was used between the sample and load cell during shearing (see

Figure 3.11) or the suction cap was not connected until much later in the test, to reduce

the significance of this effect. This was a compromise as it meant that no measurements

of small strain stiffness could then be made. Measurements of cell and back pressure

were carried out using two Druck pressure transducers with a range of 0 - 1000 kPa.

The external axial strain was measured in each apparatus with an LVDT displacement

transducer, type 500A, manufactured by RDP Electronics Ltd. This gauge had a 25 mm

linear range. Baldi et al. (1988) summarised the sources of error in external strain

measurements as shown in Figure 3.3. External measurements can be corrected for the

deformation of the apparatus and the seating error by carrying out a compliance test on

an aluminium sample. A suction cap was used to force alignment of the sample, prior to

the start of testing. Isotropic compression of the sample after connection of the suction

cap and before the start of shearing should cause sufficient deformations in the sample

to eradicate the bedding errors and the disturbance caused by connection. Whilst the

use of a suction cap was found to be suitable for the reconstituted samples, it was not

ideal for the natural samples. The natural sample would have needed to be saturated at

an effective stress lower than that in-situ, in order that the sample could have been

sheared at the estimated in-situ stress level, as sufficient compression is required after

the suction cap has been connected and prior to the start of shearing to erase the

disturbance caused by this connection. This cannot be done if the connection is made at

the same confining stress (i.e. that in-situ) that is to be used during shearing. The

alternative of saturating the sample at a lower confining stress would however have lead

to swelling of the sample which can cause considerable destructuration, as was shown

by Clayton et al. (1995).

The volumetric strain was measured using an Imperial College 50 cc capacity volume•

gauge. The volume gauge consisted of a freely moving piston in an accurately

machined cylindrical steel vessel. The piston was sealed at both ends with rolling
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belloframs. When compressed air was applied to the lower diaphragm, an equal

pressure was transferred to the pore fluid in the upper bellofram. The volume gauge

was therefore able to apply a back pressure, acting as an air-water interface. As water

flowed into and out of the sample, the piston moved freely up or down. The change in

the position of the piston was measured with an RDP LVDT, type 500A, as was used to

measure the external axial strain. The displacement of the piston was calibrated to

determine the volumetric strains. Leakage tests were carried out on dummy steel

samples prior to testing to establish if there were any leaks in the volume gauges or

drainage systems. Various combinations of the seals, belloframs and valves were

replaced to eradicate any leaks found. One particularly troublesome volume gauge,

even after considerable work to eradicate a leakage problem, continued to have a small

leak of approximately 0.01 %Iday. In order to utilise this apparatus, it was decided to

correct the volumetric strain at the end of each test stage for this leakage. This

procedure was believed to be acceptable as the volumetric strains were generally very

large for these tests. The leakage of all the triaxial cells was again checked periodically

during the testing programme.

The volume gauges were found also to be susceptible to fluctuations in temperature,

even in a temperature controlled laboratory and daily fluctuations in the volumetric

strain readings of up to 0.01% were recorded. Test stages, where the accuracy of the

data was critical were therefore carried out at night or at the weekend, when temperature

fluctuations were less severe. A radial strain belt was also built for one apparatus to

check the reliability of the volume gauge data, by comparing the readings made by the

volume gauge with the volumetric strains that could be calculated from the internal axial

and radial strain measurements, as discussed later in this section.

At the beginning of a shearing stage, both the volume gauge and the external axial

LVDTs were positioned at their electrical zero to increase the resolution and accuracy of

the transducer along with the speed of logging. The time required to log each channel

using the autoranging routine of the PC system or the automatic autoranging of the BBC

system will be controlled by the number of scales over which the input voltage is read.

The autoranging routine first read the output over the smallest scale and if the voltage

was too large the voltage was then read over subsequent scales until the correct scale

was found. Hence the speed of logging was fastest when the transducers were placed

close to their electrical zero and the instrumentation was only read over one interval.
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Local axial strain gauges were installed on most of the triaxial cells. They provided the

most accurate measurement of axial strain as they are not subject to the compliance of

the apparatus nor seating or bedding errors. The strains were measured over a gauge

length, i.e. the distance between the two mounts of the transducers, of 50 mm. The

mounts were glued to the samples, using Loctite super adhesive, instead of pinning, as it

is difficult to push pins into the natural samples as they can contain intact lithorelicts

(undecomposed remnants of the parent material) or stones. For the tests on the

reconstituted samples which often took several months, the risk of leakage due to

inadequate sealing of the holes was considered too high. Relative movement between

the membrane and the sample was in any case unlikely at these pressures (Kim et al.

1994). The two types of local axial transducers which were used were the I-Tall effect

transducers described by Clayton and Khatrush (1986) and the miniature LVDTs

described by Cuccovillo and Coop (1997). A schematic diagram of the Hall effect local

axial gauge is given in Figure 3.4.

The miniature LVDTs installed as part of this project were model D51200, manufactured

by RDP. The 10 mm linear range was considered small enough to give the accuracy

required whilst allowing the entire stress-strain curve to be defined. A schematic

diagram of the local gauge set-up is shown in Figure 3.5. The mounts were glued to the

sample 50 mm apart and the LVDT was slid into the top mount and fixed in the desired

position using the grub screw. In order to allow the armature to pass through the LVDT

at large strains, the threads on the non-sensitive end of the armature were removed by

machining. The armature rested on the bottom mount. The submersible cables to the

LVDTs were coiled with copper wire to allow them to be bent into the desired position,

when the transducer was positioned on the sample. The LVDTs were used with S7-AC

amplifiers to increase their resolution. The resolution was further increased at the

beginning of shearing by adjusting the zero potentiometer in the amplifier to the

electrical zero.

Miniature pore pressure transducers were used to determine the pore pressure at the

sample mid-height. As the external pore pressure transducer was connected

hydraulically to the back pressure during drained loading, it could not give any

indication of possible excess pore water pressures in the sample. Data from the first

couple of tests on reconstituted samples showed large volumetric strains at the end of

the isotropic loading stages, even though the loading rate of 1 kPalhour was about the

slowest rate that was practical with this apparatus. Mid-height pore pressure transducers
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were therefore installed as part of this project to ascertain if these volumetric strains

were the result of creep or equalisation of pore pressures in the sample. The pore

pressure transducers were PDCR8Is, manufactured by Druck, with a 700 kPa range.

The PDCR8 1 mid-height probe was used with a specially constructed latex membrane,

with a protruding nozzle, into which the transducer was installed with its face in contact

with the surface of the sample. A diagram of a mid-height pore pressure probe is shown

in Figure 3.6.

A diagram of the radial strain belt built for this work is shown in Figure 3.7. The radial

strain belt was used to control the reliability on the volumetric strain data and glued on

the sample at its mid-height. A weak beryllium copper spring held the belt against the

sample. Changes in the diameter of the sample were determined using a miniature

LVDT. The armature of the LVDT was cut and some of the non-sensitive section was

replaced with a coaxial spring to allow flexibility as the gauge opened and shut. The

LVDT used was similar to those used to measure the internal axial strain and an S7-AC

amplifier was again used to increase the resolution of the transducer. The amplifier was

again adjusted to the electrical zero at the start of shearing to increase the logging speed

and the resolution of the transducer.

The tests with the radial strain belt showed limited success. Figure 3.8 shows the

measured and calculated radial strain measurements. At larger strains there was a fairly

close agreement between the calculated and measured radial strains. However at the

very small strain levels (<0.3 %) the agreement was not good, as is shown in Figure

3.8. The poor agreement at the start of shearing was thought to result from friction

between the armature and the core of the LVDT causing a stick-slip behaviour.

Dynamic measurements of the very small strain stiffness were carried out using

piezoceramic bender elements of the type developed at the Norwegian Geotechnical

Institute and the University College of North Wales (Schulteiss, 1982). Bender

elements were incorporated in the top and bottom platens. They transmitted and

received shear wave pulses through a specimen, as shown in Figure 3.1. The system

used was described in detail by Jovicic (1997).

The time taken for the shear wave to propagate through the length of the sample was

measured using a digital oscilloscope. The shear wave velocity was then calculated

from the arrival time and the distance between the bender element tips as was suggested
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by Viggiani and Atkinson (1995b). The shear modulus was then calculated from the

shear wave velocity using Equation 3.1, given below:

Gm = p vs2	Equation 3.1

The arrival time was determined using both sine and square waves to check for

consistency, as was suggested by Jovicic et a!. (1996).

3.2.4 Sample Retrieval and Preparation

a) Natural samples

The natural samples were retrieved from the landslide using driven and rotary sampling

techniques. Two types of undisturbed samples were taken at the site, Osterberg and

Mazier. Disturbed samples were also taken for classification purposes.

It was necessary to try and minimise the soil disturbance caused by sampling, as this can

completely change the natural soil properties (Clayton et a!., 1995). One major cause of

disturbance can be the large volumetric and shear strains generated as a tube is pushed

or hammered into the soil. The distortions were therefore minimised using a thin walled

piston sampler.

The minimum disturbance that can occur is the loss of the deviatoric stress in the sample

with the mean normal effective stress in the soil maintained only by suction. In order to

allow these suctions to develop it is essential to maintain the in-situ water content of the

soil, minimising the swelling of the soil as the stresses are relieved and making sure

there is no free water in the sample before the ends are sealed. Swelling of the sample

can destructure a soil.

An Osterberg piston sampler was used to recover stiff clay samples from the site.

However in the stiffest materials at the landslide site, the Osterberg sampler did not give

a good recovery. Typically only short sample lengths were obtained as the sampler was

either prevented from being pushed further in to the ground by hard material or material

was lost as the tube was pulled out of the ground. The Osterberg sampler is a thin

walled, fixed piston tube sampler (Figure 3.9). The thin wall reduces the magnitude of

the straining in the sampled material. Hydraulic jacking was used as it causes less
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damage to the sample than would percussion, while a fixed piston was used to prevent

the sample heaving inside the tube, by maintaining the vertical stress during sampling.

The Mazier sampler was used in the stiffer clays where recovery with the Osterberg was

poor. The sampler had a good core recovery at the landslide site and was more robust

than the Osterberg tube sampler when encountering harder material. The Mazier

sampler has a triple-tube retractor barrel (Figure 3.10). It has a sprung extended inner

barrel to reduce the swelling effect of the drilling fluid. There are two conflicting

problems with this type of sampler. The inner barrel protrusion could cause disturbance

due to the high area ratio of the cuffing edge if it travels far ahead of the barrel.

However travelling ahead of the outer barrel reduces the problems of the sample

swelling due to absorption of the drilling fluid. Normally the inner barrel travels a small

way ahead of the outer barrel as a compromise between these two conflicting

requirements.

Preparation of the natural samples was carried out in a 95 % humidity controlled

environment. The soil was extracted from the Osterberg sample tubes using a hydraulic

ram, whilst the soil was extracted from the Mazier sample tubes by cuffing through the

plastic tubing with a high speed band saw. Using a standard procedure for trimming

clay samples from the undisturbed soil, it was attempted to trim 38, 50 and 60 mm

diameter samples in a manual soil lathe using a wire saw. However the saw was found

to catch the discontinuities in the structured soil, removing large wedges from the sides

of the specimen. This method was obviously unsuitable for this project and an

alternative procedure was therefore developed for this soil type. It was found that the

sample could be trimmed using a sharp knife to scrape the sides of the sample, but this

procedure was very slow and the time taken to reduce the diameter sufficiently,

particularly for the stiffer samples, allowed stress relief to open pre-existing

discontinuities in the soil sample. Hence parts of the sample would detach whilst

trimming or fractures would open whilst transferring the sample from the lathe to the

apparatus.

The trimming procedure which was the most successful for a 38 mm sample was to use

a high speed band saw to level the ends of the sample to a length of approximately

90 mm and to cut a rough outline of the sample to a diameter of approximately 50 mm.

The sample was then scraped with a sharpened knife to reduce the diameter to 38 mm in

the lathe. The band saw was then used again to cut the ends to the required length of
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76 mm. Finally any small holes in the sides of the trimmed samples were filled with the

remoulded cuttings. Six to eight water content measurements were made from the

trimmings.

b) Reconstituted Samples

Reconstituted samples were prepared from the natural sample trimmings without air or

oven drying. They were placed in a bowl with distilled water, covered and allowed to

swell for several days. The softened soil was then placed in a mechanical mixer with

any unmixed lumps broken down by sieving. The resulting slurry was de-aired in a

vacuum chamber and placed in a consolidometer at a water content of approximately

20 - 50% greater than the liquid limit and consolidated to a vertical stress of

approximately 50 kPa. The sample was finally extruded, trimmed to the correct length

in a cradle with a wire saw and transferred to the triaxial cell. The trimmings were used

for a water content determination.

c) Minced Samples

The effect of a more vigorous preparation method was investigated by testing a sample

that had been remoulded in an industrial food mincer. Using the results obtained from

the index testing the soil was fed through the mincer twelve times at approximately the

plastic limit to maximise the remoulding effect. The minced material was then prepared in

the same way as the reconstituted samples. Testing procedures for the minced samples

were similar to those for the reconstituted samples.

3.2.5 Test Procedures

The general test procedures for the natural and reconstituted samples are summarised

below. The general test procedures for the minced samples were the same as those used

for the reconstituted samples.

Tests on the natural samples were carried out to assess the strength and stiffness

parameters applicable to the soil in-situ. The natural samples were therefore sheared
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from an isotropic effective stress which was a best estimate of the in-situ stress level

determined from the depth of the sample in the ground and the piezometric level.

Typically the natural samples (N6A, N7A, N8A, N8B, N9A, N9B and NCA) were

saturated at an isotropic effective stress of 50 kPa less than the estimated in-situ stress

level. The suction cap was then connected and they were isotropically compressed to

the estimated in-situ stress level. The samples were then sheared to failure under

drained conditions. Samples N2B and N4B were however saturated at approximately

one quarter the estimated in-situ effective stress level. The suction cap was then

connected and the samples were isotropically compressed to approximately one half of

the estimated in-situ effective stress level, where a drained shearing probe was carried

out. The sample was then isotropically compressed to the in-situ effective stress level

where the sample was sheared undrained to failure.

Two natural samples were also tested in the high pressure apparatus. To install the

samples in the triaxial cell, slots for the bender elements were excavated and then back-

filled with remoulded soil to ensure a good contact with the bender element. The

samples were saturated at the estimated in-situ stress level. The suction cap was then

connected and the samples were isotropically compressed at a rate of 2 kPa!hour. The

rate of loading was increased at higher stresses to reduce the time of the test, reaching

up to 10 kPa/hour. Bender element readings were taken at regular intervals. A shear

probe was also carried out on sample H2C. Sample HDA was lost during isotropic

compression due to failure in the control of the axial loading system which caused the

sample to extend rapidly.

For each natural sample tested, a corresponding reconstituted sample was also tested.

The test procedure sought to determine the position of the normal compression line for

the reconstituted material and its critical state friction angle. Stiffness data were also

obtained by carrying out shear probes and bender element tests. During the test

programme it was determined that a clear critical state could only be achieved if the

sample was sheared undrained from a normally consolidated state. Strain localisation

tended to occur before the critical state was reached in samples sheared either undrained

from an overconsolidated state or drained from any state. When the critical state was

not obtained due to strain localisation, an additional test was carried out on the

reconstituted material, where possible. Samples R2B, R4B, R8A and RDA were

sheared drained to failure, whilst Samples R2C, R6A, R7B, R7C, R8B, R9A, R9B,

RCA, RDB, M7A, M7B and M9A were sheared undrained to failure.
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Typically, after installation in the triaxial apparatus, the reconstituted samples were

subjected to a one step consolidation to an effective stress of approximately 20 kPa.

The suction cap was then connected. The reconstituted samples followed different

stress paths consisting of isotropic compression and swelling stages which were often

interspersed with drained shear probes. Towards the end of the test programme, time

constraints dictated that there was a need for strength data rather than small strain

stiffness data. Therefore the axial loading system was not connected until much later in

the test to prevent any possible drift of the load cell causing the loss of results. A half

ball connection was then used where possible instead of the suction cap. Very small

strain stiffness data were still obtained from bender element readings for a number of

these tests. Samples (R2C, RDA, R7C, M9A and R9B) were compressed using a series

of one step consolidations rather than slow drained compression to reduce the duration

of these tests.

a) Set Up Procedure

The samples were set up as shown in Figure 3.11. Top drainage was not used as it can

greatly increase the likelihood of leakage in the drainage system. Radial filter paper

drains were therefore used to reduce the drainage path length. Moisture content samples

were taken as well as the sample's weight and initial dimensions to determine the

specific volume.

b) Saturation (Natural Samples)

The natural samples initially gave very low B values (uJic) (Skempton, 1954) when

subjected undrained to an increase in cell pressure, even for soil samples retrieved from

below the water table. It was consequently not possible to determine the in situ

effective stress, p' 0 from the soil suction. Therefore the samples were tested at the

estimated in situ stress level determined from the depth below ground level of the

sample and the piezometric level determined from the downhole piezometers. The

natural samples were saturated under a constant back pressure until a B-value of greater

than 0.95 was obtained. In order to obtain this value the drainage leads were flushed

daily with de-aired water. If the required B-value was still not obtained the back
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pressure and the cell pressure were increased concurrently keeping the effective stress

constant.

A suction cap connection was used to connect the sample to the load cell, which can

cause a certain amount of disturbance to the sample at the time of connection. The

effective stress level at which saturation was undertaken was governed by the

conflicting needs to reduce the influence of large swelling strains on the soil structure

(Clayton et al. 1995) and the need to allow sufficient compression of the sample before

shearing to eradicate this history of disturbance. It was attempted to use a halved ball

connection (see Figure 3.12) to eliminate the need to swell the sample in this way as this

connection could be made immediately before shearing. The halved ball connection,

however, gave poor axial strain readings due to tilting at the start of shearing and was

therefore considered inappropriate for tests in which measurements of the small strain

stiffness were to be made.

c) One Step Consolidation (Reconstituted)

The reconstituted samples gave good B values (0.96 - 1.00) when the cell pressure was

initially increased. Typically when the cell pressure was increased to 120 kPa the

effective stress for the reconstituted samples was only about 10 kPa. The decrease in

effective stress was a result of the disturbance caused when extruding the sample from

the consolidometer. A one step consolidation to an effective stress of about 20 kPa was

applied to the soil to assess the consolidation characteristics of the soil at this stress

level and to increase the effective stress prior to the connection of the suction cap.

Later in the test programme, when the axial loading system was not connected until

shortly before shearing, the normal compression line or swelling line was determined by

a series of one step consolidation and swelling stages. Within the same time span more

points on the normal compression line were obtained with a series of one step

consolidations than slow isotropic compression. As during isotropic compression, the

pore pressures were not equalised until the end of each test stage, the position of the

normal compression line was in any case only known at these points.
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d) Isotopic Compression and Swelling

The samples were all isotropically compressed, as the recent stress history of the soil

was not known and is likely to be very complex. The samples were also known to be

overconsolidated and so in the absence of better information, it was decided not to

follow one dimensional compression and swelling paths but to use isotropic loading

only. One dimensional consolidation was unlikely to be more appropriate as the intense

deformations due initially to tectonic activity and later landslide movements were

thought to have erased the previous one dimensional stress history and altered the

sedimentation structure. Loading rates of 1 kPa/hour and 2 kPa/hour were used for the

reconstituted and natural samples respectively. The volumetric strains were left to

stabilise at the end of each test stage. It was not possible to conclude from the strain

data whether the volumetric strains that were observed at the end of loading stages for

the reconstituted samples were caused by creep or by pore pressure equalisation due to

the very low permeability of the soil. However, mid-height pore pressure transducers

on tests R6A and R8A, confirmed that they were the result of pore pressure equalisation.

Loading rates of less than 1 kPa/hour were not feasible for these apparatus and therefore

a compromise was made between ideal loading rates and feasible loading rates, with rest

periods between the loading stages to allow equalisation of pore pressures. A plot of

volumetric strain against the logarithm of time at the end of each loading stage was used

to predict the final volumetric strain. As well as reducing the number of tests that could

be carried out, the increase in the time taken for each test increases the risk of losing a

test due to a compressor or battery back up failure.

e) Drained Shear Probes

This procedure involved shearing the sample drained to a small axial strain, typically

0.2 %, to assess its stiffness. The axial strain was less than that at which localisation of

strain occurs and the difference between the value of p' for the final shearing and the

probe was such that for the final shearing the sample had no memory of the previous

probe, as sufficient strain had occurred to erase this memory. More loading probes were

carried out on the reconstituted samples as there was no risk of destroying fabric due to

loading cycles or swelling. Shearing was carried out with constant cell and back

pressures.
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At the end of the compression stage the samples were allowed to stabilise until the

volumetric strains had become less than 0.01 %/hour and the axial strains were less than

0.005 %/hour so that they would be insignificant relative to the strains measured in the

first hour of shearing. The strains were then rezeroed and the LVDTS which were used

to measure the axial and volumetric strains were placed close to their electrical zero, to

maximise their resolution.

Typically strain controlled loading was carried out as a more consistent loading rate was

achieved. Data obtained from stress controlled loading often contained irregularities

due to the slow loading rates required for these low permeability soils. At a loading rate

of 1 kPa/hour the application of load was greatly influenced by the noise of the load

cell, typically 1 kPa and the minimum size of the stress increment that could be applied,

i.e. one step of the electromanostats or 0.4 kPa. The shape of the loading curves for the

reconstituted samples were those most affected by noise, as the noise for the load cell

readings was up to ± 0.5 kPa and the deviatoric stress at the end of the shear probe was

sometimes only 10 kPa.

Strain controlled loading was applied using the Bishop ram, placed between the air-

water interface and the loading ram, with a valve to disconnect this closed volume

system from the air-water interface (see Figure 3.1). A stepper motor with a gear box

on the Bishop ram was used to load the sample at a constant strain rate controlled by a

timed relay (clicker box). The disadvantage of strain controlled loading was that the

stress rate at the beginning of loading could be very large, even if a very high gear box

ratio and slow clicker box rate were used. Although the mid-height pore pressure

transducer showed an increase in pore pressure, typically 10% of the deviatoric stress,

during what was nominally a drained loading, the rate of about 0.01 %/hour were found

to be about the lowest practical limit of shearing rate.

Due to the difficulty of preparing the natural samples, shearing probes were carried out

on the first two natural samples in order to maximise the data obtained for each test.

These were undertaken at a stress level approximately one half of that used for the final

shearing stage. The disadvantage of these probes was that the stress levels at which

samples were saturated was approximately one quarter of those in-situ. This might

cause destructuration as a result of swelling induced in the sample,



f) Final Shearing

All of the natural and some of the reconstituted samples were sheared drained to failure.

Drained loading was carried out as this would resemble the drainage conditions in the

landslide. The initial procedure for the final shearing was the same as that used for the

shear probes. However instead of stopping the test at 0.2 % shear strain the sample was

sheared to approximately 20 % axial strain or the limit of the stroke of the axial ram.

After about 0.5 % axial strain, the strain rate was increased gradually from the initial

rate of approximately 0.01 %/hour to a maximum of about 0.12 %/hour.

Undrained shearing was carried out on most of the reconstituted samples as with the

drained loading strain localisation was found to occur prior to reaching a critical state.

A similar procedure to the drained shearing stages was followed for the undrained

shearing with the valve to the volume gauge closed. Typically undrained tests can be

sheared much faster than drained tests as the time taken for the pore pressures to

equalise is much less than that required for the sample to drain. However as the drained

tests were sheared at a rate faster than was desirable, the same initial rate of loading was

used for both the undrained tests and the drained tests. However although the initial rate

of loading was the same, the rate was increased more rapidly for the undrained samples

as the tests progressed.

g) End of Test Procedure

At the end of the each test, the sample was removed from the triaxial cell and the water

content determined. The initial value of specific volume was determined as an average

of four values calculated from: the moisture content of the trimmings; the initial mass of

the sample and the final dry weight of the sample; the final moisture content of the

sample; and the final dry weight and the initial sample dimensions. Out of the four

values of initial specific volume, any extreme values were discounted, as these were

thought to be due to poor initial saturation. An average value of specific gravity of 2.74

was used in these calculations. This was measured in specific gravity bottles for six of

the triaxial samples N2B, N4B, N6A, N7A, N8A and N9A, using the procedure

described by Head (1990). The results ranged from 2.73 to 2.75.
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A zero reading was taken of the stress transducers after refilling the cell with water.

Any drift that had occurred during the test was assumed to have taken place linearly

with time over the course of the test. The stress data were then corrected for this drift.

The load cells were very prone to drifting over these long duration tests and

approximately ten load cells had to be replaced over the course of this project.

3.3 Ring Shear Apparatus

3.3.1 Introduction

Ring shear tests were carried out to determine the residual strength of soil samples

retrieved during the site investigation. The residual strength is achieved when a sample

is sheared to very large displacements, as occurs during landsliding. This limiting

strength was measured in both the Bromhead (Bromhead 1980) and Bishop (Bishop et

al. 1971, Garga 1970) ring shear apparatus. The ring shear apparatus was the preferred

method of measuring the residual strength as it allows an annulus of soil with a constant

cross sectional area to be sheared continually to large displacements.

Although the Bromhead ring shear apparatus is generally regarded as being inferior to

the Bishop ring shear apparatus, it is widely used in industry as it is much cheaper and

easier to use. The Bromhead ring shear apparatus was used here, to obtain preliminary

data during the early stages of the project, while the Bishop ring shear apparatus was

being modified. The data from the Bromhead apparatus was also used as a check on the

data obtained from the Bishop apparatus. One of the main advantages of the Bishop

ring shear apparatus is that the sample is sheared at its mid-height, whilst the sample in

the Bromhead ring shear apparatus is sheared adjacent to a roughened platen. Other

advantages of the Bishop apparatus are that the diameter is sufficient to minimise stress

variations across the sample, friction in the apparatus is either minimised or measured,

and undisturbed as well as remoulded samples can be tested.

Tests were carried out primarily on material that had been reconstituted. However a test

was also carried out on a sample that had been prepared by mincing to assess the effect

of the structure on the behaviour of the material. Tests were not carried out on 'natural'

samples as there were no sufficiently large samples recovered and because saturation of

the material in the apparatus could not be assured.
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3.3.2 Equipment

a) Bishop Ring Shear Apparatus

The Bishop ring shear apparatus was described by Bishop et a!. (1971) and by Garga

(1970). A cross section of their apparatus is given in Figure 3.13. The main modification

to this system has been the instrumentation of this apparatus to allow automatic

datalogging. The original proving rings have been replaced by load cells and the dial

gauges by displacement transducers.

The Bishop ring shear apparatus uses a 6 in. OD, 4 in. ID and 0.75 in. high annular soil

sample, which is confined between sets of upper and lower confming rings. The sample is

sheared by rotating the lower confining rings which are fixed to a rotating table, about a

central axis, whilst the raised upper confining rings are restrained by the torque arm

reacting against two load cells. The upper confining rings are raised during shearing to

minimise the friction between the rings, whilst the friction between the confining rings and

the specimen was measured in the modified apparatus with a load cell. The normal load is

generated by applying dead weights to a load hanger at the end of a 10:1 lever ann. This

load is transmitted through the main shaft to the loading yoke which rests on the loading

platen.

The Bishop ring shear apparatus as described by Bishop et al. (1971) was a manual

apparatus that required seven dial gauges to be read at standard intervals. As the length of

each test stage was determined to be about five days for this project, due to the low

permeability of the soils involved, the apparatus was instrumented and a data acquisition

system added to allow efficient operation. Figure 3.14 shows a photo of the modified

system.

The instrumentation was data-logged with an IBM compatible computer which contained

an Alpha Super Interface Card, manufactured by CIL, to provide analogue to digital

conversion. The system was the same as that used by some of the triaxial systems. The

card provided 8 analogue input channels. Analogue to digital conversion was carried out

on a 16 bit basis, which resulted in a resolution of approximately 1 to 32 000 of full scale.

The interface card could only operate for one fixed gain which corresponded to full scale

input voltages of 10 V, 1 V and 100 mV. Autoranging was therefore carried out using the

software, which was written in Quickbasic, as described for the triaxial system in

Section 3.2.3.
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The proving rings used by Bishop et al. (1971) in the original apparatus were replaced

with RDP precision low profile compression-extension load cells, Model 41E. Details of

the instrumentation and their accuracies are given in Tables 3.4 and 3.5. As the resolution

of the load cells was only 10 N for the 10 kN load cell and 5 N for the 5 kN load cell, even

if read over the 100 mY range, RDP S7-DC amplifiers were used to increase the resolution

that could be obtained.

The two 10 kN load cells were mounted on the opposing rigid columns to measure the

torque generated. To allow the position of the load cells to be adjusted so that they were

perpendicular to the torque arm, the bars through the rigid columns (Figure 3.14) were

machined so that they could screw into the load cells. Their position could then be

adjusted by the tightening and loosening the bolts, screwed onto either end of these bars,

against the rigid colunm. The original vertically aligned wheels were machined to screw

into a rigid plate bolted onto the load cell, as annotated on Figure 3.14. The wheels acted

as an interface between the load cell and the torque arm and transmitted an axial load

whilst allowing the torque arm to move vertically as the sample dilated or consolidated.

A 5 kN RDP load cell was used to measure the vertical friction between the upper

confining rings and the sample. Again the original apparatus connections were machined

so that they could be screwed into the load cell on one side and a thick steel plate bolted to

the load cell on the other. The load cell was rezeroed before each test to take into account

the weight of the yoke.

The changes in the height of the specimen and the gap opening were measured in the

original apparatus with dial gauges. These were replaced with linear displacement

transducers, as these could be datalogged and although they were less accurate than the

LVDTs used in the triaxial apparatus they were considered to be sufficiently accurate.

The accuracy of these measurements was not thought to be critical as they did not affect

the residual strength calculated; the exact gap opening was not critical and the changes in

the height of the specimen were only used to indicate when consolidation was complete.

The change in specific volume of the sample could not be calculated from the change in

height of the sample as soil was lost through the gap during shearing. Four displacement

transducers measured the vertical displacement of the sample and the gap opening. They

were held on the dial gauge bridge by grub screws in reamed holes.
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b) Bromhead Ring Shear Apparatus

The Broinhead ring shear apparatus was designed by Bromhead (1976) and is

manufactured by Wykeham Farrance Ltd. A cross section is shown in Figure 3.15.

The Bromhead ring shear apparatus tests an annular soil sample, confined radially

between concentric rings. The sample is 5 mm thick and had an outer diameter of

100 mm and an internal diameter of 70 mm. The soil is loaded vertically through a

porous bronze loading platen, by means of dead weights on a 10:1 ratio lever loading

system.

The base platen is rotated using a variable speed motor and gear box driving a worm

drive. As the base plate rotates the top platen is restrained by the torque arm, acting

against a pair of sensitive proving rings, read by dial gauges. Shearing occurs adjacent

to the top platen, as the artificially roughened platen prevents shearing along the soil-

platen interface.

3.3.3 Sample Preparation

The procedure for preparing the reconstituted samples for the ring shear tests was

identical to that used to prepare samples for the reconstituted index tests. The soil was

similarly remoulded thoroughly prior to testing to remove any structure induced by the

one-dimensional compression.

The effect of a more vigorous preparation method was investigated by testing a sample

in the ring shear apparatus that had been vigorously remoulded in an industrial food

mincer. Using the results obtained from the index testing the soil was fed through the

mincer twelve times at approximately the plastic limit to maximise the remoulding effect.

The minced material was then prepared in the same way as the reconstituted samples.
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3.3.4 Testing Procedures

a) Bishop Ring Shear Apparatus

The testing procedure for the Bishop ring shear apparatus was documented by Bishop et

al. (1971) and Garga (1970). The material to be tested was reconstituted, consolidated

one-dimensionally and remoulded with a spatula before being moulded into the apparatus

confrning rings and levelled with the special tool. On top of the soil was placed the

aligned upper platen with a new porous stone, the torque arm, the spherical seating and

nut. The lever arm counterweight was then balanced, the nut tightened and the four guide

pins inserted. After the load cell was zeroed to balance the weight of the linking yoke, the

crosshead was mounted on the rigid columns and the eight fastening screws and two guide

pins were inserted. The dial gauge bridge, holding the displacement transducers was then

mounted and the zero readings taken.

Weights were then added to the lever arm, the water bath filled and the sample allowed to

consolidate. When the vertical displacement readings had stabilised, the locking screws

were removed and the upper confining rings were retracted. The sample was then sheared

at a rate of approximately 0.02 mmlmin until a peak was reached. At this stage the

confining rings were closed to restrict the soil loss between the gap. The soil loss could be

large, particularly at higher stress levels. The sample was sheared at a constant strain rate,

with the rings retracted at regular intervals for periods of several hours, depending on soil

loss, until a steady state was reached. The shearing was then stopped and the confining

rings closed. More weights were added to the hanger and the consolidation and shearing

was repeated at this higher stress level. Multi-stage tests were carried out to determine the

frictional resistance at different normal stress levels.

b) Bromhead Ring Shear Apparatus

The testing method adopted for the Bromhead ring shear apparatus was based on the

results of Stark and Vettel (1992). They emphasised that one of the problems with the

Bronihead ring shear apparatus was that as soil is extruded during shearing, the top and

base platen may come into contact creating frictional resistance. As it is not possible to

measure this friction in the Bromhead apparatus it was necessary to minimise the vertical

displacement and hence this error. Stark and Vettel recommended that the vertical

displacement is limited to less than 0.75 mm. However in practice this was not found to
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be possible for the soil tested as the quantity of soil extruded whilst shearing at the slowest

possible rate resulted in settlements exceeding this figure.

The soil was reconstituted, one-dimensionally consolidated and remoulded prior to testing

to break down the soil macro-structure and hence reduce the strain required to reach

residual in the ring shear apparatus. The soil was then moulded into the base platen. Dead

weights were added, zero readings were taken and the water bath was filled. After

consolidation, if the vertical settlement was too large (greater than 0.6 mm) the top platen

was removed and more soil was added to the mould before allowing a further period of

consolidation. The samples were then tested without pre-shearing. BS1377 recommends

that the top platen should be rotated through 1 to 5 complete revolutions before

commencing the test, but several millimetres of vertical displacement would then occur in

these soils, leaving the sample too thin to be tested. The samples were sheared at the

slowest rate achievable in the Bromhead ring shear apparatus (0.018 mm/mm or

0.024 deg/min). As well as reducing the amount of soil that was extruded between the

platens, the slow rate also ensured that pore pressures in these low permeability soils could

equalise. The permeability of these soils was in the range of 10b0 to 10.11 m/s. Multi-

stage testing was carried out by removing the top platen and adding more soil before

consolidation and shearing at a higher stress.

100



CHAPTER 4 LABORATORY TEST RESULTS

4.0 Introduction

The properties of the structurally complex clays from the landslide site were

investLgated using basic soIl tests, triaxial tests and ring shear tests. This work focuses

on the roles that micro- and macro-structure play in controlling the behaviour of these

materials by comparing the behaviour of corresponding undisturbed (natural),

reconstituted and minced samples.

The effect of the macro-structure could be assessed by comparing the behaviour of

undisturbed material with that of the corresponding reconstituted soil, as the process of

reconstitution erases the macro-structure of the natural soil. Reconstitution was shown,

by eye and by using a scanning electron microscope (S.E.M.), to produce a more

homogeneous fabric at the macro-scale consisting of small clastic particles in a clay

matrix (Section 5.1). The standard reconstitution process, described in Section 3.4, did

not. hoeer, completely break down the aggregates of clay size particles. Hence the

effect of micro-structure could be assessed by comparing the behaviour of a

reconstituted sample with that of a corresponding minced sample. The minced samples

v..erc formed by passing the natural material through an industrial food mincer, as was

discussed in Section 3.3.4, before reconstituting the material in the standard way.

The effect of the large distortions due to Iandsliding on the material properties was also

assessed by comparing the liquidity indices and water contents of disturbed samples

from both inside and outside the sliding mass and also by carrying out triaxial tests on

undisturbed samples from the underlying formation and the landslide debris. These test

data vere normahsed with respect to the behaviour of the corresponding reconstituted

samples to account for the different characteristics of the various materials at this very

heterogeneous landslide site.

4.1 Soil Description

The fonnation that comprises the landslide site is part of the Mouse Luennion basin as

was described in Chapters 1 and 2. The materials are comprised predominantly of

maristones,, mudstoncs, claystoncs and clays, with isolated patches of sandstones ond
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carbonate breccia. The greater proportion of the soils may be described loosely as

mudstones with varying degrees of carbonate content (varying from mudstones to

maristones) and diagenesis (varying from clays to shales) and with different types and

frequencies of discontinuities, which ranged from intact to fissured to scaly materials.

Figure 4.1 shows typical photographs of some of the different types of materials

encountered.

The clays and mudstones were considered to be types B2 and B3 using the Esu (1977)

classification illustrated in Figure 2.36, which is typical for a Sicilide unit. The material

within the landslide was found to resemble type C using this classification. The changes

to the formation material were thought to result from the remoulding due to landsliding

and from weathering as a result of the proximity of the materials to the surface. At a

scale equivalent to the sample sizes used in the laboratory, most of the soil could be

simply classified as type 6 and type y, as described by Guerriero et al. (1995) and shown

in Figure 2.38. The type 6 materials form large parts of the landslide body, while the

type •y materials form much of the argillaceous (clayey) component of the subsoil.

The influence of the more lapideous (rock-like) components on the behaviour of the

landslide is difficult to assess. It is difficult to draw the line between argillaceous and

lapideous material as there is a continuous gradation from stiff many clays to

marlstones. It is also practically impossible to determine the precise location of

different materials in 3-dimensional space when the 'strata' have such chaotic

arrangements.

The lapideous components were not considered in the site investigation as they were

extremely difficult to sample undisturbed, and in any case, the stability of the slope was

thought more likely to be controlled by the more argillaceous materials. This

assumption was corroborated by the shallow angle of the failing slope, which would

only be achieved if the shear surfaces lay predominately within the clayey soils. It was

also reasoned, that the stiffness of the composite material could be assessed by

considering the argillaceous component, as D'Elia (1991) showed that if the rock

component was assessed to be less than 20 %, it would have a negligible effect on the

overall stiffness, as discussed in Section 2.3.2. The rock component was roughly

estimated from the borehole logs to be about 15 % at this site.
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4.2 Basic Soil Tests

Basic soil tests were carried out on the more argillaceous components of the soil

formation and the landslide body to determine their index properties, water contents and

constituent minerals. Tests were used to determine the mineralogical composition, the

carbonate content, the organic content and the particle size distribution of these

materials. The locations of the boreholes from which the samples were retrieved are

shown on Figure 4.2.

The effect of the landslide disturbance on their material properties was also investigated

by comparing the soils from inside and outside the landslide body. Both these sets of

soils, from the landslide body and the underlying formation, have a complex loading

history as they have undergone large distortions as the result of the tectonic activity and

may also have been subjected to deep-seated slope movements in the past. However in

addition to these shear distortions, the samples from inside the landslide body were also

likely to have been remoulded in the shallow mudslide, whereas samples from the

underlying formation would not have been subjected to distortions of this type. The

landslide debris was therefore visually very different to the underlying formation as was

described in Section 4.1.

4.2.1 Index Properties

Atterberg limit tests for the purpose of classification were carried out using the standard

preparation method as described in Section 3.1, as the results obtained were thought to

be most representative of the natural material. The choice of preparation method, which

was shown in Section 2.2.1 to be particularly important for the structurally complex clay

formation, is discussed for these specific soils in Section 4.3.

The Atterberg limits have been plotted on a plasticity chart (Figure 4.3), where the A-

line drawn is an empirical boundary between inorganic clays and silts. The test results

lay predominantly just above the A-line, indicative of an inorganic clay. The samples

had a large range of plasticities from low to very high; the liquid limit varies from 25 to

84 %. This large range is typical of a structurally complex clay (A.G.I., 1985). As

discussed in Section 3.1, some of the index tests were carried out by Laing Technology
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Services, while others were conducted by the author. The liquid limits measured by

Laing generally tended to be slightly higher than the results from tests at City University

on adjacent samples. The differences, between the liquid limits measured by City

University and Laings on two adjacent samples, ranged between -7 and +24 %, as is

shown on Figure 4.4. The Atterberg limit tests were carried out by both Laing

Technology Services and City University without air or oven drying the samples and

according to the BS 1377 Part 2. Ideally with hindsight, the tests carried out at Laings

should have followed exactly the same method as carried out by the author. As there

was no consistent change in the Atterberg limits with operator, the differences must in

part be attributed to large variations in the material properties within a small distance

along the core. Where there were small variations in the values of Atterberg limits

obtained for different operators, this was not thought to be significant for the

classification of the materials in this extremely complex landslide body. All Atterberg

limit tests on the trimmings for all the triaxial samples were carried out by the author.

The Atterberg limits have been plotted, identifying samples from inside either the Serra

dell'Acquara (1980) landslide or the Acquara-Vadoncello (1993) landslides and also

samples from the underlying formation (Figure 4.3). The data show that the liquid

limits for samples from outside a landslide body were generally slightly larger. The

landslide that was analysed in detail for this research was the Acquara-Vadoncello

landslide, which was initiated in 1993, as was discussed in Section 1.2. It is a

subsidiary of the Serra deIl'Acquara landslide which was reactivated by the 1980

earthquake. As there is a convergence of the Acquara-Vadoncello (1993) landslide with

the larger Serra Dell'Acquara at its toe, samples retrieved at the toe of the Acquara-

Vadoncello landslide from below the sliding mass may contain material from the 1980

landslide body. The liquid limits measured ranged from 25 to 84% and 56 to 82% for

samples inside and outside a landslide body respectively. The low plasticity samples

were retrieved from below the current Acquara-Vadoncello landslide in the old 1980

Serra dell'Acquara landslide. The slightly lower plasticities of the samples from the

landslide body were thought to result from a mixing of some of the lapideous

components with the higher plasticity materials within the landslide debris. As the

plasticities of the lapideous component from soil outside the landslide would not have

been tested for the soil, this resulted in the slightly lower average plasticity.

In order to assess whether the sample descriptions from the borehole logs could be used

as an indication of sample type, the sample descriptions were detailed on a plasticity
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chart in Figure 4.5. There is no clear distinction between the Atterberg limits of the

materials described as marlstones, marly mudstones, many clays, clays and claystones

in the borehole logs. The material described as landslide debris does however typically

have lower plasticities than the other materials.

4.2.2 Soil Composition

Particle size distribution analyses were carried out on ten samples from the site. These

samples were believed to cover the range of argillaceous materials existing at the

landslide site. The particle size distribution analyses were carried out at Laing

Technology Services using wet sieving and pipette analyses. As with the index testing,

the clay fraction was also shown in Chapter 2 to be highly dependent on the preparation

method. In retrospect, it would have been ideal if the preparation method for the

particle size distribution had been the same as that used for the index testing. However

the tests were carried out commercially and a standard procedure was used which

disaggreagated the soil with a chemical dispersant. The results are summarised in

Figure 4.6. The soils tested were of predominantly clay sized particles with some silt.

The clay fractions ranged from 53 - 75 %. Again there is little correlation between soil

descriptions and the clay fraction. Samples described as 'clays' were expected to have a

larger clay fraction. Although slightly higher clay fractions were observed, the

differences were small.

The organic contents of ten samples from depths ranging from 7m bgl to 43 m bgl were

determined by Laing Technology Services according to BS 1377. The organic contents

varied from 0.4 to 1.3 % and averaged 1 %, which can be considered negligible. There

was no discernible difference between the organic contents of samples from inside and

outside the landslide body for the soils tested. The organic content could, however,

increase closer to the surface and locally within the landslide body.

The carbonate contents of eleven samples were determined by gas emission. The

carbonate content varied between 6 and 25.7 % and averaged 12.5 %. There was no

correlation between the carbonate contents obtained by gas omission and the description

"manly" or "manlstone" being applied to the soil. This could result, in part, from the

difficulty of classifying these soils from visual observation. The greater part of this

error is likely to arise from the existence of calcite as grains within these soils, as was
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shown from the S.E.M. (Section 5.1). Hence the carbonate content does not directly

relate to the material forming intergranular bonds which exist in a maristone.

The approximate proportions of minerals present in the soil samples tested are shown in

Figure 4.7. These were determined by x-ray diffraction of sample N8C (14 16.0 - 16.4

m bgl), carried out by Geomaterials Research Services Ltd. This analysis was on the

same sample as used for the S.E.M. work discussed in Section 5.1. X-ray diffraction is

the most commonly used method of identifying clay minerals (Mitchell, 1993). The

main constituents of the sample tested were chlorite, calcite and smectite, with smaller

amounts of muscovite and quartz (Figure 4.7). The mineralogical components of the

sample tested were comparable with those of other soils from the Molise-Lucania basin

given in the literature, as was shown in Figure 2.40.

4.2.3 Water Content, Liquidity Index and Bulk Density

The water content of the triaxial samples of natural soils varied from 17.1 to 23.8 %,

averaging 19.1 %. The water contents of the disturbed samples were not considered to

be as accurate as those of the undisturbed samples since the drilling procedure used a

water flush and the disturbed samples were only sealed in plastic bags and were not

waxed. The average water content of the disturbed samples was 17.3 %, ranging from

14 to 21 %. The lower average water content could suggest that the material had dried

but may also result from mineralogical differences in the disturbed material. Figure 4.8

shows the variation of water content with depth measured for the various boreholes.

There was no recognisable distribution of water content measurement with depth or with

location either inside or outside the landslide body.

In a homogeneous material, the water content will adequately reflect any softening of

the soil along the borehole profile. However the materials encountered at this landslide

were very variable. The liquidity index was therefore used, which relates the water

content of a sample relative to its plastic and liquid limits and is an indication of the

volumetric state. It can therefore give an idea of the degree of overconsolidation of the

soil. The liquidity index of the triaxial samples varied from -0.39 to -0.12, averaging

-0.25. The liquidity indices were negative as all the samples were drier than the plastic

limit, indicating that the soils were all heavily overconsolidated. Again there was no

106



correlation found between the liquidity index and depth or location inside or outside the

landslide body as is shown in Figure 4.9.

The macro-fabrics of the materials inside and outside the landslide were visually very

different. Remoulding of the material within the landslide body changed the scaly

fabric of the formation material (type y) to that of the type ö material, lithorelicts in a

clay matrix. However this remoulding did not noticeably affect the volumetric state of

the soil, as the liquidity indices were similar for samples from both inside and outside

the landslide body, contrary to the fmdings of previous work (e.g. Guerriero et al.,

1995). The existence of soil remoulding within the shear zone at the base of the sliding

mass would require a more detailed investigation of the water contents. Using a trial pit

dug into their landslide, laccarino et al. (1995) could only identif' a 10 cm thick shear

zone, as was discussed in Chapter 2. The scatter of the data for the heterogeneous

materials encountered at this site have obscured evidence of any volumetric changes as a

result of remoulding. The differences in the water content measurements of the

formation material along individual boreholes were greater than any changes between

the water contents of samples from inside and outside the landslide body. Differences

between the water contents of the clay matrix and the intact lithorelicts, as observed by

laccarino et al. (1995) and Hutchinson (1988), could also disguise evidence of softening

within the landslide body.

The bulk densities of the triaxial samples were determined from their weights and

sample dimensions. The bulk densities varied from 20.2 to 21.7 kN/m 3 . The degrees of

saturation were calculated from the water content, bulk density and specific volume and

varied from 92 to 100 %.

4.2.4 Activity

The activity of the clay is the ratio of the plasticity index to the clay fraction (1 1,/CF) and

is used to gives an indication of the influence of.the clay fraction on the soil properties.

The activity of the materials tested ranged from 0.6 to 1.0. This seemed fairly low

considering the 21 % smectite content identified by x-ray diffraction. One reason for

the low activity calculated was that some of the rotund particles were of clay size. As

the activity is determined from a clay size fraction and not a clay mineral fraction, these

rotund particles were included within the clay size fraction, but did not add to the
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plasticity. Inconsistent destructuration of the soil samples, used for the index tests,

could also be a possible explanation for the low activity as both the clay fraction and the

Atterberg limits are highly dependent on the preparation methods, as was discussed in

Section 2.3.2. The clay fraction measured was thought to be that of a disaggregated soil

as the chemical disaggregation, used for the particle size distribution test to disaggregate

the clay aggregates, was believed to be more successful than a mechanical

destructuration technique. Therefore the increase in plasticity index due to destructuring

by mincing, as was described in Section 3.3.4, resulted in an increase in activity. The

activity of the samples inside the landslide tended to be slightly lower than those outside

the landslide. There was found to be no correlation between the activity and the

material descriptions from the borehole logs.

4.3 Reconstitution and Mincing

The effects of structure on the behaviour of natural soils can be assessed by comparing

the behaviour of the natural soil with an appropriate reference material, usually the soil

in its reconstituted state, as was shown by Burland (1990). In these variable materials,

the behaviour of the reconstituted soil can also be used to normalise the behaviour of the

natural soils to account for differences in the material type.

The aim of reconstitution is to remould the natural soil to achieve a homogeneous soil

with a stable base fabric. In order to be a reference material for the natural soil, the

material, from which the reconstituted soil is prepared, should be as similar to the

natural material as is practically feasible. Hence the reconstituted sample is often made

from the trimmings of the natural sample, as was done here.

In the literature review it was shown that the Atterberg limits of a structurally complex

clay were highly dependent on preparation method. Aggregates of clay sized particles

can be broken down with increased mechanical energy, resulting in an increase in the

liquid limit. As a natural consequence of this, it might be expected tha the mechanical

behaviour of the reconstituted soil would also be dependent on the preparation method

used to create it.

108



The reconstitution process defined by Burland (1990) was discussed in Chapters 2 and

3. Burland proposed that the reconstituted sample should be made from the natural

sample, which is mixed with water to form a slurry, without air or oven drying the soil

prior to mixing. As discussed in Section 2.3.2, the preparation method needs to be

better defined for these soils. However the air drying and dry grinding approaches, used

by Guerriero et al. (1995) and Olivares (1996) to reconstitute soil, would not fit into the

definition proposed by Burland. The choice of an appropriate reference material is

crucial to the assessment of structure in these soils. At an early stage in this project, it

was decided that if a stable base fabric could be achieved without using large amounts

of mechanical energy to break down the particle aggregates, that this might give a more

appropriate base fabric for comparison with the natural material. The 'reconstituted'

soil was therefore defined here to be a soil that had been swelled to a water content of

approximately 1 to 1.5 times the liquid limit by immersion in water and then mixed to a

slurry, as discussed in Chapter 3.

4.3.1 The Effect of Preparation Method on the Atterberg Limits

The Atterberg limits for structurally complex soils were shown by Rippa and Picarelli

(1977) to be highly dependent on preparation method. The problem with determining

the index properties was caused by the difficulty of destructuring the material. It was

thought that bonding of the clay particles formed aggregations of particles which were

difficult to break.

Tests were carried out to investigate the effect of preparation method and hence degree

of destructuration on the Atterberg Limits. The preparation methods investigated

included: the standard method of reconstituting the soil; using ultrasound to treat the

soil; and mechanically mincing the soil. These methods are described in detail in

Chapter 3. Ultrasounding and mincing were used to try and further disaggregate the soil

particles using a more violent destructuration technique. The degree of destructuration

was further investigated by varying the water content at which the samples were minced

and the number of times that the soil was passed through the mincer. As the standard

preparation methods for the Atterberg limit tests (standard) and the triaxial tests

(reconstituted) were slightly different, the Atterberg limits of the soil, which had been

prepared by reconstitution, were compared with those of a sample which had been

prepared for the Atterberg limit tests in the standard way. For the standard preparation
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method used for the Atterberg limit tests, the soil was mixed at a water content of

approximately 5% less than the liquid limit, whereas when the soil was reconstituted,

the soil was swelled to 1.2 to 1.5 times the liquid limit before mixing and one-

dimensionally consolidating. A slight increase of 3 to 7 % in the water content at the

liquid limit was measured for the sample prepared by reconstitution. This was

attributed to a greater number of aggregates being broken down using the reconstitution

technique than the standard preparation technique. It was also suggested by colleagues

at Ban, who had tested similar materials, that ultrasounding could destructure the

material without using a large amount of mechanical energy. However, this was not

found to have a noticeable effect.

The liquid limit was shown to increase with the number of passes of the soil through a

mincer, rising up to a maximum at about 12 passes (Figure 4.10). The increase in liquid

limit due to mincing varied from 7 to 21%. The water content, at which the samples

were minced, was also seen to have an effect on the way the mincer performed. If the

soil was too dry, the soil would pass through the mincer like sugar, whereas if the

material was too wet, the material would flow though the mixer like a slurry. Figure

4.11 shows the change in the liquid limit of samples minced ten to twelve times plotted

against the water content in excess of the plastic limit. There is a tendency for the

increase in the liquid limit to be greatest when the samples were minced at a water

content just below the plastic limit. The scatter in the data was attributed to the

difficulty of keeping the moisture content constant during mincing. The standard

vigorously remoulded or "minced" soil was therefore defined as a material that had

passed twelve times through the industrial food mincer at a moisture content of

approximately the plastic limit.

Figure 4.12 shows a plasticity chart for undisturbed samples N7A and N9A which were

from boreholes P2 (7.5 - 7.8 m bgl) and P4 (22.2-22.6 m bgl) respectively. N7A was

retrieved from a position inside the landslide body, whereas N9A was retrieved from the

undisturbed formation at the scarp. Both these samples show an increase in the values

of the liquid limit obtained from the samples prepared using the reconstituted method

and those prepared by mincing, by comparison with those prepared by the standard

method. Therefore the liquid limit is highly dependent on the degree of destructuring of

the particle aggregates. There was however no consistent change to the plastic limit

when the sample was minced. This therefore shows that the more aggressive

breakdown of particles affects the liquid limit but not the plastic limit. This does not
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agree with the results of Rippa and Picarelli (1977) who noted a similar increase in

liquid limit for destructured clays but also noted an increase in the plastic limit. Figure

4.12 shows that as a result of reconstitution or mincing, the samples increase in

plasticity and move away from the A-line.

Samples N7A and N9A showed similar increases in the liquid limits with mincing of

17 % and 15 % respectively. As one was from inside and one was from outside the

landslide body, it can therefore be concluded that the effect of remoulding due to

landsliding was not sufficient to change the micro-structure of these materials, in

contrast to the macro-structure which visual inspection showed to be changed

significantly, as discussed in Section 5.2.1. Because the micro-structure of the material

was not broken down as the result of remoulding within the landslide body, the base

fabric of this 'remoulded' material was therefore concluded to be relatively stable.

Hence the 'reconstituted' material, prepared by swelling the material by immersion in

water to a water content of 1.2 to 1.5 times the liquid limit, before mixing to form a

slurry, fulfilled the criterion defined here for an appropriate reference material. The

reconstituted material has therefore been shown to have a relatively stable base fabric; to

be homogeneous at a macro-scale; to have a base fabric as close to that of the natural as

is possible; and to be reproducible. The 'reconstituted' and not the 'minced' soil will

therefore be used as the reference material for normalisation of triaxial test data. The

effect of the micro-structure was investigated further by comparing the behaviour of the

'minced' and 'reconstituted' materials in the triaxial and ring shear apparatus.

4.4 Compression Behaviour

The behaviour of the natural, reconstituted and minced samples was investigated in the

triaxial apparatus under isotropic compression. The equipment and test procedures were

described in Chapter 3. One of the aims of the testing programme was to compare the

normal compression lines for corresponding natural, minced and reconstituted samples

in order to assess the effect of the macro- and micro-structures on the compressive

behaviour. It was thought that the effect of the macro-fabric on the compression

behaviour could be assessed by a comparison of the reconstituted and natural materials

as these materials have similar micro-fabrics, whilst the effect of the micro-fabric could

be assessed by comparing the behaviours of the reconstituted and minced soils. The
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reconstituted and minced samples had similar macro-fabrics but very different micro-

fabrics. Unfortunately, it was not possible to determine the normal compression line for

any natural samples due to equipment failures in the high pressure apparatus.

The normal compression lines for all the different reconstituted samples were

determined for use as the reference behaviour, to allow normalisation of the test data for

the natural samples. The decision to use the reconstituted material as a reference

material as opposed to the minced was discussed in the previous section. The

reconstituted soil was shown to be homogeneous, to have a stable base fabric, to be

reproducible and to have a base fabric as close to that of the natural as was possible.

The gradients of the normal compression lines for the reconstituted and minced samples

were also compared with data from the literature both for other 'standard' clays and for

structurally complex clays, in order to assess whether they exhibit any unusual

behaviour.

The triaxial samples have been labelled by grouping together the soil extracted from the

same tube sample and by identif'ing the type of preparation method and whether it is a

high pressure test or not. Therefore sample H2C refers to specimen C, from tube 2,

which is a high pressure test on the natural soil; sample M7A refers to specimen A,

from tube 7, which is a test on the minced soil in the standard pressure apparatus;

sample R7A refers to specimen A, from tube 7, which is a test on the reconstituted soil

in the standard pressure apparatus; and sample N7A refers to specimen A, from tube 7,

which is a test on the natural soil in the standard pressure apparatus. A summary of the

triaxial test results is given in Table 4.1, which also identifies the boreholes and depths

from which the samples were retrieved. The position of the samples is also identified

on the cross-section in Figure 4.2.

4.4.1 Reconstituted Samples

The compression data for a reconstituted sample, R8A, are shown in Figure 4.13. The

specific volumes are plotted against the mean effective stresses using the standard v-lnp'

plot. The mean effective stresses have been calculated using both the pore pressures at

the base of the sample and the pore pressures at mid-height. The pore pressures were

measured at the sample mid-height as it was not possible to tell whether the large and

prolonged volumetric strains at the end of loading in earlier tests, which often continued
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for periods in excess of 2 weeks, had been a result of creep or pore pressure

equalisation. The loading rate of 1 kPa!hour was about the slowest rate that was

practical with this apparatus. Therefore the continuous loading was stopped at the end

of each loading stage to allow stabilisation of the volumetric strains.

Figure 4.14 shows the pore pressures at the base and the mid-height of the sample and

the volumetric strains at the end of a one step consolidation for sample R8A from a

mean effective stress of 10 kPa to a mean effective stress of 20 kPa. This graph shows

that the pore pressures at the mid-height of the sample were much larger than those at

the base of the sample, the latter simply being equal to the back pressure used.

Volumetric strains therefore occurred as the result of pore pressure equalisation. There

was occasionally some additional volumetric strain after the base and mid-height pore

pressures had equalised. This was attributed to an excess pore pressure in the middle of

the sample that was not picked up by the mid-height probe mounted on the sample

perimeter. The volumetric strains at the end of each loading stage can therefore be -

attributed to the equalisation of excess pore pressures and were not primarily the result

of creep. The pore pressures measured at mid-height appear therefore to be a better

approximation of the average excess pore pressures in the sample, rather than the

maximum value.

In order to determine the correct position of the normal compression line, where no mid-

height pore pressure measurements were available, the volumetric strains at the end of

consolidation stage were assessed from a graph of volumetric strain against the

logarithm of time. Where slow compression was used, i.e. the cell pressure was

increased at a rate of 1 klPa!hour whilst holding the back pressure constant, the

volumetric strains after the end of loading were plotted against the elapsed time since

the end of loading.

The time required to allow equalisation of pore pressures was found to increase with

stress level. This was attributed to the decrease in permeability with the specific volume

and the reduction in the efficiency of the filter paper drains with the duration of the test.

Table 4.1 shows values of N and ?, the gradients and the intercepts of the normal

compression lines, determined for each of the reconstituted samples on a v-lnp' graph.

Butterfield (1979) recommended plotting compression data in lnv-lnp' space as this

gives a straight line over a greater range of stresses. The data have however been

plotted here in v-lnp' space for simplicity, as it can be seen that reasonable straight lines
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are obtained over the stress range considered. The normal compression lines do

however need to be extrapolated to allow normalisation of the data for the natural

samples. This is where discrepancies will arise between straight lines on v-lnp' and mv-

lnp' plots. As there is no compression data for the reconstituted samples at these higher

stresses, any extrapolation will produce some uncertainty and hence v-lnp' is used

consistently in the absence of any better information.

The isotropic normal compression lines for the reconstituted samples are summarised in

Figure 4.15. There is a wide range of gradients (X) and intercepts (N) for the normal

compression lines. The gradients vary from 0.146 to 0.333 and the specific volumes of

the samples at 100 kPa on the isotropic normal compression line range from

approximately 1.9 to 2.6. The wide scatter is indicative of the variability of the soils at

the site and stresses the need, when normalising data, to compare the soil behaviour to

that of an appropriate reference material and not just use one reconstituted soil for the

whole site as, for example, Guerriero et a!. (1995) had done.

Figure 4.16 shows a graph of the gradients of the normal compression lines for the

reconstituted samples plotted against the plasticity index, I i,. By determining the

equivalent strengths of samples at the liquid and plastic limits, a correlation was

determined between compressibility and plasticity by Muir-Wood (1990). Muir-Wood

noted that the undrained shear strengths at the liquid limit (CU)LL and the plastic limit

(CU)pL were approximately 2 and 200 kPa respectively. It therefore followed that the

plasticity index could be related to the compressibility index using the following

equation:

The scatter in the data partly arises from the assumption that the undrained strengths at

the liquid and plastic limits are the same for all soils. As the Atterberg limit tests are

essentially empirical, they do not relate directly to fundamental soil parameters due to

the complexity of the failure mechanisms involved. Mitchell showed the scatter of

undrained strengths at the liquid limit to be approximately 2 kPa and the scatter at the

plastic limit was estimated to be 200 kPa i.e. ± 100 kPa about a mean of 200 kPa. The
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data points plotted lie predominantly above the correlation line predicted by Muir-

Wood. They do not however lie outside the scatter he reported for this correlation.

Only the two samples both from the landslide debris of the Acquara-Vadoncello slide,

fall below this line.

Burland (1990) correlated the coefficients of one-dimensional compression for

reconstituted samples (C*) with the void ratio at the liquid limit (e L) using Equation

4.2:

= O.256e L —0.04
	

Equation 4.2

The isotropic and one-dimensional compression lines are generally parallel with a ratio

?/C equal to 2.303. Although the soil lay within the specifications recommended by

Burland, i.e. the Atterberg limits plotted above the A-line, had a liquid limit of between

25 and 160 % and a carbonate content of less than 25 %, the data points for the

compression indices for the Senerchia samples generally plot above Burland's

empirically derived line (Figure 4.17). This is perhaps a result of differences in the

mineralogy of these soils to those considered by Burland. As discussed in Section 2.2.2,

Burland's correlation is thought only to apply if the index data plot within the narrow

band on Cassagrande's A-line chart determined for the soils from which the empirical

correlations were derived.

The data from the literature for other similar soils from the area studied did however

agree better with the Burland correlation. There could be several explanations for this

disagreement, for example differences between the natures of the soil from the literature

and the soil from this study and perhaps the use of different methods of reconstitution.

The data from the literature were typically for samples created by air-drying and

mechanical grinding (not mincing) and tended to have lower plasticities.

4.4.2 Minced Samples

In a similar fashion to the behaviour of the reconstituted samples, isotropic compression

of the minced samples also resulted in large and prolonged volumetric strains at the end

of each isotropic compression stage. This was again attributed to pore pressure

equalisation at the end of the loading stage. The time, for pore pressure to equalise at
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the same stress level with a similar stress history, was found to be greater for the minced

samples, which suggested that the minced samples were less permeable than the

reconstituted. This reduction in permeability was attributed to the different micro-

structures as the mincing process was thought to break down the soil micro-structure.

The silt sized aggregates of clay particles in the reconstituted samples were thought to

give rise to a more permeable fabric than the disaggregated clay particles in the minced

sample. Jaccarino et al. (1995) showed also that the permeability of the natural

materials was much higher than those of reconstituted samples, which was attributed to

their different macro-structures. The macro-structure of the reconstituted materials

consisted of a clay matrix surrounding small discrete particles, whereas the macro-

structure of the natural soil was dominated by their scaly nature. The increased

permeability of the natural soil was attributed to its many fissures. These results imply

that both the macro- and micro-structure affect the permeability of these materials.

Figures 4.18 and 4.19 show the normal compression lines for both the minced and

reconstituted samples from sample tubes 7 and 9. The normal compression lines for the

minced samples lie outside those for the corresponding reconstituted samples

throughout the stress ranges considered. The minced samples existed at much higher

specific volumes at lower end of these stress ranges and their behaviour under isotropic

compression converged as the stresses increased, towards that of the reconstituted

samples. It is not clear from the tests carried out whether the compression lines of the

minced samples would eventually join with those of the reconstituted samples. The

ability of the minced material to exist at states outside the normal compression line of

the reconstituted soil is in agreement with the increase in Atterberg limits, discussed in

Section 4.3.1.

The gradients and intercepts of the normal compression lines of the minced samples are

shown in Table 4.1 and are larger than those for the corresponding reconstituted

samples. Figure 4.16 shows the gradients of the normal compression lines plotted

against the plasticity indices for corresponding reconstituted and minced samples. The

increases in the parameters defining the normal compression line (A. and N) did not,

however, correspond exactly to the increases in the plasticity indices, although the new

data points for the minced samples still lie within the scatter observed by Muir-Wood.

One of the features that is usually attributed to structure is that it can allow soil to exist

at states outside the intrinsic state boundary surface. Here instead, the effect of breaking
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down the aggregated micro-structure of the reconstituted sample causes the location of

the state boundary surface of the minced material to move to higher volumes. A similar

negative effect of structure on the compression behaviour was observed in Section 2.3.2,

where the breaking down of the structure of natural samples was also shown to increase

the apparent size of the state boundary surface.

4.4.3 Natural Samples

The compression behaviour of natural and reconstituted samples of structurally complex

clays was discussed in Chapter 2. Figure 2.48 showed that for the data obtained from

the literature on structurally complex clays, natural samples when compressed did not

always reach the intrinsic compression line within the stress ranges applied and instead,

formed compression lines parallel to, but below, the intrinsic compression line. It was

initially thought that the lowering of the position of the normal compression line for the

natural soil was the result of their different macro-fabrics. However the S.E.M. analyses

showed that some of the clay aggregates were broken down as a result of the

reconstitution process and hence this negative effect of structure might also be a result

of the micro-fabric. The reconstituted material described in the literature by Guerriero

et al. (1995) was reconstituted by dry grinding, before mixing to a slurry. As the

plasticity index of their typical reconstituted material was less than that of their typical

natural sample, the material they called reconstituted was thought to be more similar to

the material described as reconstituted in this thesis than the material labelled minced.

The apparent reduction in the plasticity index from the natural to the reconstituted soils

was attributed to differences in the natures of the materials tested.

The behaviours of two natural samples, H2C and HDA, were investigated in isotropic

compression in the high pressure triaxial apparatus. Sample H2C was loaded to a mean

effective stress of about 3.5 MPa (Figure 4.20). Unfortunately, the test on sample HDA

had to be aborted at a mean effective stress of 0.9 MPa, as the sample was destroyed,

due to the failure of the control system. As no yield point was observed in either case, it

was clear that the normal compression lines for these natural samples was not reached

for either soil. The lack of any further suitable samples prevented any more high

pressure tests from being carried out. Further work is required to determine the

positions of the natural normal compression lines for these materials.
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4.5 Swelling and Recompression Behaviour

Schmertmann (1969) showed that the ratio of the slopes of the one-dimensional

swelling lines for reconstituted and natural samples, Cs*/Cs can be a sensitive indicator

of the influence of fabric and interparticle bonding in the natural soils. It should

therefore follow that the ratio of the gradients of the swelling lines (K*/K) for two

corresponding materials with different structures (natural:reconstituted or

reconstituted:minced) would also give a comparison of the influence of the fabric and

interparticle bonding in these materials. This comparison is qualitative rather than

quantitative.

As the swelling lines are noticeably curved, Schmertmann suggested considering the

gradients at similar overconsolidation ratios. An alternative could be to consider the

swelling lines in lnv-lnp' space when they become approximately straight, as can be

seen in Figures 4.19 and 4.20. This method was used due to the limited amount of data

available. Figure 4.19 shows the gradients of the swelling lines for the reconstituted and

minced samples R9A and M9A. Values of (lnv-lnp' axes) of 0.037 and 0.040

were obtained for the reconstituted and minced samples respectively. The ratio of K*Inv..

Inp' / Kini' was close to unity for samples R9B and M9B which therefore indicates that

the swelling behaviour of these samples was not affected by the micro-structure.

Figure 4.20 shows the swelling and recompression data for samples H2C and R2C. As

there were no swelling data for the natural samples, the gradients of the recompression

lines for the natural and reconstituted samples were compared. Using a lnv-lnp' scale,

values of Kinvinp' of 0.02 1 and 0.031 were obtained for the natural and reconstituted

samples respectively. The gradient of the recompression line for the reconstituted

sample was however subject to some uncertainty due to the limited data available. The

difference between the recompression line gradients was small for samples H2C and

R2C and suggested that the recompression behaviour and so probably also the swelling

behaviour of these samples was not greatly affected by the macro-structure.
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4.6 Shear Behaviour

The shear behaviours of the natural, reconstituted and minced samples were investigated

in the triaxial apparatus, using the preparation methods and testing procedures described

in Chapter 3. An explanation of the nomenclature of the sample labels was given in

Section 4.3. The details of the different tests are also summarised in Table 4.1.

The reconstituted samples were used as a reference material to normalise the

corresponding behaviour of the natural and minced samples to account both for their

volumetric and stress states and also for their different material properties. The

behaviour of the reconstituted samples was also assessed independently to determine

whether it exhibited any unusual features.

The effect of the micro-structure of the samples was assessed by comparing pairs of

minced and reconstituted samples, whilst the effect of the macro-structure on the soil -

behaviour was investigated by comparing the behaviour of natural samples with that of

their corresponding reconstituted samples.

Two sets of corresponding minced and reconstituted samples were tested. One set of

samples was from sample tube 7 (M7A, M7B, R7B and R7C), which was soil from the

landslide body, whilst the other set, which was from sample tube 9 (R9A, R9B and

M9C), was from material located outside the landslide body.

The natural samples were sheared drained from an isotropic stress state estimated to be

equivalent to the in-situ stress level as this was thought most likely to give stiffness and

strength data which would be representative of the landslide behaviour. Normalisation

of the data was essential to allow comparison of samples with different material

properties and at different stress states and specific volumes.

4.6.1 Reconstituted Samples

The reconstituted samples were made from the trimmings of the corresponding natural

samples. Each of the samples was compressed or swelled to an isotropic state prior to

the start of loading. As samples, which were sheared either drained or undrained from
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overconsolidated states, were not thought to reach their true critical states due to strain

localisation (Atkinson and Richardson, 1987), it was decided that one sample from each

group should be sheared undrained from a normally consolidated state to accurately

determine the position of the critical state line. Complete details of all the tests are

given in a separate data report (Fearon, 1998) and are summarised in Table 4.1. This

section reviews the results from typical drained and undrained tests.

The results of the final shearing for the drained tests are presented as graphs of the

deviatoric stress (q') and volumetric strain () each plotted against the shear strain (cs).

In order to calculate the deviatoric stress from the load measured, the cross sectional

area of the sample was assumed to remain as a right cylinder. The changes in the

dimensions of this cylinder were calculated from the volumetric and axial strain

measurements. Whilst the cross-sectional area at the mid-height was noticeably larger

than the average as a result of barrelling, the most appropriate cross-section for

calculation of the deviatoric stress is the projection of the slip surface onto a horizontal

plane. This projected cross-section is much closer to the average calculated using the

right cylinder correction.

Corrections have not generally been made to the data for either the restraint of the

membrane or for the changing sample area as a result of the slip plane formation. This

was because the geometry of the slip planes in the natural samples was generally too

complex to allow a meaningful correction to be made. The typical corrections that

would be applied to the shear data as a result of membrane restraint and the change in

sample area were thought to be around 2-3% of the maximum stress ratio for the

reconstituted and minced samples and as much as 10% for some of the natural samples

when very well defined slip surfaces were seen. The constraining effect of the

membrane was less for the reconstituted samples as thinner membranes (0.3 mm) were

used. Thicker membranes (0.6 mm) were used for the natural samples to reduce the

likelihood of a lithorelict puncturing the membrane. The constraining effect of the

membrane on the shear data of the natural sample (N9A) is discussed in Section 4.6.3.

These corrections only affect the large strain behaviour.

The strains calculated were linear strains (displacements/initial dimensions) rather than

the more theoretically correct natural strains (displacements/current dimensions). The

difference. between these two values of strain is negligible at smaller strains and only

becomes noticeable at larger displacements. However, at these larger displacements, the
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magnitudes of the strains calculated were less critical, particularly where strain

localisation had occurred, because the calculations of strain assume the sample to be a

continuous, uniformly displacing element. The accuracy of the strain data at the large

axial strains is also not so important since the stresses and volumetric strains are

typically constant, a critical state having been reached.

The shear strain (;) was calculated from the axial and radial strains using Equation 4.3:

=	 -	 Equation 4.3

where 5r was calculated from the axial and volumetric strains assuming the sample

remained a right cylinder, using Equation 4.4:

6 r = [ i - 
(1- ea)j

	 Equation 4.4

The reconstituted sample R2B was normally consolidated and sheared under drained

conditions from an initial p' of 300 kPa (Figure 4.21), giving a value of M, or q'/p' at

the critical state, of 0.48. The sample was ductile and compressive as would be

expected for a normally consolidated clay. Strain localisation occurred during shearing

and slickensides were seen on the failed surface after the end of the test. As it was felt

that the strain localisation may have caused the sample to fail before critical state was

achieved, a plot of the stress ratio q'/p' against the rate of dilation (oc/os) 01 (Figure

4.22) was extrapolated to give a corrected M value of 0.54. The ratio of the total strain

increments ö,/ö; was determined by a least squares linear regression of the relevant

volumetric and shear strain data. Typically a total of 41 pairs of data points (out of a

total of 1000 lines of data) were used for each regression point plotted on Figure 4.22.

This large number of points was used for the regression as the data were fairly scattered

as a result of the slow strain rates used.

It is not straightforward to separate the elastic and plastic components of the total strain

increments, but the contribution of the elastic strains during drained loading should be

negligible close to the critical state. The discrepancy caused by using total rather than.

plastic shear strains was assessed by comparing the total and estimated plastic strain

increments for Sample R2B (Figure 4.22). The elastic shear strains were calculated
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from the very small strain stiffness Gm determined using Equation 4.5 from the bender

element tests on sample R2C, which was another test on the same reconstituted soil.

The elastic volumetric strain increments were approximated by fitting a power law to

the isotropic swelling data for sample R2C. The elastic volumetric strains were then

calculated using Equation 4.6:
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Equation 4.6

where p0' is the mean effective stress at the beginning of the shear stage and Kiip' is

the gradient of the isotropic swelling line using a lnv-lnp' plot. Ideally a Km value

should have been used to ascertain the elastic component of the volumetric strains but

this was not obtainable from the triaxial test data as the unloading path could not be

accurately defined due to the very low permeability of these materials. The extremely

slow rate of unloading that would be required to allow complete pore pressure

equalisation for such low permeability soils was not possible in this apparatus. The

elastic volumetric strains calculated are likely to be slightly too large.

The ratio of the strain increments was hence determined by a least squares

regression of the plastic volumetric and shear strain data, and is also plotted on Figure

4.22. This figure shows that although the use of the plastic components of the strain

increments would be desirable when considering stress-dilatancy, the ratio of either the

plastic or total strain increments can be used adequately to extrapolate to determine the

correct stress ratio at the critical state, M.

Figure 4.23 shows a plot of the deviatoric stress and change in pore pressure during the

final shearing for the reconstituted sample R2C. The sample was sheared undrained

from a normally consolidated state, after being isotropically compressed to 500 kPa.

The sample, when sheared undrained, was contractant and ductile as would be expected.

Figure 4.24 shows a plot for Sample R2C of the stress-ratio plotted against the rate of

change in the plastic component of the pore pressure with plastic shear strain
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(&ilöc)plastic. The plastic component of the change in pore pressure 6u,1, was calculated

using Equation 4.7:

T-
	 Equation 4.7

where ouT is the total change in pore pressure from the start of the test. As was the case

for the drained test R2B, the sample appears to have failed prior to reaching its correct

M. Extrapolating the line gives a corrected M value of 0.53, which is

similar to that obtained for the drained sample.

Samples R2C and R2B reach similar stress ratios, but a plot of the mean normal

effective stress versus specific volume (Figure 4.25) shows that the drained test R2B did

not compress sufficiently to reach the critical state line. This is believed to result from

incomplete dissipation of pore pressures due to the very low permeability of these soils,

so that volumetric strains prior to strain localisation were smaller than they should have

been. As a result of the very low permeability of these materials, the average length of

the final shearing stage was in the order of 10-12 days, which was thought to be about

the slowest rate that was practical. In spite of the slow shearing rate used, it appears that

the samples were still sheared too quickly. Strain localisation prevents samples

reaching the critical state, as when localisation occurs, further pore pressure changes or

volumetric strains are curtailed. This effect was worse for the drained sample than for

the undrained sample, as strain localisation is thought to occur at smaller strains in the

drained sample. Strain localisation occurs as the result of local drainage, which occurs

more readily in the drained sample as it is sheared slower and there is a greater

movement of water within the sample.

Tigure 4.26 shows a comparison of the stress-dilatancy relationships for the undrained

and drained tests R2C and R2B. The plastic shear and volumetric strains were

calculated for both the drained and undrained tests using Equations 4.5 and 4.6

respectively. For the undrained test, as the total volumetric strains are equal to zero, the

plastic and elastic components of the volumetric strains must be equal and opposite.

The elastic volumetric strains and hence the plastic volumetric strains are therefore

calculated from the change in mean normal effective stress using Equation 4.6.

Different stress-dilatancy relationships for undrained and drained tests were reported by

Cotecchia (1996) for Pappadai clay. The difference may result either from the fact that
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there was incomplete dissipation of pore pressures during the drained test or from the

assumptions made when calculating the plastic strain increments.

a) Correlations with Soil Plasticity

The critical state friction angles for undrained tests on normally consolidated

reconstituted samples have been plotted against plasticity index in Figure 4.27. These

data have been corrected for any strain localisation that may have occurred using the

stress dilatancy plots discussed in the previous section. Their values are given in Table

4.1. An empirical correlation for the friction angle (4)') for normally consolidated soils

with I, was proposed by Mitchell (1993) which is:

sinØ =O35_O.11n(I)
	

Equation 4.8

The data all lie below the correlation line given by Mitchell (1993), but are within the

scatter of his data. Similar values of friction angle were observed for other samples of

reconstituted structurally complex clays in the review of literature in Section 2.3.2. The

difference between the observed values and the empirical correlation was seen to

increase with plasticity index.

The validity of the correlation is limited by the ability of the plasticity index to describe

adequately the size, shape and mineralogy of the particle grains. For example, illitic and

montmorillonitic soils were shown by Mitchell to lie below this correlation.

b) Normalised Behaviour

In order to allow comparison of the triaxial tests, the shearing data were normalised to

account for the different stress states and specific volumes of the samples. Initially, the

shearing data were normalised with respect to an equivalent pressure taken on the

normal compression line. This was because the location of a critical state line requires

at least three tests to be carried out on identical samples at different mean normal

effective stresses. As the duration of each test on a reconstituted sample was three to
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five months and as a critical state line had to be defined for each of the natural samples

tested, this was impracticable.

One of the problems, when normalising was carried out with respect to the normal

compression line, was that the critical state occurred at different values of P"P'e• The

test data were therefore normalised with respect to the critical state lines for the

reconstituted samples assuming that the gradient of the critical state line ? was the same

as the gradient of the normal compression line. The intercept of the critical state line, F,

was calculated using X and the values of mean effective stress p' and specific volume v

at the critical state for a single test for each soil, using the equation:

V = F - ,% In p'
	

Equation 4.9

For each sample group, at least one test was carried out on a reconstituted sample,

which had been sheared undrained to failure from a normally consolidated state, to

determine the position of the critical state line. When strain localisation was seen for

these samples, it was thought to occur very close to the critical state and hence did not

cause a serious error in the value of p' at the critical state used for the calculation of F.

The value of F determined from this test was thought to be sufficiently accurate. As

was discussed in Section 4.6.1, strain localisation was more critical when determining

the critical state from drained tests on normally consolidated samples of these materials.

Atkinson and Richardson (1987) also noted that strain localisation can cause difficulties

in obtaining the critical state for any test on an overconsolidated sample.

The shearing data were therefore normalised with respect to the equivalent pressure P'cs,

which was the value of the mean normal effective stress on the critical state line at the

same specific volume, given by the equation:

(r-v

p , =e' A
	

Equation 4.10

The plot of q"p' against p'Ip' showed a lot of scatter in the data, which was partially

caused by the difference in the critical state friction angles for the different materials.

The data were therefore further normalised by dividing the deviatoric stress by the stress

ratio q'Ip' at the critical state, M. The value of M was determined from an extrapolation
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of the stress-dilatancy data, as was discussed earlier. Figure 4.28 shows the final plot of

q'fMp' against p'/p'. The critical state lies at the point (1,1).

The stress ratios at the critical state and the position of the critical state lines were

defined using the undrained tests on the normally consolidated clay and therefore, these

samples all converge on the point (1,1) by definition. Some of the samples reached a

value of q'fMp' slightly higher than that at the critical state before falling to the critical

state line. This was thought to be as a result of pore pressures not having dissipated

sufficiently as tests were carried out, even though the shearing typically took 10 - 12

days.

The drained test on the normally consolidated reconstituted sample R2B reached a

plateau at a stress state apparently outside the state boundary surface, defined by the

other tests. This was thought to result from the sample not compressing sufficiently

during shearing to reach the true critical state line because of too rapid shearing and

localisation as was discussed earlier.

The undrained test on the overconsolidated reconstituted sample R7C reached a stress

ratio slightly above the critical state stress ratio, before moving towards the critical state

line. The sample did not quite reach the critical state line as the strains appeared to

localise, the stress ratio then dropping towards that of the critical state. This behaviour

is typical of undrained tests on overconsolidated soils as was observed by Atkinson and

Richardson (1987).

The overconsolidated reconstituted samples (R8A, RDA and R9B) were sheared drained

from states on the dry side of critical. Sample RDA reached the critical state stress ratio

but was unable to dilate sufficiently to reach the critical state as strain localisation

occurred. Sample R8A reached a plateau of constant stresses and strains at a stress ratio

above the critical state, whilst sample R9B only reached a stress ratio below that at the

critical state. The low stress ratio achieved by R9B was again attributed to strain

localisation as a clear shear surface was seen on the failed sample. The results from the

test on sample R8A must be subject to some doubt as the load cell drifted substantially

during this test. The data were corrected assuming a linear drift of the deviatoric stress

with time and hence the data points plotted start at a high deviatoric stress. The marked

tendency towards strain localisation was thought to result from the slow strain rates used

for these tests because of the low permeabilities of these soils. The different behaviours
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observed could also have resulted from differences in the natures of the materials in the

different sample groups.

As a result of the heterogeneity of these soils, a single boundary surface is not obtained

for the reconstituted soils, even when normalised with respect to their respective critical

state lines. This is partly because the normal compression lines plot at different values

of P''P'cs Hence only a typical reconstituted state boundary surface can be drawn on

Figure 4.28 and this represents an average for all the materials.

4.6.2 Minced Samples

Three minced samples were sheared to failure, M7A, M7B and M9C. Samples M7B

and M9C were sheared undrained from normally consolidated states, whilst M7A was

sheared undrained from an overconsolidated state.

Figure 4.29 shows a graph of q'/p' for corresponding minced (M7B) and reconstituted

(R7C) samples both sheared undrained from normally consolidated states to failure.

The samples were both ductile and contractant as would be expected for normally

consolidated samples. Both samples follow very similar stress-strain curves, reaching

similar stress ratios at the critical state.

Figure 4.30 shows a graph of the stress ratio (q'/p') against the shear strain for the

normally consolidated undrained tests for the reconstituted and minced samples from

sample group 9. The stress-strain curves for the reconstituted and minced samples are

very different, in contrast to sample group 7. The stress-strain curve for the minced

sample has a slight peak which is unusual as it was sheared from a normally

consolidated state. It is thought that the reason for this strain-softening is a result of

particles reorienting as the strains localised. Ring shear tests on minced and

reconstituted samples (Section 4.7) showed that the minced samples reached the residual

strength with a smaller displacement. Figure 4.31 shows the stress-dilatancy

relationships for the two samples. The two lines have very similar gradients, but the

minced and reconstituted samples have stress ratios at failure of 0.56 and 0.82

respectively. These stress-dilatancy curves were extrapolated to give values of M of

0.65 and 0.84 for the reconstituted and minced samples respectively and therefore strain

localisation is not responsible for this discrepancy.

127



Figure 4.27 showed Mitchell's correlation between plasticity index and the critical state

friction angle. The effect of mincing for sample group 7 was to increase the plasticity

index as was shown in Section 4.3.1. However there was no corresponding decrease in

the critical state friction angle. The critical state friction angle therefore does not appear

in this case to be affected by the micro-structure of the soil. In contrast the effect of

mincing for sample group 9 was again to increase the plasticity limit of the soil, but in

this case a decrease in ' was seen, which was comparable with that which would be

expected from Mitchell's correlation.

Figures 4.32 and 4.33 show the normalised shearing data for sample groups 7 and 9.

The data were again normalised with respect to the estimated critical state line for the

reconstituted material as discussed in the previous section. Hence the start of the

shearing data for the normally consolidated minced samples lies outside the intrinsic

state boundary surface. This is a consequence of the normal compression line for the

minced sample lying to the right of that of the intrinsic normal compression line.

Although samples M9C and M7A seem to reach similar critical states to the

reconstituted soil, Sample M7B clearly does not. The position of the critical states for

the minced and reconstituted samples is also plotted in Figures 4.18 and 4.19. The

position of the critical state lines in v-lnp' space is different for the reconstituted and

minced samples and this is why the data for the minced samples when normalised with

respect to reconstituted critical state do not reach a single state boundary surface.

4.6.3 Natural samples

The natural samples were mostly sheared under drained conditions from isotropic initial

stresses estimated to be equivalent to those at the in-situ. The stress level was estimated

from the depth of the sample below ground level, the bulk unit weight of the soil and the

piezometric data. The locations of the piezometers which were installed as part of the

site investigation, are given in Figure 1.5, whilst full details of the piezometric data are

given in the final report for the European Community project, of which this work

formed a part (Cotecchia Ct al., 1996). Drained shearing was used as it was most likely

to reflect the conditions in the landslide. Sample H2C was however sheared undrained

in the high pressure apparatus from an initial mean normal effective stress of 3.5 MPa.

The values of the stress ratios achieved at failure are summarised in Table 4.1.
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The samples typically failed along multiple shear surfaces. Figure 4.34 shows sketches

of typical failed samples. Development of the failure surfaces was thought to occur in

the natural samples as a result of the inherent discontinuities in the sample, localisation

occurring along the pre-existing discontinuities of the scaly macro-structure. Visual

inspection of the failed samples showed no noticeable orientation of the particles along

the failure surface and it is thought that the strains were not sufficient to cause

reorientation. This lack of orientation at these strain levels was thought to be an effect

of the scaly macro-structure of the natural samples not breaking down within the shear

surfaces.

Figure 4.35 is an example of the behaviour typically seen for the natural samples and

shows plots of q'/p' against; and against; for sample N2B. The behaviour of the

natural samples when sheared drained was ductile, with no peak strength and a slightly

contractant volumetric behaviour. This behaviour was unusual considering the high

overconsolidation ratio (OCR). Sample N2B had an initial value of of 0.18,

where p ' is the value of the normal effective stress on the critical state line of the

reconstituted soil at the same specific volume, which was given by Equation 4.10. This

was very approximately equivalent to an OCR of about 7. By examining the state path

in v-lnp' space the small volumetric contraction was thought to be due to the increase in

p' for drained shearing. This ductile and contractant behaviour has been observed

frequently for the structurally complex clays. Examples of materials, which exhibit this

behaviour include the Bisaccia clay shale (D'Elia, 1991, Guerriero et aL, 1995), the

Santa Barbara clay shales (D'Elia 1991), the M. Marino clay (Guerriero et al., 1995,

Guerriero, 1995), the Roseto clay shale (Bertuccioli and Lanzo, 1993) and scaly clays

from Bifarera and Piano Campo (Bilotta and Umilta, 1981).

A plateau of constant deviatoric stress was usually reached at about 4 - 5 % axial strain

(e.g. N9B, Figure 4.36), although in some cases the deviatoric stress continued to

increase gradually (e.g. N9A, Figure 4.36). These increasing values of q'/p' with

continued shear strain while the volume remained constant were slightly unusual, as the

value of q'/p' would be expected to remain constant, representing a critical state, whilst

if a residual surface formed it would be expected to fall due to reorientation of the

particles along the slip surface. However, when studying the failure mechanisms of the

samples, where q'/p' continued to rise (N6A and N9A), it was noted that these samples

had more heavily defined slip surfaces. The increase in the value of q'/p' was thought
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then to be a result of the constraining effect of the membrane (La Rochelle et al., 1988).

Corrections have not generally been made to the data for this, nor for the changing

sample area on the slip plane, as the geometry of the slip plane was usually too complex

to allow a meaningful correction to be made.

In order to investigate the effect of sample size on the mechanical properties of this

structurally complex clay, a 38 mm (N9A) and a 60 mm (N9B) diameter sample, taken

from the same sample tube, were tested (Figure 4.36). The smaller sample was found to

be slightly stiffer at smaller strains than the larger sample and achieved a slightly larger

stress ratio at failure. The values of q'/p' for the 60 mm and 38 mm diameter samples

were 0.57 and 0.64 respectively. The critical state for both cases also occurred at

comparable specific volumes. The major difference between the two tests was that the

stress-strain curve for the larger sample tended towards a well defined plateau whilst the

deviatoric stress for the smaller sample continued to rise gradually. Comparing the

shapes of the failed samples, the smaller sample had formed a well defined shear surface

whilst the larger sample had barrelled. The restraining effect of the membrane could

therefore account for the greater strength of the smaller sample. It was concluded that

the smaller sample had a greater tendency to form a well defined slip surface, as the

random orientation of discontinuities are more likely to connect together and form a

continuous failure surface.

An attempt to correct the data for the 38 mm sample (N9A) for the confining effect of

the membrane and for the reduction in the sample area as a result of the slip plane has

been based on the corrections proposed by La Rochelle et al. (1988). The area

correction applied assumed that the diameter of the sample in the direction of the strike

of the shear plane was that calculated from the right cylinder correction. The diameter

in the direction of the dip of the shear plane used the diameter calculated assuming a

right cylinder reduced by the horizontal displacement caused by the shear plane.

The corrected data for sample N9A are shown in Figure 4.36. The corrections were not

thought to have been very successful as a plateau was still not reached. This was

attributed to the complex geometry of the slip plane and the difficulty of establishing the

strain at which localisation began in this heterogeneous sample. The corrections due to

the restraining effect of the membrane and the reduction in area due to movement along

the slip surface were most important for the two natural samples with defined slip

surfaces (N6A and N9A). The correction calculated for these two samples was
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estimated to be about 10 % for the stress ratio. For the samples with the less well

defined slip surfaces, the correction was estimated to be in the order of 5 %.

As the correction for the reduction in sample area for a sample with a slip surface and

the correction for membrane constraint cannot be meaningfully determined, strong

conclusions cannot be drawn about the effect of sample size on the shear strengths

calculated. However if the samples could be corrected properly, it is thought that the

two samples would give similar strengths, although strain localisation was thought to be

more easily developed for the smaller sample. The effect of sample size did not have a

significant effect on the stiffness properties for which these corrections are unimportant.

Sample H2C was sheared undrained in the high pressure triaxial apparatus from an

initial mean normal effective stress of 3.5 MPa. Undrained loading was used due to

time constraints. Figure 4.37 shows a graph of deviatoric stress and changes in pore

pressure plotted against shear strain. The sample was ductile and contractant as would

be expected from a sample sheared on the wet side of critical (as defined by the

reconstituted sample). The sample reached a plateau at a critical state stress ratio of

only about 0.34, very much less than the ratios obtained either for the corresponding

reconstituted sample (0.49) or for a similar natural sample (0.84) sheared at lower

stresses. Possible explanations for this reduction in strength are discussed in the

following section.

a) Normalised Data

In order to allow comparison of the various triaxial tests, the data were normalised to

account for the different stress states and specific volumes of the samples. As for the

reconstituted samples, the stresses were normalised with respect to an equivalent

pressure on the corresponding critical state line derived from a reconstituted sample of

the same soil. The locations of the normal compression lines and the critical state lines

for the natural samples were not known. The normal compression lines for the natural

soils could only be determined from high pressure tests on similar natural samples for

each group. This was not possible due to the shortage of similar undisturbed soil. The

critical state lines for the natural samples could not be determined, due to the tendency

of the natural samples to strain localise, making it impossible for the natural soil to get

anywhere near its true critical state. The data have again been further normalised to
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account for the different critical state friction angles of the various soils by dividing the

normalised deviatoric stress (q'/p') by the value of M for the corresponding

reconstituted sample. Figure 4.38 shows the resulting plot of q'fMp' cs against p'/p' for

the natural samples compared with the intrinsic state boundary surface derived for the

reconstituted.

The initial states of most of the natural samples had low values of p'/p', indicating that

the samples were highly overconsolidated in-situ. There was little variation in the

values of P"P'cs between samples inside and outside of the landslide body, indicating

that there was little influence of the landslide movements on the volumetric state of the

soil. This finding agreed with the results of the liquidity index data.

The natural samples, which were tested at their estimated in-situ stress levels, each

headed towards the boundary surface defined for the tests on the reconstituted samples

with little change in the ratio P'l'P'cs. At the boundary surface, it was expected that the

samples would then dilate and move along the boundary surface to the critical state.

However, the samples were found not to dilate sufficiently to reach a true critical state

and strain localisation occurred, almost certainly promoted by the natural discontinuities

in the sample. This pattern of the natural samples, failing upon reaching the boundary

surface instead of dilating to the critical state, was also observed by Guerriero et al.

(1995).

Sample H2C reaches a normalised stress state outside the intrinsic state boundary

surface. The sample is likely to have undergone localisation of strains due to the

inherent discontinuities in this scaly clay. The stress ratio at failure for Sample H2C

was significantly less than those of the corresponding reconstituted sample and natural

sample tested at in-situ stress levels. The difference between the maximum stress ratios

of samples H2C and the adjacent sample N2B was thought to result from their different

discontinuity patterns. Sample H2C was described as scaly, which contrasts with the

adjacent sample used for the standard pressure test, which was described as intact clay

with isolated fissures running through the sample. There could also be a reduction in

the strength along the slip surface at this higher stress level. The friction measured

along a rough failure plane is a function both of the friction of the material and the

roughness of the failure plane. At higher stresses, the roughness of the shear surface

created by the scales in these structurally complex clays could reduce as the scales are

sheared through.
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Samples N2B, NCA and N7A, which were taken from within the landslide body, each

had a maximum stress ratio equal to or above M of the equivalent reconstituted samples,

whilst samples N6A, N7A, N8A and N9A which were retrieved from outside the

landslide had maximum stress ratios which were only approximately 70 % of M for the

reconstituted soil. Sample H2C reached a stress ratio of only 0.6 M. This reduction of

the stress ratio at failure of the natural samples compared with the reconstituted samples

was also observed by Olivares (1996) for the Bisaccia clay shale. Burland (1990) also

noted that although the initial stress path of a fissured sample of London clay was

similar to that of the intact samples, premature failure occurred on a pre-existing fissure

truncating the stress path and eliminating most or all of the dilatant portion. The shear

strength of samples of London clay containing fissures plotted close to or slightly below

the post-rupture failure line determined for intact samples and the reconstituted critical

state line (Section 2.2.3 (b)). The post-rupture strength of the Bisaccia clay shale

always lay below the critical state line.

The effect of the scaly macro-structure on the behaviour of the intact formation was

therefore to reduce the stress ratio of the soil at failure when sheared at the estimated in-

situ stress level. The ratio of the friction angles of the natural to the reconstituted

material is thought to decrease with the confining stress, although more tests would be

required to test this hypothesis. The reduction in stress ratio at failure for the natural

samples at higher stresses was thought to result from scales being sheared through at the

greater confining stresses, allowing particle alignment along the shear surface.

Both reconstituted and natural samples from the landslide body, when sheared drained

from an overconsolidated state, reached stress ratios equivalent to or above the value of

M determined from undrained tests on equivalent normally-consolidated reconstituted

samples. Hence, the effect of the macro-structure on the drained strengths of the

landslide material and the reconstituted material were fairly similar. The effect of the

macro-structure on the drained strength of the formation material was more noticeable,

as the maximum stress ratios reached were less than those of the equivalent

reconstituted samples or M. The macro-structures of soils from the underlying

formation and the landslide body are very different. The samples from the formation

were typically scaly, having structures similar to the y type material, proposed by

Guerriero et al. (1995), whilst samples with the landslide body consisted of lithorelicts

of the original formation within a clay matrix; type ö materials (Figure 2.38). The
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remoulding effect of landsliding was thought to change the macro- and not the micro-

structure of the soil. This is discussed in more detail in Section 5.2.

4.7 Shear Stiffness

4.7.0 Introduction

The stress-strain response of soils is highly non-linear and is dependent on strain level,

as was shown schematically in Figure 2.22 (Atkinson and Salfors, 1991). The stiffhess

of the soil has been examined at three scales, the very small strain stiffness or Gm, the

small strain stiffness between 0.01 to 0.1 % strain and the large strain behaviour. The

very small strain stiffness was measured dynamically using piezo-ceramic bender

elements. The larger strain behaviour was assessed using local axial strain gauges in the

triaxial cell. Stiffness is also dependent on the stress path followed and therefore the

drained behaviour has been analysed as this is most likely to affect the behaviour of the

landslide. The results of the stiffness data have been normalised to account both for the

mean effective stress and the overconsolidation ratio.

The errors which affect the large strain behaviour of the samples arising from the strain

localisation, the restraint of the filter paper and membrane and the changes in cross-

sectional area are negligible at smaller strains and hence do not affect the measurements

of stiffness.

4.7.1 Very Small Strain Stiffness -

The shear modulus Gma,, is the stiffness in the very small strain region (typically

<0.001 %) over which the soil behaves elastically. It can be measured under monotonic

loading in the triaxial apparatus with local instrumentation if the instrumentation is

sufficiently accurate, or more simply, dynamically using resonant column apparatus or

piezo-ceramic bender elements. Gm, was measured here using the piezo-ceramic

bender elements (Schulteiss, 1982), described in Section 3.3.3.

Six different samples were tested using the bender element technique which included

two natural samples, one minced sample and their corresponding reconstituted samples.
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Equation 4.11

Bender element measurements of Gm, were taken for the two natural samples (HDA

and H2C) tested in the high pressure apparatus at increasing mean effective stresses

during isotropic compression. Sample I-IDA was lost during testing due to an

equipment failure at a mean normal effective stress of 1000 kPa. Bender element

readings were taken for the minced and reconstituted samples only in the standard

pressure triaxial cells.

The testing and interpretation procedures used were discussed in detail in Chapter 3.

Figure 4.39 shows examples of the oscilloscope traces taken using a sinusoidal and a

square wave. There was good agreement between the two readings of the arrival time

which gives added credibility to the values calculated.

Figure 4.40 shows the results of the bender element tests for the minced and

reconstituted samples from tube 9, whilst Figures 4.41 and 4.42 show the results of the

bender element readings for the natural and reconstituted samples of groups 2 and D.

The bender element readings were taken at the mean effective stresses and specific

volumes indicated by a data point in the v-lnp' plot of each figure. The shear stiffnesses

were calculated, using the procedures described in Chapter 3, from the shear wave

arrival time and the sample density and height.

Viggiani (1992) showed that the shear modulus of a fine grained soil was related to the

mean normal effective stress, p' and the effective overconsolidation ratio (R. 0), using the

power law relationship described in Section 2.4 and given below:

The values of the pressure exponent n, determined from the bender element tests on the

reconstituted soil at normally consolidated stress states, ranged from 0.9 to 0.96. The

value of the n was shown by Viggiani and Atkinson (1995a) to vary with plasticity

index as is shown in Figure 4.43. The values of the pressure exponent for the very small

strain stiffnesses of these soils, although slightly higher than those measured by

Viggiani and Atkinson, are not inconsistent with their results.
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Figure 4.40 (a) shows the compression behaviour of the minced and reconstituted

samples from group 9. These samples were loaded using one-step consolidation loading

stages. The duration of these stages was a minimum of seven days. Due to the low

permeability of these materials, this allowed between 80 and 100 % of the total

volumetric strains to occur and was a compromise between the available testing time

and the need for complete pore pressure equalisation. Hence when the samples were

unloaded, there is still a slight increase in the volumetric strains of these samples. The

slight increase in the shear stiffhess with unloading (Figure 4.40 (b)) corresponds with

this volumetric strain.

Figure 4.40 (b) shows the shear moduli for the normally consolidated reconstituted and

minced samples of each group plotted against the mean normal effective stress p'. There

is a power law relationship between the shear moduli and the mean normal effective

stress for the normally consolidated samples of both the reconstituted and minced

samples prior to isotropic swelling. However, after the isotopic swelling and

recompression stages, the shear moduli for the minced samples did not return to the

same line. The most likely explanation for the discrepancy measured was thought to

result from the undissipated pore pressures. However, it could also result in part from

the extreme deformations to which the sample had been subjected. The minced sample

had been subjected to 50 % volumetric strains prior to the start of the final shearing,

resulting in the length of the sample being only 44 mm at this stage. The short arrival

time therefore resulted in a more severe near field effect for the same frequency (Jovicic

et al., 1996). The value of the pressure exponent n of the minced sample was consistent

with that of the corresponding reconstituted one.

In order to assess the effect of the overconsolidation ratio on the shear moduli, the

values of Gm were normalised with respect to the mean normal effective stress p'

raised to the power of the pressure exponent n, whilst the mean normal effective stresses

p' were divided by the equivalent pressure P'e• The equivalent pressure P'e used was the

value of the mean effective stress on the normal compression line for the equivalent

reconstituted sample at the same specific volume, given by the Equation 4.12.

(N-v

p =e
	

Equation 4.12
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Equation 4.14

Since the maximum previous applied normal effective stress was not known for the

natural samples, P"P'e was used as a measurement of the overconsolidation ratio as

p'/p' is related to hR0. This approach was used by Rampello et al. (1997) and Coop et

al. (1995). Rampello et al. defined the 'overconsolidation ratio' exponent c using

Equation 4.13:

Pr	 ksPr) IP'

	 Equation 4.13

where S* , n* and c are the constant, p' exponent and p'e'p' exponent respectively in this

power law relationship. The parameter c can be related approximately to m using

Equation 4.14:

The values of c and hence m determined for the reconstituted samples are larger than

those quoted in the literature for similar plasticity indices (Figure 4.44). This indicates

that the overconsolidation ratio has a greater effect for this soil than would normally be

anticipated.

Figure 4.40 (c) shows the normalised Gmax data for the minced and reconstituted

samples R9B and M9C respectively. The values of p' are normalised with respect to the

equivalent pressures for the reconstituted sample in both cases. As a consequence of the

data being normalised with respect to the normal compression line of the reconstituted

soil, the data for the normally consolidated minced samples do not plot as a single point.

It can be clearly seen that the shear moduli of the normally consolidated minced samples

are lower than those of the normally consolidated reconstituted samples. Otherwise,

both the reconstituted and minced samples define a unique relationship between

normalised shear modulus and P"P'e The effect of the normal compression line being

different for the minced and reconstituted samples appears to be cancelled by the

minced material being softer. It is not clear whether this result is coincidental. Apart

from the influence of the different volumetric states of the reconstituted and minced

samples, the stiffness therefore does not appear to be affected by the micro-structure.
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Figures 4.41 (a) and 4.42 (a) shows the compression data for the natural and

reconstituted samples from sample groups D and 2. Again the decreasing specific

volumes, when the reconstituted samples were unloaded, were attributed to the lack of

pore pressure equalisation at the end of the previous loading stages. A longer period of

pore pressure dissipation was impractical as the durations of these tests were already

three and five months respectively. The lack of pore pressure dissipation was not

thought to be particularly significant, although its effect is noticeable with changes of

loading direction. As a result of these undissipated pore pressures, Figures 4.41 (b) and

4.42 (b) both show an initial increase in the stiffnesses of the samples with unloading.

Figure 4.41 (c) shows the Gm data for the natural and reconstituted samples HDA and

RDA respectively. Again these data were normalised with respect to the equivalent

pressures (P'e) defined by the reconstituted sample, to account for their different stress

states and specific volumes. There is no noticeable difference between the normalised

stiffness data of the samples RDA and HDA. For these samples there therefore does not

appear to be an effect of the macro-structure on the stiffness behaviour.

Figure 4.42 c) shows the Gm data for the natural and reconstituted samples H2C and

R2C respectively. The normalised stiffness data for sample H2C plot above those of the

reconstituted sample R2C. For these samples there is an effect of the macro-structure

on the stiffness behaviour, in contrast to the tests on samples RDA and HDA where

there was not. The reason for the difference between the behaviours of these two groups

of samples is not clear as the appearances of the two natural samples are fairly similar.

4.7.2 Small Strain Stiffness (0.01 - 0.1 %)

The small strain stiffness of both natural and reconstituted samples was investigated in

the triaxial cells instrumented with local axial gauges. Stiffness data in addition to those

for the final shearing were obtained by carrying out stress probes both on the natural and

reconstituted samples at intervals during isotropic compression or swelling.

The shear stiffness of the samples was investigated by plotting q'/36 against the shear

strain and plots for each test are given in the data report (Fearon, 1998). For

convenience the shear modulus, G', was taken to he equivalent to the term q'/3a.
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Equation 4.15

This is a simplification and ignores the effect of cross-coupling between the volumetric

and shear strains, defined by Equation 4.15 (Graham and Houlsby, 1983).

The effect of cross-coupling could potentially be quite large. However comparisons

were possible between the data for various tests as the term 6q'/36; was used

consistently throughout.

The values of 6q'/3Sc were calculated by least squares regression of the triaxial data.

Figures 4.45, 4.46 and 4.47 show only typical examples of the stiffness data obtained

for a natural, a reconstituted and a minced sample (N7A, R7B and M7C). Scatter in the

stiffness data was attributed to noise of the load cell and temperature fluctuations of the

volume gauge which, even though the laboratory was controlled to ± 1 °C, proved to be

a problem because of the extreme length of the tests, particularly because shearing was

drained in the cases where stiffness was examined. This problem was most noticeable

for the softer reconstituted and minced samples tested at low confining stresses. The

stiffnesses were typically calculated over a 41 point regression which was generally

equivalent to a range of shear strain of approximately 0.007 % at a shear strain of

0.01%. However where the scatter in the data was particularly bad, a curve has been

drawn by hand through the stress-strain data and the stiffness was calculated by taking a

tangent to this smoothed line, as is shown in Figure 4.48. The point calculated from the

tangent drawn to the stress-strain curve was plotted along with the scatter of points

determined using the normal linear regression. This procedure was carried out for

approximately 10 % of the test stages.

Values of 6q'138; at 0.01% and 0.1% shear strain have been plotted against the mean

normal effective stress for the shearing probes from normally consolidated states for

reconstituted sample R2B in Figure 4.49. As the samples were normally consolidated,

= 1, and therefore values of n could be determined for each of the strain levels from

Equation 4.11. There appears to be a decrease in the value of n with increasing strain

level for Sample R2B, in contrast to the results of Viggiani and Atkinson (1995a), who

showed the value of n to increase with strain level to 1 at the critical state. Re-analysing

the data here, the change in the value of n with stress level was smaller than the scatter
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of the data and at each strain level, a value of n of 1 equally well fits the data. As the

values of n for the very small strain shear moduli Gm were greater that 0.9 and n

should increase with strain level, this assumption was not considered unreasonable.

Figure 4.50 shows the shear moduli for probes conducted from normally consolidated

states for the reconstituted and minced samples of sample tube 7. There is no

identifiable difference between the shear stiffnesses of minced and reconstituted

samples at strain levels from 0.01 to 0.1 %, again suggesting that micro-structure has

little effect on stiffness. Although, unlike the bender element data for sample tube 9,

there was found to be no need to account for the differences in the volumes of the

reconstituted and minced soils. When volume is accounted for, there is still no visible

difference between the stiffnesses of minced and reconstituted samples.

In order to look at the effect of overconsolidation ratio on the shear stiffness, the data

were then normalised with respect to 
(p)fl, assuming a value of n of 1 for strain levels

above 0.01 %. Graphs of were plotted against P''P'e for corresponding

reconstituted, minced and natural samples at strain levels of 0.0 1%, 0.05% and 0.1%.

The values of Gm from the bender element tests were also plotted on these graphs.

The mean normal effective stress p' was again normalised by the equivalent pressure

P'e ' defined on the reconstituted normal compression line. Using this normalisation

which accounts for the volumetric states of the samples, the stiffnesses of the

reconstituted and minced samples could be compared to those of the natural samples.

Figures 4.51 and 4.52 show the normalised stiffnesses for sample groups 2 and 9

respectively.

Figure 4.51 shows the normalised stiffness for sample group 2. The relationship

between the normalised stiffness and the overconsolidation ratio is clearly non-linear,

unlike the linear relationship proposed by Rampello et al. (1997). There does not appear

to be a difference between the stiffnesses of the natural and reconstituted samples at

larger strains. A difference only exists between the stiffness behaviour of the natural

and reconstituted samples at the very small strain stifthess (G m ). Soils from this

sample tube were retrieved from a position beneath the current Acquara-Vadoncello

landslide in the old Serra DeIl'Acquara landslide. The macro-structures of the two

natural samples H2C and N2B were quite different. The high pressure sample H2C had

a scaly macro structure, whilst the sample N2B was more homogeneous, having only a

couple of planar discontinuities. It appears that the macro-structure of this soil only has
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an effect on the stiffness behaviour of this soil at the very small strain stiffness Gm and

has no effect at larger strains considered. This was slightly surprising as it was thought

the scaly macro-structure of Sample H2C could have caused a reduction in the stiffness

as a result of strain localisation. Clearly this may still occur at larger strains, but

unfortunately there are not the data to validate or refute this statement as shear probes

could not be carried out to the required strain magnitudes.

The increase in Gm for the natural sample is relatively small, with a ratio of Gma,, for

the natural to the reconstituted of about 2. Only the elastic stiffness and not the stiffness

in the region of plastic behaviour is greater for the natural sample. This could result

from a weak bonding in the natural material, which is broken down by very small shear

strains but not isotropic compression. This seems unlikely. It could also result from

connected stiffer particles in the natural material carrying the load at the very small

strain levels, however outside this small elastic region the load is carried by the matrix.

In the reconstituted material, the load is always carried by the matrix as the discrete

particles are not connected. No increase in the value of Gm was observed between the

natural and reconstituted samples from sample group D.

Figure 4.52 shows the normalised stiffness data for sample group 9. The normalised

very small strain stiffnesses are plotted for the reconstituted and minced samples, R9B

and M9C and the small strain stiffnesses are plotted for the reconstituted and natural

samples, N9A, N9B, R9A and R9B. Again no noticeable difference between the

normalised shear moduli of the reconstituted and minced samples can be seen. Similar

behaviour was also seen for sample groups 6 and 8. The effect of the micro-structure

was therefore deduced to have little effect on the stiffness behaviour within the small

strain region.

In summary the micro-structure has little or no effect on stiffness, particularly if the data

are normalised to account for their different volumetric states. The macro-structure has

no effect on the stiffness within the small strain region but may have a relatively small

effect on Gm.
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4.8 Residual Strength

4.8.0 Introduction

The residual strength was determined using both the Bishop and Bromhead ring shear

apparatus, following the procedures described in Chapter 3. Samples were tested in

reconstituted and minced forms only as undisturbed samples of sufficient size were not

available to carry out tests on the natural samples. The residual strengths determined

were compared with the correlations summarised by Lupini et al. (1981).

Using the procedures described in Chapter 3, ring shear tests were carried out on six

different reconstituted samples and one corresponding minced sample. The detailed

results of the ring shear tests, including the graphs of shear against normal stress are

given in the data report (Fearon, 1998) and are summarised in Table 4.2. The locations

from which the samples were retrieved for these tests are illustrated on the cross-section

in Figure 4.2. Examples are given here to illustrate specific points.

4.8.1 Reconstituted Samples

Figure 4.53 shows an example of a stress-strain curve, for sample RSC (Borehole P2,

10.2 - 10.5 m bgl) and the residual failure envelope defined for the test. Multi-stage

tests were carried out to determine the frictional resistance at different stress levels. The

results at different stress levels are plotted against cumulative displacements. Several

stages were carried out, the sample being consolidated to successively higher stresses at

each of which shearing was continued.

The sample was sheared in the Bishop ring shear apparatus, using the test procedures

described in Section 3.2.5. To minimise the soil loss through the gap, some of the

shearing is carried out with the confining rings closed, which is standard for this apparatus

(Bishop et a!. 1971). The gaps in the loading curve correspond to periods when the

confining rings were closed and the stress data were therefore not available. There was

some fluctuation in the value of frictional resistance with axial strain for each test stage.

The scatter in the results is shown in Figure 4.53 (b). This variation in the shear

resistance was approximately 3-4 kPa and was equivalent to the noise of the load cells.
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Figure 4.53 (b) shows the residual strength envelope obtained. The residual friction

angle was slightly higher at the low vertical effective stresses, becoming constant at

higher stresses. This is consistent with the results of other research (e.g. Lupini et al.

1981). Mitchell (1993) suggested that a transitional failure mechanism would occur if

less work was required to shear the particles without complete reorientation than was

required for particle reorientation. For these soils, it could follow that the work required

to shear the aggregated particles without degradation, may be less at low normal stresses

than that required to break them down. For ease of comparison, the residual strength

friction angles quoted ignore this slight increase in the residual strength at low normal

stresses and assume a linear failure envelope as is shown in Figure 4.53 (b).

The residual friction angle for sample A was measured using both the Bishop ring shear

apparatus and the Bromhead ring shear apparatus, giving 5.2° and 6.1° respectively.

This reasonably close agreement for two completely different testing procedures gave

added confidence in the data obtained.

In general, the residual friction angles appear to be very low (5.0° - 6.9°) but were

reasonably consistent with the low angle of repose of the slope, discussed in Section 1.2.

The Bishop ring shear tests carried out on samples of clay from the 1980 Serra

Dell'Acquara slide by Lemos (1986) gave residual friction angles of 7.8° and 5.7°.

Lupini et al. (1981) showed that for soils which contained a large proportion of platy

particles, the failure mechanism was by sliding. In the case where the residual strength

was the result of a sliding mechanism, the residual friction angle was related to the angle

of interparticle friction of the clay particles. Therefore the low values of residual

strength obtained here were likely to be a result of the montmorillonitic component of

the soils. Mitchell (1993) gives typical values of residual friction angle for basic

minerals of 4° to 10° for montmorillonite; 35° degrees for calcite and quartz; and 10.2°

for illite (muscovite).

The results of the ring shear tests were compared with the correlations summarised by

Lupini et al. (1981). Correlations based on either clay fraction or plasticity index tend

to over-estimate the value of 'r for these soils as can be seen in Figures 4.54 and 4.55.

An average value of clay fraction was used in plotting the data on Figure 4.55 as particle

size distributions were not carried out on the ring shear samples. As was discussed in

Chapter 2, the limitations of these correlations have been well documented. They do

143



not always adequately describe the mineralogy and shape of the clay particles. The soils

here were thought to be failing by means of a sliding mechanism dominated by the

montmorillonitic component of the mineralogy.

Incomplete destructuration when determining the liquid limits was also identified as a

problem by Mesri and Cepeda-Diaz (1986) when trying to correlate residual friction

angles with the plasticity index. The increase in liquid limit with rigorous remoulding

has already been identified as a feature of these soils and may in part be responsible for

the poor correlations in Figure 4.54. The effect of the incomplete destructuration is

assessed by comparing minced and reconstituted samples of the same soil in the

following section.

The residual strength data from this landslide site plot significantly below the data from

the literature for similar structurally complex clays. This could result from differences

between the mineralogies of the two groups of materials; different preparation methods,

which have been shown to have an effect in these soils (Section 2.3.2); or the residual

strength not being reached in the direct shear apparatus or Bromhead ring shear

apparatus used. Figure 2.56 showed the difference between the residual strengths

determined in the direct shear box and the Bishop ring shear apparatus for these soils.

4.8.2 Minced Samples

Figures 4.56 and 4.57 show the stress-strain curves for the reconstituted (RSD) and

minced (RSD(M)) samples (Borehole 14, 7.5 - 7.8 m bgl) and the residual failure

envelopes defined for the tests over the stress ranges used. At higher normal effective

stresses, the residual friction angle measured was the same for the minced and

reconstituted samples.

'Whereas the reconstituted sample showed a slight curvature in the residual strength

failure envelope, the residual strength failure envelope of the minced sample was not

curved over the stress range investigated of 100 - 400 kPa. The difference between the

minced and reconstituted behaviour was most evident for the first shearing at a normal

effective stress of 100 kPa. The peak strength measured for first shearing was much

higher for the reconstituted sample than for the minced sample. The peak values of

tan(') were 0.42 and 0.15 respectively. The residual stress ratio tan(4' 1) was also
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higher for the first loading interval for the reconstituted sample than the minced, being

0.098 and 0.08 1 respectively. Ideally the reconstituted sample should have been

sheared to greater displacements at a normal effective stress of 100 kPa, to confirm that

the residual strength of the reconstituted sample had been reached.

Lupini (1981) found a similar friction angle from ring shear tests on a mudstone

retrieved from a site near Abervan. One sample was prepared by dry grinding, whilst

the other was prepared by a gentle remoulding. There was a greater increase in the

residual strength at low normal effective stresses for the gently remoulded sample than

for the dry ground sample.

Figure 4.54 shows the result for the minced sample plotted on the correlations with

plasticity index summarised by Lupini et al. (1981). The result of mincing sample RSD

is an increase in the plasticity index from 26 to 45 %, while the residual friction angle

remained unchanged. Hence the effect of mincing the sample was to move the data

point to the right. The data point for the minced sample still lies below most of the

plasticity index:residual friction angle correlations.

There was therefore no effect of the micro-structure on the value of the residual strength

of these materials at normal stresses greater than 100 kPa. At lower normal stresses,

there may be a slight increase in the value of the residual strength for the reconstituted

sample by comparison with the minced. This could imply that the work required to

shear disaggregated particles with a sliding mechanism at a normal effective stress of

100 kPa was less than that required to shear aggregated particles.

4.9 Summary of Results

The testing of the soils from this landslide site was not easy. The difficulties arose

primarily from: the difficulty of sampling soils from the landslide site; the heterogeneity

of the materials at the landslide; and their low permeabilities. As a result of the

heterogeneity of materials at the site, for every natural sample tested a corresponding

reconstituted sample had to be tested. The very low permeability of the reconstituted

samples resulted in the duration of these tests averaging about five months. Also as a

consequence of their low permeabilities, problems were encountered as a result of lack
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of pore pressure dissipation and strain localisation during shearing, which occurred

frequently at these very slow shear rates.

The effect of structure on the behaviour of soils from this landslide was assessed by

comparing the soil with four different structures, the natural soil from the underlying

formation, a soil remoulded by the mudslide and their equivalent reconstituted and

minced samples.

The natural soils from the underlying formation have been greatly affected by the

tectonic deformations and its clay mass is characterised by aggregates of plates of the

order of 1 mm or less, giving these soils their scaly appearances. These shear lenses

have smooth polished sides and may show a weathered coating (Cotecchia et al., 1977).

The orientation of these lenses may vary within a few centimetres and hence these soils

can be considered fairly homogeneous at the sample scale (38 mm diameter). These

soils were considered to be of type y as shown schematically in Figure 2.38.

The soils from the landslide body were thought to have been remoulded as a result of

slope movements. The landslide debris considered of lithorelicts of the parent material

in a remoulded clay matrix. These soils were considered to be of type 6 as shown

schematically in Figure 2.38.

The reconstituted samples were prepared by taking the trimmings from the natural soils

and swelling them to a water content of between 1.2 and 1.5 times the liquid limit, by

immersion in water. The soil was then mixed to a slurry before consolidating one-

dimensionally.

It was shown, by an increase in the liquid limit with preparation method, that the

samples reconstituted in the manner described above could be broken down further with

an aggressive remoulding technique. Therefore the effect of the micro-structure of these

materials could be assessed by comparing the reconstituted and minced samples. The

minced samples were prepared by passing the soil 12 times through an industrial food

mincer before reconstituting the soil in the usual way.

As a result of the heterogeneous nature of this landslide, it was necessary to normalise

the behaviour of these soils not only for their different stress states and specific volumes

but also for their different natures. The material prepared by the reconstitution method
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described above and not the minced material was chosen as the most appropriate

reference material. The reconstituted material was shown to be homogeneous at the

macro-scale; to have a relatively stable base fabric as the aggregations of particles were

not broken down as a result of remoulding within the landslide body; to be as similar as

possible to the natural material; and to be repeatable. The reconstitution process was

said to be repeatable as the normal compression lines of two samples of the same soil

reconstituted separately in this maimer were very similar.

The effect of the macro-structure on these soils can be investigated by comparing the

behaviour of either of the two types of natural samples with that of the corresponding

reconstituted samples. Alternatively the effect of the micro-structure can be assessed by

comparing the behaviour of the reconstituted samples with that of the minced samples

of the same soils.

The effect of structure on the behaviour of structured clays in general was shown in

Section 2.2 to increase the size of the state boundary surface in both compression and

shear. In contrast it was however shown in Section 2.3 that the effect of structure on the

behaviour of structurally complex clays could have a negative effect on the position of

the state boundary surfaces, which was also shown for these soils.

The effect of the micro-structure on the compressive behaviour of the soil was assessed

by comparing the reconstituted and minced samples of the same soil, as discussed

above. The effect of breaking down the micro-structure as a result of mincing was to

move the normal compression line for the minced sample to the right of that for the

reconstituted soil. The increased plasticity of the minced samples relative to the

reconstituted samples resulted in an increase in the gradients and intercepts of the

normal compression lines. The compressive behaviour of the reconstituted soil is

thought to be controlled by a clay matrix containing aggregated particles, whereas the

behaviour of the minced sample is thought to be controlled by a clay matrix where the

particles are separated and free to swell and compress. The effect of the macro-structure

on the compression characteristics of these clays could not be assessed as the normal

compression line of the natural sample was not reached at the maximum mean normal

effective stress applied (3.5 MPa).

There were some effects of the micro-structure on the stress:strain characteristics of

these soils during shearing. The most noticeable was that the minced and reconstituted
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samples had different critical state lines, an unsurprising result, considering the different

positions of their normal compression lines. One set of samples (group 7) showed

similar critical state stress ratios for the minced and reconstituted samples. The other set

showed a decrease in the critical state stress ratio for the minced sample relative to the

reconstituted sample. This decrease was not inconsistent with the increase in the

plasticity of the sample determined from the Atterberg limits.

The effect of the macro-structure on the post-rupture friction angles of the natural

samples from the underlying formation was clearly negative. The samples at lower

confining stresses only achieved about 70 % of M for the reconstituted soils. This effect

of the macro-structure was attributed to its scaly nature and localisation was thought to

occur along the polished faces of these scales. This ratio was also thought to decrease

with increasing mean normal effective stress, as the high pressure test H2C achieved a

stress ratio at failure of only 60 % of M. This sample did however achieve a stress state

outside the instrinsic state boundary surface. The lower failure envelope is because the

behaviour is determined by the post-rupture behaviour on pre-existing fissures and not

shearing to a true critical state.

The negative effect of the macro-structure on the shear behaviour of the natural samples

from the landslide debris was less severe than that observed for the formation material.

These samples achieved stress ratios at or above that of the reconstituted critical states

determined from undrained tests on normally consolidated samples.

The micro-structure had little or no effect on stiffness, particularly if the data is

normalised to account for their different volumetric states. The macro-structure had no

effect on the stiffness within the small strain region and had a relatively small effect on

one of the two samples tested at Gm.

The effect of the micro-structure on the residual strength was again assessed by

comparing the behaviour of the reconstituted and minced soils. The slight increase in

the residual friction angle at low effective stresses seen for the reconstituted soils was

not seen for the minced samples. This was thought to result from the aggregated

particles of the reconstituted soil not being sheared through at low effective stresses,

slightly increasing the strength obtained.
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ChAPTER 5 DiscussioN

5.0 Introduction

The aims of this chapter are to summarise the results of the laboratory tests described in

Chapter 4 and to discuss the implications of these results for the behaviour of other

structurally complex clays and structured clays in general. The parameters that were

selected for the numerical analysis of the landslide are also presented.

5.1 The Effect of Structure on the Behaviour of a Structurally

Complex Clay

5.1.0 Introduction

The effect of structure on the behaviour of fine grained soils has often been assessed by

comparing the results of tests on the undisturbed soil with those from a corresponding

reconstituted sample, as was described in Section 2.2. The macro-structure of the

natural samples retrieved from outside the sliding mass was characterised by its scaly

macro-fabric as was shown in the photographs in Figure 4.1 (b) and schematically as a

type y material in Figure 2.38, whilst the macro-structures of the reconstituted samples

consisted of small discrete particles in a clay matrix, which was shown in the

photographs in Figure 4.1 (c) and schematically as a type material in Figure 2.38. The

difference between the behaviours of the natural and reconstituted soils was thought to

result mainly from their different macro-structures.

As the preparation method for the reconstituted samples of structurally complex clays

can result in very different behaviour, the effect of the micro-structure was also assessed

by comparing samples prepared by two different methods, standard reconstitution and

mincing. The difference between these two methods of preparation is characterised by

an increase in liquid limit of up to 30%. The reconstituted samples were made by

swelling the trimmings from a natural sample and mixing the soil to form a slurry at

about 1.2 to 1.5 times the liquid limit, as suggested by Burland (1990). The minced

samples were made by passing the trimmings through an industrial food mincer twelve

times at about the plastic limit, before being prepared as a slurry in the same maimer as

the reconstituted samples. The difference between the reconstituted and minced

samples was thought to result from silt sized aggregates of clay minerals being broken

149



down by the mincing process. The micro-structures of the natural, minced and

reconstituted samples were investigated using the electron microscope, as discussed in

the following section.

The structurally complex clays are very difficult to test and therefore there has been

very little study of these materials. The materials are both difficult to sample due to

their complexity and troublesome to trim as a result of their fissured nature. Testing

programmes for these soils have to be fairly time-consuming and extensive due to the

heterogeneous nature of these materials and their very low permeabilities. As a result of

the large variation in material properties across the landslide site, for every natural

sample a corresponding reconstituted sample had to be tested. The reconstituted

samples had very low permeabilities, which resulted in test times of several months.

The long test durations limited the number of tests that could be carried out within the

time frame of this research.

5.1.1 Assessing the Structure using S.E.M.

In order to assess the different structures of the natural, reconstituted and minced

samples, Geomaterial Research Services Ltd. were contracted to carry out a scanning

electron microscope study of these materials. This section sunimarises the results of

this work, emphasising the elements that are relevant to this thesis.

Figures 5.1 to 5.3 show digitised images from the Scanning Electron Microscope for the

natural sample (N8B), reconstituted sample (R8B) and minced sample (M9B) of

sections which are approximately 100 tm. Sample N8B was also used for the x-ray

diffraction analysis described in Section 4.2.2. The sample contained 21% smectite, 8%

quartz, 21% calcite, 3% siderite, 13% muscovite, 34% chlorite and less than 1% each of

dolomite and pyrite. A bulk analysis, carried out in the electron microscope over the

areas shown in Figures 5.1 to 5.3, showed very similar quantities of each of the

elements for the minced, reconstituted and natural samples. This bulk analysis cannot

be used to determine the precise mineralogies of the samples as it only shows the

percentages of different elements, but can be used as an indication that the mineralogies

of the minced, reconstituted and natural samples are similar.
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Figure 5.1 shows the micro-fabric of a section of the natural material which is

approximately 100 p.m across. The structure of the natural sample was very chaotic.

The sample used for the S.E.M. study was soil which was sampled using the Mazier

core sampler and had not been tested in the laboratory. Clastic fragments of calcite,

gypsum, iron oxide, pyrites, feldspar and quartz were observed in a clay matrix formed

of the clay minerals, illite, smectite and chlorite. Aggregates of the clay particles can

also be identified from the digitised image. These are characterised by grey areas,

which a point analysis showed are composed of layer silicates, surrounded by darker

areas indicating voids. The size of the clastic fragments was surprising as quartz

fragments as small as 3 p.m were seen. Such small quartz fragments are likely to have

been formed in a high stress environment. Another unusual feature was the composite

particles, i.e. particles of more than one mineralogy, which may again be symptomatic

of a high stress environment. These features are likely to result from their tectonic

history.

Figure 5.2 shows the micro-fabric of a section of the reconstituted sample which is

approximately 100 p.m across. The reconstituted sample had been one-dimensionally

compressed to about 50 kPa, before it was placed in the triaxial cell. This sample was

then isotropically compressed to 150 kPa, before it was sheared undrained to a shear

strain of about 20 %. The reconstituted sample was found to be more homogeneous

across the sample than the natural soil, consisting of clastic fragments in a clay matrix.

There was some ordering of the layer silicates (clay particles) around the clastic

fragments. The bulk chemical analysis of the clay matrix showed that the mineralogy of

the clay matrix for the section that was 100 p.m across was similar to that determined

locally. This would indicate that the mineralogy of the clay matrix is homogeneous at

the microscopic scale. Some larger aggregates of clay particles were also observed on

the digitised image.

Figure 5.3 shows the micro-fabric of a section of the minced sample which is

approximately 100 p.m across. The minced sample had been also one-dimensionally

compressed to about 50 kPa, before placing in the triaxial cell. However this sample

was isotropically compressed to 500 kPa, the sample was then sheared undrained to a

shear strain of about 20 %. Ideally the reconstituted and minced samples should have

had identical testing histories to allow a direct comparison of the micro-fabrics.

However as the aim of these S.E.M. analyses was to assess the nature of the micro-

fabric and not how it changed as a result of this loading history, these two samples with
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slightly different loading histories could be compared. The minced sample was similar

to the reconstituted sample in that at this scale as there were clastic fragments in a clay

matrix. However no aggregates of clay particles were observed and there was also a

noticeable orientation of the voids. This could either result from the initial one-

dimensional compression of the sample not being erased by the subsequent isotropic

loading or from the undrained shearing on the sample imposing a preferred orientation

on the structure of the sample.

Figures 5.4 and 5.5 show S.E.M. photographs of the natural soil at different scales,

which are indicated on the photographs. Figure 5.4 shows a flake of mica in a fine

grained clay matrix. The clay is structured with numerous thin impersistent lenticular

cavities, one of which is identified on the photograph. Figure 5.5 shows the detailed

structure of the clay matrix. The clay matrix contains a number of composite particles.

These may consist of a mica or chlorite flake with clay mineral particles attached. The

size of these composite clay mineral particles can be larger than clay size (> 2 pm).

There is a chaotic arrangement i.e. no consistent orientation of the particles in the clay

matrix.

Figures 5.6 and 5.7 show S.E.M. photographs of reconstituted soil at different scales.

Figure 5.6 shows a detail of a 30 pm calcite fragment in a fine grained clay matrix.

There is no evidence, in the reconstituted material, of the lenticular cavities between

aggregates observed for the natural material, although zones of weakness are observed

along the surfaces of the shell fragments. The fme grained clay-matrix of the

reconstituted material (Figure 5.7) appears more homogeneous than that of the natural

material (Figure 5.5). Some composite particles are still seen at the greater

magnification in the reconstituted sample, but they tend to be smaller than those of the

natural material. There are some differences between the micro-fabrics of the natural

and reconstituted materials, which suggest that there has been some particle breakdown

as a result of the reconstitution process. Hence the differences between the structures of

the natural and reconstituted soils are not purely a result of macro-fabric as originally

thought.

Figures 5.8 and 5.9 show S.E.M. photographs of minced soil at different scales. Figure

5.9 shows a large 40 pm calcite fragment along with a number of smaller clastic

particles in a fine grained clay matrix. A discontinuity has developed along the side of

the larger calcite fragment. The fine grained matrix of the minced sample has a very
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different structure to those of the natural and reconstituted materials, although its bulk

constituents are very similar. No composite particles are seen and the sheet silicates

show a clear orientation. The orientation of the particles, as stated previously, could

either result from the initial one-dimensional compression of the sample not being

erased by the subsequent one-dimensional compression or from the undrained shearing

of this sample. The latter is thought to be the most likely.

In summary, it is thought that the result of reconstitution was to produce a more

homogeneous macro-fabric removing the fissures seen at the sample scale. The fabric

of the reconstituted material viewed at the lower magnitudes in the S.E.M. was fairly

homogeneous, consisting of clastic particles in a clay matrix. Aggregates of clay

minerals and the composite particles observed in the natural material were still seen in

the reconstituted material, but tended to be smaller. After mincing, no aggregates or

composite particles were seen in the sample viewed in the electron microscope.

5.1.2. Reconstitution (and Mincing)

One of the points highlighted throughout this thesis is the need to compare the natural

soil with an appropriate reference material. An appropriate material should have a

homogeneous stable base fabric as similar as possible to the natural and be reproducible

by other researchers. The simple preparation method of swelling the soil to a slurry

be fore mixing it at a water content of 1.2 to 1.5 times the liquid limit was felt best to fit

these criteria. Reconstitution after drying and grinding the material was not thought

appropriate as it can significantly change the behaviour of the soil (Wiewiora et a!.

1993).

Scanning electron microscope work on the natural, reconstituted and minced soils

showed that the reconstituted samples, whilst being much more homogeneous than the

natural sample, had a more similar base micro-fabric to the natural soil than the minced

sample. The aggregations of clay particles seen in the S.E.M. photographs of the natural

and reconstituted samples were not found in those of the minced sample.
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5.1.3 Compression Behaviour

It was intended as part of this research to determine the normal compression line for two

natural samples. This was unfortunately not possible as the samples were lost as a result

of failure of the control system on the high pressure triaxial apparatus and there were

insufficient high quality samples to repeat these tests. Hence the only data available

which compares the behaviour of natural and reconstituted samples of structurally

complex clays in one-dimensional or isotropic compression were those published in the

literature.

Initially it was thought that by comparing the behaviour of natural and reconstituted

samples, the effect of the macro-structure on the compression behaviour of these clays

could be assessed. However as a result of the S.E.M. analyses of these materials, it was

shown that although the differences between the structure between these materials is

primarily at the macro-scale, there are some differences also at the micro-scale.

A comparison of oedometer test data from the literature for natural and reconstituted

samples was shown in Figure 2.48. Although the samples were reconstituted by dry

grinding, there was very little difference between the Atterberg Limits of the natural and

the reconstituted materials and the samples were therefore considered to be more

comparable with the reconstituted tests presented in this thesis than with the minced.

The compression data for the natural samples plotted slightly to the left of those for the

reconstituted indicating a negative effect of structure on the volume of the natural

sample during compression. This is highly unusual.

Burland (1990) plotted a single sedimentation line for natural soils which lay to the right

of the intrinsic compression line defined by reconstituted soils. Cotecchia (1996) noted

that this line could be thought of as a sedimentation compression line for samples with a

sensitivity of 4 to 9 and that there existed a family of parallel sedimentation

compression lines of different sensitivities. It is thought likely that the original

s d en on compression line for the structurally complex clays as deposited would

to the right of the intrinsic compression line. However as a result of the post-

sitional processes the normal compression lines for the natural soils now lie to the

left of the intrinsic compression line. Given the geological history, a possible sequence

of post-depositional changes in the structure could be as follows. The soil is deposited

and one-dimensionally consolidated. At some point in geological time, there is some
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strengthening of the soil as a result of diagenesis. The soil is then sheared as a result of

the tectonic activity, resulting in particles which are aggregates of the diagenesised

parent material.

Cotecchia (1996) emphasised the point that all samples have a structure and not just

natural samples. The negative effect of structure seen here again highlights this point.

The existence of the disaggregated soil outside the state boundary surface of the

reconstituted material also shows that the term 'structure-permitted space', used by

Leroueil and Vaughan (1990) to indicate a region outside the intrinsic state boundary

surface at which only a structured soil can exist, is only legitimate if all soils are

considered as structured.

The different structures of the natural and reconstituted samples were investigated by

electron microscopy and were discussed in Section 5.1.1. The structure of the natural

sample is typified by a chaotic arrangement of fragments of calcite, gypsum, iron oxide,

pyrites, feldspar and quartz, together with the clay minerals of illite, smectite and

chlorite. The fabric of the reconstituted soil is typified by fragments of clastic materials

in a clay matrix. The clay matrices of the natural and reconstituted soils were fairly

similar. They both contain composite particles, although these tend to be larger in the

natural material. The difference between the positions of the normal compression lines

for the natural and reconstituted samples was thought to have resulted from a

breakdown of some of the larger aggregates and composite particles. This would

indicate as S.E.M. photos suggest that although the difference between the reconstituted

and minced samples is all micro-fabric, the difference between the natural and

reconstituted is primarily macro-fabric but there is some micro-fabric. The difference in

the compression behaviours of the natural and reconstituted soils is thought to result

primarily from their different micro-fabrics. It was attributed to the micro-structure as

this was seen when comparing the reconstituted and minced to greatly affect the

compression behaviour. The small differences in the micro-structure would correspond

with the slight changes observed between the compression behaviours.

t of micro-structure of thes soils was also assessed by comparing the isotropic

pressive behaviour of reconstituted and minced samples of the same soil. The

minced sample was made by passing the soil through an industrial food mincer to

further disaggregate the soil, as was discussed in Section 3.2.4. The minced samples

were able to exist at stress states outside the reconstituted state boundary surface, as was
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shown in Figures 4.18 and 4.1.9. Again a negative effect of structure was observed.

The more the structure was broken down the further the normal compression line moved

to the right, instead of the left as is usually observed. The S.E.M. work showed that the

arrangement of the layer silicates (the clay minerals) in the minced sample were very

different to those in the reconstituted sample. The composite particles, seen in the

reconstituted sample, appear to have been broken down as the result of mincing as they

were not visible in the minced sample. The layer silicates in the minced sample were

much more orientated than those of the reconstituted soil. The result of increasing the

energy used to reconstitute the soil is to break down more of the composite particles.

The composite particles once separated can swell more easily. The more open structure

of the minced sample allows it to exist at states outside the reconstituted state boundary

surface. The different "intrinsic" normal compression lInes of the reconstute aria

minced materials agree with the view expressed by Cotecchia (1996) that there is no

such thing as a soil without structure as stated by Leroueil and Vaughan (1990).

It would be interesting to see whether the normal compression lines of the natural,

reconstituted and minced samples converged at higher stresses. The S.E.M. work shows

very different distributions of voids within the samples, indicating that the samples are

likely to have different compression curves as a result of their "depositional histories".

The compression behaviours of the different structured materials are illustrated in a

schematic diagram in Figure 5.10. The normal compression line for the minced material

lies to the right of that of the corresponding reconstituted sample in v:lnp' space, as was

seen in Section 4.4.2. This is because the minced soil is able to exist at states outside

the state boundary surface of the reconstituted material as a result of its more open

micro-fabric. This is in contrast to the compression behaviour of the natural material,

which has a more aggregated micro-fabric. The normal compression line of the fissured

natural soil can therefore lie to the left of that of the reconstituted material and hence the

natural samples may not reach the intrinsic state boundary surface in v:lnp' space, as

was seen in Section 2.3.2 (c). The normal compression line of the landslide debris was

h cv r found to be fairly consistent with that of a corresponding reconstituted sample

on the M.Massero clay by Guerriero et al. (1995) and discussed in

ion 2.4.1 (e).
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5.1.4 Shear Behaviour

The effect of structure on the shear behaviour was again assessed by comparing

corresponding natural, reconstituted and minced samples. The shear behaviour of the

reconstituted and minced samples was not particularly unusual when considered within

a critical state framework. The samples did however have a tendency to strain localise

when sheared under drained conditions, even from a normally consolidated state. This

was thought to result from local drainage occurring at the very slow shear rates used.

Such slow rates were required because of the very low permeability of these soils.

Hence to obtain a true critical state, samples were sheared undrained from a normally

consolidated state.

The shear behaviour of the natural samples did however appear comparatively unusual.

The natural samples, when sheared drained from an estimated in-situ stress state, were

ductile with no peak and the volumetric strains were compressive. This was unusual

considering the high overconsolidation ratio, but has frequently been observed in the

literature for these soils, as was discussed in Chapter 2. This small amount of

volumetric compression was attributed to the increase in the mean normal effective

stress during shearing. Strain localisation was thought to occur in these samples before

a peak was reached. This strain localisation was thought to be initiated by the macro-

structure of the natural material, along one or a combination of the very small existing

fissures or scales. The formation and propagation of any strain localisation in the

minced or reconstituted samples is very different to that in natural material. The S.E.M.

photographs show a discontinuity along the sides of a large calcite grain in the

reconstituted and minced material. It is thought that strain localisation in the

reconstituted and minced soils may be initiated along these zones of weakness.

In order to compare the behaviour of their natural, reconstituted and minced samples the

data were normalised with respect to the equivalent pressures on the critical state lines

for the corresponding reconstituted samples. The shearing data were also normalised

with respect to the critical state stress ratios for the reconstituted samples.

The effect of the scaly structure of the natural samples on their shearing behaviour was

assessed by comparing the normalised behaviour of the natural samples having scaly•

macro-structures and those without, as was shown in Figure 4.38. The scaly samples

not only did not reach the peak strengths of the reconstituted but also failed to reach the
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reconstituted critical state stress ratio. However the samples which had been remoulded

inside the landslide body and were not scaly in appearance reached peak friction angles

ratios comparable with those measured for the reconstituted samples. Hence it was

thought that the effect of the scaly macro-structure was to promote strain localisation

along the fissures, reducing the post-rupture strength of the natural samples. Hence

there was a negative effect of the scaly structure on the strength. A similar reduction in

the friction angle post-rupture was also seen by Burland (1990) for some samples of

fissured London clay.

The effect of the micro-structure on the strength of these soils was assessed by

comparing the reconstituted and minced samples, as was shown in Figures 4.32 and

4.33. Whilst the effect of mincing was to reduce the critical state friction angle for one

sample group, it had no effect on the other. The main difference between the

normalised behaviour of the reconstituted and minced samples is that the minced

samples were able to exist at states outside the state boundary surface of the

reconstituted material as a result of their different micro-structures. Both the normal

compression lines and the critical states lines of the minced soils lie to the right of those

of the reconstituted samples.

The effect of the different structures of the samples on the shear behaviour is

summarised in a schematic diagram in Figure 5.11. The diagram shows the predicted

behaviour, normalised with respect to a corresponding reconstituted sample, to account

for the different friction angles, specific volumes and stress states. The state boundary

surface for the reconstituted sample is similar to those observed for other clays. The

state boundary surface for the minced sample is different to that of the reconstituted

sample as the minced sample may have a different critical state friction angle as a result

of a different frictional resistance of its base fabric and the normal compression and

critical state lines of the minced sample tend to lie to the right of those of the

reconstituted sample. The constant a is the ratio M for the minced sample to M for the

reconstituted soil.

The post-rupture failure surface for the formation material (scaly clay) has been less

well defined by the tests carried out, due to the problems encountered with the high

pressure triaxial apparatus. Data from the literature suggest that scaly clays may have a

normal compression line slightly to the left of that of the reconstituted material.

Drained triaxial tests carried out on the fissured material show that this material tends to
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strain localise at a lower stress ratio than the reconstituted material as indicated on

Figure 5.11. The ratio of the stress ratio post-rupture of the fissured material tested at

its in-situ stress levels to the stress ratio at the critical state for the reconstituted soil is

defined on this diagram as b. Failure may however occur outside the reconstituted state

boundary surface at higher stress levels. This is because the compression characteristics

of the natural material are different to that of the reconstituted in shear. It was shown

that samples sheared at higher confining stresses had lower post-rupture friction angles

than those of the samples tested at their in-situ stress levels. This was thought to occur

as a more planar failure surface will develop, shearing through aggregates as well as

along their sides. A lower friction angle at higher confining pressures was observed for

Sample H2C and also by Guerriero et al. (1995) for the Bisaccia clay shale.

5.1.5 Shear Stiffness

Previous research has shown that the shear stiffness of natural and reconstituted soils is

non-linear over almost the complete range of strains, as was highlighted in Section

2.2.4. The effect of structure on the stiffhess of natural and reconstituted soils has been

investigated using a normalisation to account for different mean normal effective

stresses and overconsolidation ratios and specific volumes.

The shear stiffness at the very small strains (G m ) was measured in the laboratory using

piezo-ceramic bender elements for two pairs of natural and reconstituted samples and

also for one pair of a reconstituted and a minced sample. The results showed that the

shear stiffness of the natural sample was slightly larger than that of the reconstituted

sample, when normalised with respect to the normal compression line of the

reconstituted sample (Figures 4.41 and 4.42). This decrease in shear stiffness for the

reconstituted samples may result from the fact that the reconstituted sample consisted of

clastic particles in a clay matrix, whereas in the natural sample there was some

connectivity of the aggregated clay particles.

The very small strain stiffness of the reconstituted soil was very similar to the minced

soil (Figure 4.40). Any difference was reduced further when the data were normalised

with respect to the normal compression line of the reconstituted material to account for

their different specific volumes.
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At larger strains, the reconstituted and minced samples continued to have similar shear

stiffhesses when correctly normalised (Figure 4.50). At these strains, the natural

samples now also had similar normalised stiffnesses to the reconstituted samples

(Figures 4.51 and 4.52).

It is slightly surprising that the effect of such different micro-structures and different

macro-structures had so little an effect on the drained shear stiffnesses of these

materials, particularly as the results of Section 5.1.3 would suggest that the natural,

reconstituted and minced samples all had distinctly different normal compression lines,

so that at any stress they would all have different volumes.

5.1.6 Residual Strength

The mechanisms governing the residual strengths of fine grained soils were discussed in

Section 2.2.5. The mechanism of failure at residual state was shown by Lupini et al.

(1981) to be either turbulent, transitional or sliding. The type of failure mechanism and

hence the magnitude of the residual strength, was found to be controlled by the particle

size, shape and intergranular friction angle. A turbulent failure mechanism was

common in soils which were predominantly formed of rotund particles whereas a

sliding mechanism was common in soils formed of platy particles. The curvature of the

residual failure envelope at low normal stresses was attributed to a transitional failure

mechanism, where less work was required to shear the particles without re-orientation

than was required to shear the particles in sliding shear (Mitchell, 1993).

Very few tests have looked at the residual strength of natural soils. This is both due to

the difficulty of obtaining good quality undisturbed samples of sufficient size and

because early tests on London Clay did not show any effect (Bishop et al., 1971). Mesri

and Cepeda-Diaz (1986) highlighted the importance of chemical induration (hardening)

as a result of diagenesis on the behaviour of clay shales. They noted that the liquid limit

of the Curacha shale could change from 49 to 156%. Unfortunately the residual

strength tests they carried out were on material that they had prepared by air drying and

ball grinding to destructure the materials which probably removed this effect of the

diagenesis of the clay shales.
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Picarelli (1991) made a comparison of the results of direct shear tests on undisturbed

samples of a structurally complex clay with direct shear and ring shear tests on

remoulded samples of the same material, as was shown in Figure 2.55. It is unfortunate

that the tests on the natural material were only carried out in the direct shear apparatus.

He showed that the natural samples typically had larger residual strengths, particularly

at low normal stresses. As discussed in Section 2.3.2 (a), the increase in strength for the

natural material was attributed to its structure. The macro-structure of the natural

sample consisted of scales or small iso-orientated shear lenses. An increase in the

strength measured along the shear surface could have resulted from these scales not

being broken down at low normal stresses. This increase at low normal stresses could

have a large effect on the stability of a shallow landslide in these materials. The

increase in the tangent of the residual friction angle as a result of the natural structure is

estimated to be approximately 50% at 100 kPa.

The effect of the micro-structure on the residual strength was assessed by comparing the -

results of ring shear tests on the reconstituted and minced samples. The reconstituted

samples showed a small increase in the residual friction angle at low normal stresses

(Figure 4.53), whereas the residual strength envelope for the minced sample was

straight, down to a normal stress of 100 kPa (Figure 4.57). Where only a slight

curvature was observed for the reconstituted sample, this was thought to result from

there being sufficient disaggregated clay particles to reach the disaggregated residual

strength and a further breakdown in clay aggregates would have little effect on the

residual strength. This is similar to the behaviour of clay-sand mixtures, where above a

certain clay fraction the large particles are thought to float in the clay matrix and not

influence the residual strength measured. This is shown in Figure 2.32, which gives

correlations between the residual strength friction angle and the clay fraction. As can be

seen, at high clay fractions an increase in clay fraction has no effect on the residual

strength. The samples tested here all had fairly high plasticities. It is thought that the

effect of the micro-structure may, however, be larger for samples with a lower plasticity

and clay fraction.

The effect of the structure of the natural material on the residual strength of a

structurally complex clay needs to be studied in more detail. As a result of the work on

structurally complex clay, some doubt has also been cast over the original assumption

that the residual strength is not affected by structure. Therefore it would follow that if

other types of clay shales have similar composite particles resulting from their
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diagenesis, their residual strength could be affected in the same way. This increase in

the residual friction angles due to indurated particles will be most noticeable at low

normal stresses as would occur in shallow landslides.

5.2 Landsliding

5.2.0 Introduction

This thesis has focused on the material properties of the soils from a landslide body and

from the surrounding formation. One of the aims of the research was to compare the

behaviour of the soils from inside and outside the sliding mass, soils from the

surrounding formation not having been subjected to intense remoulding as a result of the

landslide activity.

This section also presents the material properties that were used for the numerical

analysis by Armines-CGI. The choice of parameters was therefore controlled by the

type of numerical model that Armines-CGI used.

5.2.1 Changes in the structure of structurally complex clays as a result of

landsliding.

The previous section stressed the importance of the macro- and micro- structure in

determining the material properties. The effect of landsliding on the structure of these

materials was assessed by comparing the materials from inside and outside the landslide

body, as was discussed in Chapter 4. The behaviour of the soils inside the landslide

body was found to vary significantly from that of the intact formations. This section

reviews the changes that were observed to result from landsliding, examining data from

both the literature and from Chapter 4 and assessing the relevance of these findings.

a) Visual Observations

The difference between soil extracted from inside and outside the sliding mass can be

observed visually. The landslide debris consisted of lithorelicts in a clay matrix and was
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illustrated schematically by Guerriero et al. (1995) (Figure 2.38). The lithorelicts were

either renmants of the more argillaceous parent material which had not been remoulded

or fragments of the more lapideous material which did not breakdown as a result of

remoulding. The more argillaceous component of the formation material typically has a

scaly appearance and is represented by the type y material in Figure 2.38. Landsliding

appears to remould the argillaceous component, removing the scaly structure and often

incorporating within the clay matrix fragments of the more lapideous component of the

parent material.

b) Changes in water content

One effect of landsliding that is frequently noted in overconsolidated soils is a softening

or an increase in the specific volumes of soil both in the shear zone and in the landslide

body. By comparing the water contents and, more fundamentally, the liquidity indices

in Section 4.2.3, no apparent change in the volumetric state of the landslide material was

found. In Section 4.6.3 it was also found that at the estimated in-situ stress level there

was little variation in the values of P"P'cs between samples taken from inside and

outside the landslide, again indicating that there was little inf'uence of the landslide

movements on the volumetric state of the soil.

The identification of any distinct change in the volumetric states of these materials is

restricted by the scatter of data observed. This scatter results from the large variety of

materials that are present at the site (Figure 4.1) and the heterogeneity of these soils,

particularly in the landslide body (Figure 2.42). Attempts to normalise the data to

account for the different soil properties of the materials by using the liquidity index or

the ratio P"P'cs were not sufficient to reduce this scatter.

laccarino et al. (1995) looked at the variation of water contents within a landslide body

formed of structurally complex clays. When large numbers of samples were taken from

a trial pit, laccarino et al. did note an increase in the water content in the shear zone and

to a lesser degree in the landslide body. They did however investigate a more

homogeneous material. In such heterogeneous soils as were encountered at Senerchia,

to assess any change of volumetric state in the shear zone or landslide body, water

content measurements should have been taken at a much closer spacing, perhaps every

10 cm, which was the thickness of the shear zone encountered by laccarino et al..
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The reason that a change in the volumetric state of a soil can be encountered in

landslides in overconsolidated clays is that soils are expected to dilate as they are

sheared within the landslide body or on the shear surface. Although the type of loading

applied in the triaxial apparatus, is significantly different to those that the soil is likely

to experience in the landslide, drained shearing of these soils showed that these samples

tend to strain localise with small compressive strains rather than to dilate significantly.

It is perhaps therefore not that surprising that there is little change between the

volumetric states of samples inside and outside the slide. Softening of the samples

within the shear zone could still occur however as a result of the breakdown of the soil

aggregates.

c) Compression Behaviour

The difference between the compressive behaviour of the material from the surrounding

formation (type 7) and from the landslide (type 6) was shown schematically in Figure

5.10. This diagram was based on the test data by Guerriero et al. (1995) discussed in

Section 2.4.1(e). The behaviour of the type 6 material had a normal compression line

similar to that of the reconstituted material, whereas the type y material had a normal

compression line within the state boundary surface of the reconstituted soil. Again the

difference between the compression behaviour of the formation material and the

reconstituted material was thought to result from a slight breakdown of the micro-

structure as a result of remoulding within the landslide. The view that only the macro-

structure and not the micro-structure of the material from the landslide body was

changed as a result of slope movements now appears to be too simplistic.

d) Shear Behaviour

i) Peak Strength

The effect of Iandsliding on the shear behaviour of the natural samples was assessed by

considering the normalised behaviour shown in Figure 4.38. The effect of the different

material properties and different volumetric states was accounted for by normalising

both with respect to the stress ratio at critical state of the reconstituted sample and an

equivalent pressure p defined on the critical state line of the reconstituted soil. As

stated in the previous section, there was no noticeable difference between the volumetric
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states of the material from inside and outside the sliding mass due to the heterogeneity

of these soils. The difference in the peak strengths of the soil from inside and outside

the landslide body was however fairly pronounced. Samples of the formation material

sheared drained from their estimated in-situ states tended to reach peak stress ratios

approximately 70% of those defined at the critical state of the corresponding

reconstituted sample. This reduction in strength was attributed to strain localisation due

to the fissured nature of the parent material. In contrast samples from the landslide body

sheared, also at their estimated in-situ stress state, reached peak friction angles similar to

those expected for the corresponding reconstituted samples. Sample H2C, which was

from inside the old Serra dell'Acquara landslide body, had a scaly appearance and

behaved in a similar manner to the samples from the parent formation. Significant

remoulding of this sample of soil was not therefore thought to have occurred. The lack

of remoulding in Sample H2C was a thought to be a local phenomenon, as the adjacent

sample N2B did not have a scaly appearance and appeared remoulded. It is thought that

there are larger lithorelicts in the larger landslide and H2C is formed of one of them.

Sirthlar thiferences between the landslide debris and the formation material were

observed for the M. Marmno clays reported by Guerriero (1995). The difference between

the behaviour of samples from inside and outside the landslide body was again

attributed to their different macro-structures. Remoulding within the landslide body

was thought to remove the fissured nature of the soil (the macro-structure) as seems to

be the case here.

ii) Residual Strength

Residual strength tests were not carried out on the natural soils, as sufficiently large

undisturbed samples of the soils at Senerchia were not available for tests in the Bishop

ring shear apparatus and it is not possible to test natural samples in the Bromhead ring

shear apparatus. As no examples were found in the literature of tests which looked at

the effects of remoulding due to landsliding on the residual strength of a structurally

complex clay, the likely response is predicted from the tests on the natural and

reconstituted Laviano clay shale by Picarelli (1991).

Picarelli (1991) carried out direct shear box tests on samples of a structurally complex

clay. He showed that the residual strength of the natural soil was larger than that of the
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corresponding reconstituted samples, particularly at low normal stresses (Figure 2.55).

The residual strengths determined in the direct shear box are likely to be a little large, as

was shown for the soil from Senerchia in Figure 2.56. The influence of structure was

however shown to be very important at low normal stresses (< 100 kPa). At stresses

above 200 kPa the residual strength of th natural soil was approximately the same as

that of the reconstituted.

As shown in the previous sections, it is thought that the effect of remoulding as a result

of landsliding on the natural material is to remove the scaly macro-fabric. The

behaviour of the landslide debris more closely approximates that of the reconstituted

material than that of the natural formation. Hence it is believed that as a result of

remoulding due to landsliding, the residual strength of the soil from the landslide mass

would not show the large increase in strength as a result of the structure seen for the

formation material.

e) Summary

The large shear distortions undergone by the sliding mass are believed to remould the

soil, with little change in the volumetric state, removing the macro- but not the micro-

structure. The change in the macro-structure was seen by direct comparison of the

visual appearances of samples inside and outside the landslide body, as the fissured

structure of the parent material was not evident within the soil of the sliding mass. The

micro-structure is not thought to have been changed by the landslide movements as the

Atterberg limits increased to a similar degree with mincing for samples both inside and

outside the sliding mass. The behaviour of the soil within the landslide body is fairly

similar to that observed for the reconstituted soils.

There was no identifiable change in the water contents or liquidity index for samples

tested within this research project, although a slight increase was identified in the shear

zone by lacarrino et al. (1995). The reduction in the peak strength due to the fissured

macro-fabric observed for the parent material was not observed for the soil remoulded

by sliding. It is thought that the increase in the residual strength at low normal stresses

due to the scaly structure of the formation material, observed by Picarelli (1991) by

comparing results from direct shear tests on natural and reconstituted Laviano clay

shale, would not be observed for the landslide debris. The normal compression line for
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the soil remoulded by landsliding lies outside that of the formation material and is

similar to that of the reconstituted soil.

5.2.2 Material Parameters for the Geotechnical Model of the Landslide

This section presents the material parameters that were used by the French partners

(Armines-CGI) in the numerical analysis of this landslide. The material properties

chosen were appropriate to the analysis technique used for this modelling. Both the

initial mobilisation and a subsequent reactivation were modelled in the numerical

analysis.

a) Location of Materials

As stated previously, the materials at this site are comprised predominantly of

marlstones, mudstones, claystones, clays, with isolated patches of sandstones and

carbonate breccia. Modelling the distribution of materials in these chaotic soils requires

some simplification, as the materials have little recognisable distribution vertically and

horizontally and it is difficult to tell their spatial distribution from the limited number of

boreholes drilled.

In Chapter 4, it was shown that the predominant materials were marly clays and clayey

mans. The numerical analysis of the landslide was carried out using the parameters

determined for these materials. These materials were thought to control the stability of

the landslide, as the shallow angle of the failing slope would only be achieved if the

shear surfaces lay predominantly in the more clayey soils. D'Elia (1991) also showed

that the overall stiffness of a composite material of rock fragments in a clay matrix was

controlled by the clay matrix if the rock component is less than 20%, as was discussed

in Section 2.3.2. The rock component of this landslide was estimated to be 15 % from

the borehole logs.

The soils in the slope were roughly divided into regions with similar plasticity indices

for the analysis, as is shown in Figure 5.12. This division of the landslide was carried

out at the initial stages of the project, prior to the findings of this thesis, to allow the

French partners to begin the numerical analyses. In light of the results of the work
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comparing the soil inside and outside the sliding mass, the soil within a reactivated

landslide body should have been assigned different friction angles to those of the

surrounding formation material. They should have been similar to those of the

reconstituted material.

Probably the only way to provide a more accurate assessment of the spatial distribution

of the different materials would be to carry out a probability study. Unfortunately it is

felt that there are too many variables and too few data for this to be realistic at present.

b) Material properties

The soil model used for the numerical modelling carried out by Arrnines-CGI is shown

in Figure 5.13. The soil was assumed to behave linear-elastically up to failure, with

zero plastic volumetric strains post-yield. Yield was defined using a Mohr-Coulomb

failure criterion. After yield, the soil was modelled as perfectly plastic and reducing

linearly to a residual strength value. The soil parameters therefore required were a large

strain shear stiffness G and the parameters for the Mohr-Coulomb failure criterion at the

critical state and at the residual state. The peak and critical failure envelopes for the

scaly clays were coincident, as these natural materials when sheared drained were

ductile with no peak. The material properties were assigned to the regions defined in

Figure 5.13 using correlations with plasticity index.

Initially the 'critical state' friction angles for the natural samples were determined by

assuming a linear correlation between the critical state friction angle and the plasticity

indices as can be seen in Figure 5.14. It is more usual to assume a linear correlation

between sin(') and the plasticity index, as shown in Figure 5.15. However over the

friction angles plotted, there is very little difference between the two linear correlations.

The correlations were determined for all reconstituted and natural samples that were

available at the time of plotting. In retrospect, it would have been more appropriate to

assume two different correlations for soils inside and outside the landslide body. The

friction angles for the soil within the landslide body should be determined from the

reconstituted samples. The friction angles for the formation material should be

determined from the drained triaxial tests on the scaly clays.
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G= O.75q5

(3Es)o.75q
Equation 5.1

The model used by Armines-CGI in the finite difference program FLAC assumed that

the material behaved linear elastically when sheared. This is unrealistic as the stress-

strain behaviour of soils is highly non-linear, as was shown for the soils from this site in

Section 4.7. The secant stiffliess was calculated for these soils between 0 and 75% of

the deviatoric stress at the critical state, using Equation 5.1,

where q is the deviatoric stress at the critical state and (;)o.75q is the shear strain at a

deviatoric stress equal to 75% of that at the critical state.

The secant stiffness as normalised with respect to the mean normal effective stress p'

and correlated with the plasticity index. These values were plotted against plasticity

index in Figure 5.16. Additionally the secant stiffness between 0 and 50% of the

deviatoric stress was also plotted on this graph, defined as a ratio of 0.Sq/ 3(;)Ø5.

The consequence of using an average shear stiffness will be that the modelled material

will deform much more than the actual soil under smaller deviatoric stresses and much

less closer to peak. It is thought that as a result of the initial shear deformations being

inaccurately modelled, the shear surface could be formed at the wrong location.

A numerical average value of the residual friction angles measured, equal to 5.5°, was

used for all soils within the slope. A numerical average was used rather than a

correlation with plasticity index, because for the soils tested there was no noticeable

increase in residual friction angle with plasticity index (Figure 4.54). This value of the

friction angle was thought to be appropriate in the downslope region, as the effect of the

macro-structure was thought to be negligible at vertical effective stresses above

200 kPa. However in the scarp region where the normal effective stress are much less,

the residual friction angle is likely to be larger as a result of the macro-structure of these

materials. As no tests were carried out on the natural material and the likely increase is

not known, this was not considered in the analyses.

The bulk unit weight was assumed by Armines-CGI to increase with depth, according to

the relationship shown in Figure 5.17. On this graph are also plotted the bulk unit

weight data obtained for the undisturbed natural samples tested and the change in the
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bulk unit weight defined by isotropic compression during high pressure test H2C. The

increase in bulk density, assumed by Armines-CGI was comparable with the

compression data.

c) Seismicity

The effects of earthquake loading on a landslide are very complex and therefore their

influences were considered using a pseudo-static approach in the numerical analyses.

The two effects that were considered important were the horizontal component of force

on the landslide which results from the seismic accelerations and the pore pressure

changes that result from the cyclic nature of this loading.

A pseudo-static horizontal acceleration of 0.1 g was used as an input for the calculations.

Earthquakes having an acceleration of 0.1 -0.2g have been found to occur about 10 times

in 500 years in the Senerchia area (Cotecchia et al. 1996). The 1980 earthquake had a

higher acceleration of about 0.3-0.4g, whereas accelerometers installed at the landslide

site for this project recorded a maximum horizontal acceleration over the two year

monitoring period (1994-1996) of 0.04g in April 1996. As the pore pressures measured

in the laboratory cyclic tests were in each case relatively small for the large seismic

event (0.lg), smaller seismic events were not modelled in the laboratory tests, as the

pore pressure changes would have been too small to resolve. The reason that 0.lg was

chosen as the magnitude for a large seismic event and not the 0.4g recorded during 1980

earthquake was that this information was not available at the time of the testing and the

value of 0.1 g from a neighbouring site was used.

To simulate the effect of cyclic loading on the landslide, cyclic triaxial tests were

carried out on two of the natural samples to determine the pore pressure response.

These cyclic tests were carried out only at rates of cycling at which the pore pressure

responses could be measured by the apparatus. In order to determine the relevance of

these data to the faster loading of a seismic event, the effect of the rate of loading was

investigated by carrying out tests on Samples N8B and NCA with periods of both one

day and 30 minutes. As the rate of pore pressure increase reduced with the number of

cycles (Figure 5.18), a direct comparison of the data for the two rates of loading was not

possible. The difference in the pore pressure response of the last slow cycle and the first
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Equation 5.3

fast cycle was however negligible, so that for the rates considered, it appears that rate

does not have a large influence on pore pressures generated.

In order to try and simulate the behaviour in the field, the sample was first sheared

drained to an initial deviatoric stress prior to the start of cyclic loading. This initial

stress was calculated using an equivalent slope angle a of 11 degrees, an average slope

angle for the whole slide, using Equation 5.2:

The effect of earthquake loading was then simulated by cycling the deviatoric stress

with the sample undrained, and measuring the pore pressure response. The amplitude

(st) of the cycles was determined from the equivalent acceleration of 0.lg for a large

seismic event, using the equation:

The stress ratio (q'/p') used in the triaxial apparatus was assumed to be twice the stress

ratio (t/cy '). Two tests were also carried out in the simple shear apparatus at the

Politecnico di Ban to complement the cyclic tests conducted in the triaxial apparatus.

The simple shear apparatus loads the sample under plane strain conditions which more

accurately models the mode of shearing in the landslide than the axi-symmetric loading

of the triaxial apparatus. The results of these tests are discussed in detail by Cotecchia

et al. (1996).

The data obtained for cyclic tests are summarised in Table 5.1. Samples N8B, 16/1 and

15/2 were retrieved from outside the landslide whilst NCA was from within the landslide

body. Several cyclic loading stages at different normal stress levels or different

modelled slope angles were carried out using each sample in order to maximise the data

obtained. The pore pressure changes under cyclic loading varied from -12 to +50 kPa

and so were relatively small compared with the confining stresses of 100 to 300 kPa.

The pore pressure responses for the samples tested at their estimated in-situ stress level
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from both inside and outside the landslide were similar and would indicate that the pore

pressure response of the soil to a seismic event was not affected by the shear distortions

due to landsliding. The negative pore pressure responses occurred for samples which

were sheared from lower confining stresses and hence higher overconsolidation ratios

than would be typical in-situ.

Instability could occur due to seismic activity as a result of a decrease in effective

stresses, caused by generation of positive pore pressures. Even for cyclic testing

equivalent to a very large earthquake, the pore pressure changes generated by cycling

were relatively small and became negative at low confining stresses equivalent to

shallow depths. Seismic events could therefore generate positive pore pressures at

depth and failure in areas of limiting stability may occur later as pore pressures

dissipated upward.
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CHAPTER 6 CoNcLusioNs

Leroueil and Vaughan (1990) highlighted the importance of structure when considering

the behaviour of natural soils. In order to assess the behaviour of a soil, it is necessary

to have an understanding of its structure and the stability of the different elements. As

the structure of the materials from this landslide site is very complex as a result of their

geological history, it has allowed a detailed investigation to be carried out of how

different types of structure affect the behaviour of the soils. The natural, reconstituted

and minced soils considered had a variety of different macro- and micro-structures.

The behaviour of the soils was considered within a critical state framework, normalising

to account for their different stress states, specific volumes and natures. The behaviours

of the natural soils were compared with those of corresponding reference materials,

which in this case were reconstituted samples prepared from the trimmings of the

natural samples. This research has considered soils with four different types of

structure: natural samples from the underlying formation; natural samples from the

landslide body; reconstituted samples; and minced samples.

The natural soils from the underlying formation were fairly typical of an argille

scagliose or scaly clay. The macro-structure of these materials consists of small shear

lenses of material, the orientation of which may change within a few centimetres. These

materials are fairly homogeneous at the sample-scale. The micro-structure of these

samples observed using S.E.M. is very chaotic, as a result of their complex geological

history. Aggregates of clay sized particles were present in the natural material, which

could only be broken down by an aggressive remoulding technique, for example

mincing.

The natural soils from inside the sliding mass are fairly typical of landslide debris. The

macro-structure of these samples consists of stiffer fragments within a clay matrix. The

structure is formed from remoulding all the materials within the landslide body and

hence these fragments consist of lithorelicts of the unweathered argillaceous materials

and also fragments of a more lapideous nature. The micro-structure of these materials

was not thought to be broken down by the remoulding effect of the landslide, as an

increase in Atterberg limits with mincing was still observed.
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The reconstituted soils were prepared by swelling the sample to between 1.2 and 1.5

times the liquid limit, by immersion in water (Section 3.2.4 (b)). The soil was then

minced to form a slurry and was one-dimensionally consolidated. The macro-structure

of the reconstituted soil was homogeneous, consisting of small particles (e.g. quartz or

calcite) within a clay matrix. The clay matrix did not consist solely of individual

particles but contained aggregated particles, which reduced the plasticity by comparison

with that of the disaggregated material created by mincing.

The minced material was formed by passing the natural soil at approximately the plastic

limit 10 to 12 times through an industrial food mincer, before reconstituting as above

(Section 3.2.4 (c)). The result of mincing the soil was to produce a much more open

fabric at the micro-scale, the macro-fabric being very similar to that of the reconstituted

soil. A result of mincing the material was to increase the plasticity of the soil, as

determined by the Atterberg limits.

As stated in Section 5.1.2, the reconstituted soil and not the minced material was

thought to be the most appropriate reference materials for comparing with the natural

soil. The reconstituted material was homogeneous, had a stable base fabric which was

not removed as a result of landsliding, was reproducible and was as close to the natural

material as possible.

After normalising the data to account for their different stress states, specific volumes

and material characteristics, the effects of the different macro-structures of the natural

soils were assessed by comparing their behaviours with those of the corresponding

reconstituted samples and the effects of different micro-structures could be determined

by comparing the behaviours of the reconstituted samples with those of corresponding

minced samples.

The compression behaviour of these soils is greatly affected by the micro-fabric, as was

shown in Section 5.1.3 by comparison of the two soils with different micro-fabrics; the

reconstituted and minced samples. The effect of disaggregating the micro-fabric was to

allow the normal compression line for the minced sample to lie to the right of that of the

reconstituted sample. The samples both consist of clay matrices containing discrete

particles. The difference between the two samples is the structure of the clay matrix.

The individual layer silicates of the minced sample act singularly as small thin
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individual particles in contrast to the layer silicates in the reconstituted sample which act

together as larger composite particles.

It was determined in Section 2.2.2 from the data presented in the literature, that the

normal compression lines for natural structurally complex clays generally lie to the left

of those of corresponding reconstituted samples. This difference between the

compression behaviours of samples of the underlying formation and the reconstituted

materials was attributed to the slightly different micro-structures of the two materials.

No difference was observed between the compression behaviours of the reconstituted

samples and of samples of the landslide debris (Section 2.4.1(e)). The reason for the

different compression behaviours of the formation material and the reconstituted

material is not so obvious. It is thought to result from the slightly different micro-

structures of the two materials.

The effect of the different micro-structures of the minced and reconstituted samples on

the shear behaviour was also investigated (Sections 4.6.2 and 5.1.5). The micro-

structure of one pair of samples was shown not to influence the stress ratio at critical

state, whilst it did have an effect on the value of M for the other pair. Whereas the shear

behaviour is thought to be controlled by the matrix material, the compressive behaviour

is controlled by the bulk properties.

Corresponding to the different positions of the minced and reconstituted normal

compression lines, the critical state lines for these two materials were also shown in

Section 4.6.2 to be different. As a result of the data being normalised with respect to the

critical state line of the reconstituted material, the normalised state boundary surfaces of

the minced and reconstituted materials do not coincide.

The shear behaviour of the natural soils from the underlying formation was found to be

controlled by the scaly nature of the macro-structure (Sections 5.1.4 and 4.6.3).

Samples which were sheared drained from an estimated isotropic in situ stress level

were observed to strain localise at a stress ratio of approximately 70 % of the value of M

for the corresponding reconstituted samples. This ratio was found to decrease with

increasing stress level. The normalised stress paths of the natural soils from the

landslide debris reached stress ratios at or slightly above those of the corresponding

reconstituted samples at critical state. These natural samples were still found to strain

localise, preventing them from reaching their true critical state, a form of behaviour also
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observed for the drained tests on the reconstituted samples. Hence it was concluded that

it was the inherent discontinuities in the scaly clays that caused the reduction in the

post-rupture strength of these samples.

The micro-structure of these soil was found to have no effect on the stiffness properties

of these materials at either the very small strain level or the small strain level (Sections

4.7.1, 4.7.2 and 5.1.5). For one pair of natural and reconstituted samples, the macro-

structure was shown to have an influence on the very small strain stiffnesses, increasing

the stiffness of the natural sample, for another pair of samples it had no effect. The

macro-structure had no effect on the stiffness in the small strain range. This would

suggest that only the elastic component of stiffness is affected by the macro-structure.

The residual strength did not appear to be affected by the micro-structure at higher

normal effective stresses (Section 4.8.2). In the low stress region there was a slight

increase in the value of residual strength obtained for the reconstituted sample. This

was thought to result from aggregated particles being broken down in the shear surface

only at the higher stress levels. Unfortunately no samples of sufficient size were

available to carry out ring shear tests on the natural material. Direct shear tests by

others have shown an increase in the residual strength for natural soils (Section 2.2.5).

However tests in the direct shear apparatus are not ideal for the measurement of residual

strength.

The effect of landsliding on the material behaviour was assessed by comparing the

behaviours of samples from inside and outside the landslide body (Section 5.2.1).

Remoulding as the result of the landslide activity showed a change in the appearance of

these materials from a scaly clay to a clay matrix, containing lithorelicts, as was

described earlier. The most obvious difference in the macro-structures of these

materials is the absence of inherent discontinuities in the landslide debris. This change

in the macro-structure resulted in a behaviour, which was more similar to that of the

reconstituted material. There was not thought to be a change in micro-structure as a

result of remoulding due to landsliding as similar increases in liquid limit with mincing

were observed for samples from inside and outside the landslide body.
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6.1 Limitations of this Research and Proposals for Further Work

The main limitation of this research project was the restriction in the number of tests

that could be carried out, arising from the difficulties of testing these materials. The

soils were firstly difficult to sample, due to the chaotic distribution of materials within

this landslide. The heterogeneity of the soils also meant that for every natural sample

tested a corresponding reconstituted sample had to be tested to allow correct

normalisation of the data. The low permeability of the soils, particularly when minced

or reconstituted was perhaps the main restriction on the testing programme. A test on a

reconstituted sample to determine its intrinsic normal compression line, typically took

several months. The durations of all of the triaxial tests added up to eight equipment-

years.

The natural samples that were tested also focused on the more argillaceous materials, as

these were thought to control the stability of the landslide. This assumption was

corroborated by the shallow angle of the slope. The lapideous component of 15 %

estimated for this landslide from the borehole records should not, based on the analyses

by D'Elia (1991), have an effect on the shear and bulk properties.

The test programme was mainly carried out in the triaxial apparatus under axi-

symmetric conditions. However the stress paths of soil samples in the landslide would

be better approximated by plane-strain conditions and the effect of the rotation of the

principal stresses cannot be modelled in the triaxial apparatus. The reason that tests

were carried out in the triaxial apparatus was that as very little work has been carried out

on these complex materials and it was important to determine their behaviour under

simple loading conditions before investigating the effects of principal stress rotation.

The effect of principal stress rotation on the behaviour of these materials needs to be

studied in more detail.

The research presented here provides some insight into the behaviour of the structurally

complex clay formations that cover much of the Southern Italian Apennines. There is

unfortunately insufficient test data, to be able to define a complete framework of

behaviour for this scaly soil. From the data available there is no reason to suggest that a

critical state framework could not be used. More work needs to be done to determine

the state boundary surface for both the natural and reconstituted materials in v:lnp'
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space. It is not thought that a state boundary surface can be determined in q' :p' space

for the natural material as strain localisation has been shown to cause failure at a post-

rupture failure surface. This would require a number of tests to be carried out on the

natural material in the high pressure apparatus. Ring shear tests also need to be carried

out on natural samples of the formation material and landslide debris to assess the effect

of the macro-structure on the residual strength envelope.

The different types of micro- and macro-structures observed in the structurally complex

clays are likely to be encountered in other clay shales. More research needs to be

carried out to investigate whether there is an influence of a micro-structure of composite

particles on the behaviour of other materials. The stability of the composite particles

will no doubt be the controlling factor.
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Cell No. Pressure Sample Computer Analogue! 	 Pressure
Range	 Size	 System	 Digital	 Regulators

_________ __________ (mm)	 Interlace	 Electromanostat

1	 Standard 38	 BBC	 Spectra	 Electromanostat

2	 Standard 38	 PC	 CIL alpha card Analogue-
_________ __________ __________ ____________ _______________ pneumatic
4	 Standard 38	 BBC	 Spectra	 Electromanostat

6	 Standard 38	 PC	 CIL alpha card Electromanostat

7	 Standard 38	 BBC	 Spectra	 Electromanostat

8	 Standard 60	 BBC	 Spectra	 Electromanostat

9	 Standard 38	 BBC	 Spectra	 Electromanostat

10	 Standard 38	 PC	 DT card	 Analogue-
_________ __________ _________ ___________ ______________ pneumatic
High	 High	 50	 PC	 CIL alpha card Electromanostat
Pressure

Table 3.1 Summary of different control systems used with the triaxial apparatus

Cell No.	 Local Axial	 Bender	 Radial Strain	 Mid-height
____________ Gauges	 Elements	 Belt	 PPT

1	 None	 Yes	 No	 No
2	 LVDT	 No	 No	 No
4	 None	 Yes	 No	 No
6	 Hall Effect	 No	 No	 Yes
7	 None	 No	 Yes	 Yes
8	 LVDT	 No	 No	 No
9	 LVDT	 No	 Yes	 No
10	 LVDT	 Yes	 No	 No
High Pressure Hall Effect 	 Yes	 No	 No

Table 3.2 Summary of local instrumentation used with the triaxial apparatus
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Function	 Instrument	 Working	 Typical Output
_____________ _____________ Range	 at Full Range
Shear Stress	 RDP precision ± 10 kN	 30 mV

low profile load	 (unamplified)
_______________ cell Model 41E _______________ _________________
Vertical	 RDP precision ±5 kN	 30 mV
Friction	 low profile load	 (unamplified)
_______________ cell Model 41E _______________ _________________
Gap Opening	 Displacement	 10 mm	 70 mV

Transducer
Sample Height Displacement 	 10 mm	 70 mV

Transducer

Table 3.4 Characteristics of transducers used in the Bishop ring shear apparatus

Transducer	 Resolution Noise	 Hysteresis	 Non-Linearity
RDP 10 kN	 0.003 N'	 ± 1 kPa	 ± 0.08 % F.S.	 ± 0.1 % F.S.
loadcel l	 (10 N)2	 ___________ _______________ ________________
RDP5kN	 0.001N'	 ±0.5kPa	 ±0.08%F.S.	 ±0.1%F.S.
loadcell	 (5 N)2	____________ ________________ _________________
displacement 0.002 mm	 ± 0.01 mm ± 0.02 % F.S.	 ± 0.2 % F.S.
transducer4

Resolution at maximum gain with amplification used
2 Resolution at maximum gain without amplification

Drift, hysteresis and non-linearity are expressed as a percentage of the full scale
working, quoted from the manufacturers literature.
Values from Stallebrass (1990)

Table 3.5 Resolution and accuracy of transducers used in the Bishop ring shear
apparatus
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Sample Borehole	 Inside!	 Sample	 LL	 PL	 Bromhead Residual

Depth	 Outside	 Type	 (%) (%) Bishop	 Friction

(m bgl)	 Landslide	 angle (0)1

I	 12	 Inside	 Osterberg 55	 27	 Bromhead 6.9

9.4-9.6

II	 Ii	 Inside	 Osterberg 72	 30	 Bromhead	 5.2

21.0 - 21.4	 Old slide

A	 12	 Inside	 Disturbed 55	 33	 Bromhead 6.1

11.2- 11.5	 Bishop	 5.2

B	 P4	 Outside	 Disturbed 79	 40	 Bishop	 6.6

15.8 - 16.0

C	 P2	 Inside	 Disturbed 58	 26	 Bishop	 5.2

10.2 - 10.5

D	 14	 Outside	 Osterberg 58	 33	 Bishop	 5.0

7.5 - 7.8

D(M)2	14	 Outside	 Osterberg 71	 26	 Bishop	 5.0

7.5 - 7.8

Table 4.2 Summary of Ring Shear Test Results

'Residual friction angles quoted assume linear failure envelopes and ignore any slight increase in the
residual strength ..at low normal stresses
2 Minced sample prepared as detailed in Section 3.2.3
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Figure 1.1 Photograph of the Serra Dell'Acquara Landslide taken from the region of
confluence between the Serra Dell'Acquara and Acquara-Vadoncello

landslides.
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Figure 1.2 Photograph of the scarp of the Acquara-Vadoncello landslide.

Figure 1.3 Photograph of the downslope region of the Acquara-Vadoncello landslide.
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1) Recent deposits: lacaustrine fluvio-lacustrine, littoral, deltaic and alluvial deposits.
PLEISTOCENE - HOLOCENE

2) Intermontane basins: marine conglomerates, sands and clays.
LOWER-MIDDLE PLIOCENE

3) Molise-Lucanian basin: argillites, siliceous marls, limestones with chert, varicolori clays.
MIDDLE TRIASSIC - MESSINIAN

4) Campania-Lucanian shelf: limestones, dolomitic limestones and dolomites.
UPPER TRIAS - LANGHIAN

5) Isoseismal lines of 1980 earthquake.

6) A Bisaccia landslide; B Calitri Landslide; C Lioni landslide; D Buoninventre landslide
7) Detailed study area containing the Acquara-Vadoncello landslide.

Figure 1.4 Schematic geological map of the large study area, showing the location of
the landslide site at Senerchia chosen for the detailed study (after Fiorillo
and Parise, 1995).



1) Amount of retrogression from June 1995 to May 1996.
2) Central portion of the Serra dell'Acquara mudslide.
3) Mainscarp of the 1993 Acquara-Vadoncello landslide in June 1995.
4) Locations of inclinometer (I) and piezometer (P) boreholes
5) Local control point for topographic monitoring
6) Spring

Figure 1.5 Schematic map showing the locations of the 1993 Acquara-Vadoncello
landslide (diagonal lines) and the 1980 Serra dell'Acquara mudslide
(vertical lines) (after Cotecchia et al. 1996).
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a) slump earthflow

b) mudslides

Figure 1.8 Examples of landslide types (after Hutchinson, 1988)
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Figure 1.9 Results of the inclinometer measurements in borehole Ii
(after Wasowski and Lasorsa, 1995)
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Figure 2.1 Schematic representation of pore space types (afterCollins and McGown,
1974)
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Figure 2.2 Structure determining factors and processes (after Mitchell, 1993)
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Figure 2.3 Synthesis pattern for the clay minerals (after Mitchell, 1993)
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Figure 2.4 Modes of particle associations in clay suspensions: a) dispersed and
deflocculated; b) Aggregated and dispersed; c) Edge-to-face
flocculated but dispersed; d) Edge-to-edge flocculated but dispersed; e)
Edge-to-edge flocculated and aggregated; f) Edge-to-edge flocculated
and aggregated; g) Edge-to-face and edge-to-edge flocculated and
aggregated. (after van Olphen, 1977).
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Figure 2.5 Summary of the principal elementary structures of sedimented clays:
1) dispersed and deflocculated; 2) Edge-to-face flocculated and dispersed; 3) Edge-
to-edge flocculated and dispersed; 4) Edge-to-face and edge-to-edge flocculated and
dispersed; 5) Aggregated and deflocculated. 6) Edge-to-face flocculated and
aggreggated; 7) Edge-to-edge flocculated and aggreggated; 8) Edge-to-face and
edge-to-edge flocculated and aggregated; 9a) Cardhouse fabric (kaolinite), 9b)
Cardhouse fabric (illite), 10) Bookhouse fabric, 11) Honeycomb fabric, 12)
Turbostatic fabric, 13) Stack fabric. (after Sfrondini, 1975)
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Figure 2.7 The sedimentation compression behaviour of a laboratory sedimented
marine clay (after Burland, 1990; data from Bjerrum and Rosenqvist,
1956).
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Figure 2.8 General relationships between sensitivity, liquidity index and effective
stress (after Mitchell, 1993).
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UNITS	 FORMATION LOCALITY PRINCIPAL 	 TECTONIC	 TYPE
LIThOFACIES	 ARRANGEMENT OF
ASSOCIATION	 AND	 COMPL

________ _________ ________ ___________ STRUCTURES _____
Palombini	 Campiano	 alternating layers of zones of ordered 	 B1
Shales	 (Berry et al.	 rock shales and	 layers associated	 B2

1977a)	 siliceous fme-	 with zones	 B3
grained limestones	 characterised by
with rare sandstone disarrangement of
layers (limestone- 	 layers or
shale ratio 1).	 completely chaotic

structures -
presence of faults.

LIGURIDES__________ __________ ____________ ____________ ______
Black Shales	 Sinni River	 prevailing rock-	 same as above.	 B1

Valley	 shale layers with 	 B2
(Beomonte	 limestone and	 B3
and Cavallo,	 sandstone layers.
1977;
Cotecchia and
Del Prete,

_____________ ______________ 1977) 	 _________________ _________________ ________
Variegated	 Trigno River	 clay-shales with	 disarranged to	 B2
Shales	 Valley	 rare interspersed	 chaotic structure	 B3
(Abruzzo-	 (D'Elia 1977) layers and blocks 	 formed by a mass
Mouse Unit)	 of limestone and	 of sheared clay-

sandstone.	 shales with
occasional ordered

SICILIDES______________ _____________ _________________ zones.	 ________
Variegated	 Fiumarella	 clay-shales with	 chaotic structure	 B3
Shales	 River Valley rare interspersed 	 formed by a mass
(Sannio-Irpinia	 and Osento	 layers and blocks	 of sheared clay-
Unit)	 River Valley	 of limestone and	 shales.

(Evangelists	 sandstone.
____________	 etal. 1977)

Figure 2.35 Summary of calcareous-pelitic and pelitic formations (after A.G.I. 1979).
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A2	
depending upon mineralogy and stress history (mainly
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B	
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loading); e.g. Keuper marls.

Disarranged layers of rock and from highly fissurred and
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(Andronopoulous, 1977).
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B3	 heterogeneity, mineralogy and stress history (repeated cycles
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displacements); e.g. Irpinia variegated shales (Evangelista et
al., 1977).
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Figure 2.36 Types of structural complexities (after Esu, 1977).
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Figure 2.39 Main factors influencing the mechanical behaviour of structurally
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Figure 2.40 Typical mineralogies for structurally complex clays from Abnizzo-Molise
(AM), Sanno-Irpinia (SI) and Lucania (LU) (after Belviso et a!., 1977).
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Figure 2.42 Water content and liquidity index measured in four earthflows in
strur.turally complex clays (after Jaccarino et al., 1995).
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dry sieving after rough hand separation of the single fragments
B0	 air drying and grain size analysis by sedimentation without shaking
B3	 grain size analysis as B0 after 3 cycles of wetting and drying at 450
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Figure 2.44 Influence of treatment method on the particle size distribution of a scaly
clay (after Cotecchia et al., 1986).
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Data for the structurally
complex clays

Natural
Bilotta, (1987); Bertuccioli and
Lanzo, (1993); D'Elia, (1991);
laccarino et al., (1996); D'Elia,
(1977); Guerriero et al., (1995).

Reconstituted
Taccarino et al., (1996);
Guerriero et al., (1995).
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Figure 2.50 Correlation between friction angle and plasticity index for natural and
reconstituted structurally complex clays.
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Figure 2.51 Normalised shear strength envelopes of the reconstituted and undisturbed
M. Marino clay (after Guerriero et al., 1995).
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Figure 2.52 Normalised shear strength envelopes of the reconstituted and undisturbed
Bisaccia clay (after Guerriero et al., 1995).
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Figure 5.1 Digitised image from the S.E.M. study of the natural material:
Horizontal width of magnified sample approximately 100 m
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Horizontal width of magnified sample approximately 100 m
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