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Abstract

Investigations on the effects of fast rates of displacement, such as those induced

by earthquakes, on the behaviour and residual strength of soils have been handicapped by

the limitations of the ring shear apparatus. Loss of soil through the gap of the confining

rings of this apparatus alters the material of the shear zone and limits the duration for

which fast rates of displacement can be sustained. In order to minimise soil loss and

prolong fast shear testing, a new set of confining rings was designed and manufactured.

The new confining rings are described in this thesis and their evaluation

procedure is presented. It is shown that the residual strength measured with the new

confining rings varies by 0 to 2 % from the residual strength measured with the original

confining rings. More importantly, the use of the new confining rings results in as little as

seven times less soil loss than the original rings. It is concluded that the new confining

rings improve substantially the capabilities of the ring shear apparatus, particularly to

investigate the behaviour of soils under fast rates of displacement.

The experimental programme which was followed in this investigation involves

the shearing of remoulded samples of plastic and non-plastic soils at fast rates of

displacement. In analysing the test results, the fast residual strength (i.e. the steady

residual strength measured at fast rates of displacement) is compared with the slow

residual strength (i.e. the residual strength measured at 0.09 mm/mm). It is concluded

that in the absence of an undulating shear surface all plastic soils exhibit an increase in

strength and their fast residual strength may be as much as 250 % higher than their slow

residual strength. Moreover, all non-plastic soils exhibit a decrease in strength and their

fast residual strength may be as little as 10 % lower than their slow residual strength. In

the presence of an undulating shear surface all submerged plastic soils exhibit a decrease

in strength and their fast residual strength may be as little as 78 % lower than their slow

residual strength. Furthermore, it is indicated that the fast residual strength of all plastic

soils which exhibit an increase in strength decreases with increasing normal stress and

reaches a maximum value when the rate of displacement is about 1.5 cm/sec. Finally, it is

suggested that the stress history and the direction of shearing have no effect on the

behaviour of soils during fast shear testing and no relation between the magnitude of the

increase in fast residual strength and the plasticity index of soils is observed.
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TERMINOLOGY

Apart from the terms which are defined as they appear in this thesis, the following

general terminology applies:

Fast, or Undrained Rate of Displacement: rate of displacement which does not allow

dissipation of pore pressures

Fast, or Undrained Shearing: test in which the sample is sheared at fast rates of

displacement.

Fast Residual Strength: steady strength achieved during fast shearing of samples

which have previously reached their slow residual strength.

IC/NGI Ring Shear Apparatus: ring shear apparatus designed in collaboration

between the Soil Mechanics Section of Imperial College and the Norwegian

Geotechnical Institute.

New Confining Rings: confining rings designed and manufactured for the

purposes of this investigation.

Original, or Old Confining Rings: confining rings associated with the original design

of the IC/NG! ring shear apparatus.

Post-threshold Strength: strength observed during fast shearing and mobilised

within 20 cm afier the threshold strength has been established.

Slow, or Drained Rate of Displacement: rate of displacement which allows

dissipation of pore pressures

Slow, or Drained Shearing: test in which the sample is sheared at slow rates of

displacement

Slow, or Drained Residual Strength: minimum post-peak strength of soils achieved

during slow shearing.

Threshold Strength: strength observed during fast shearing and mobilised at zero

shear displacement.
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CHAPTER ONE

INTRODUCTION

1.1	 Background and Aims of Research

The sudden decrease in soil strength on the application of earthquake loading has

been considered as the cause of several catastrophic landslides which have been recorded

in history. Therefore, the effect of varying rates of displacement on the residual strength

of soils has been the focus of several preceding investigations. In the years which

followed the detailed examination of the residual strength concept by Skempton (1964),

most investigations concentrated on determining the range of displacement rates within

which the residual strength remains unaffected, with a view to employing the maximum

rates possible in the laboratory and, therefore, accelerate the testing procedure. Since

1981, investigations have concentrated on the effect of high rates of displacements, such

as those encountered in earthquakes or rapid landslides on the residual strength. In

particular, extensive research on this subject has been conducted in the Soil Mechanics

Section of Imperial College by means of the ring shear apparatus.

Lemos (1986) examined the effect of high, earthquake-induced, rates of

displacement on the strength of samples from the Kalabagh (Pakistan) dam site in which

a shear surface had already been established. He concluded that the increase in the rate of

displacement is associated with an instantaneous increase in strength which is followed

by a drop to below, above or around its residual level. He speculated that the soil

strength will stabilise below, above or around its residual value depending on the shear

mode of the sample at drained rates of displacement and the amount of clay which is

present in the soil under investigation.

Tika (1989) continued the investigation on the phenomena observed by Lemos,

and presented five types of variation of the residual strength with increasing rates of

displacement. She argued that the behaviour of soils upon fast shearing does not depend

only on their drained shear mode and their index properties, but also on the grading of
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their granular phase. Furthermore, she described the general characteristics of the soils

which exhibit each of the five types of behaviour upon fast shearing. Finally, she

concluded that any pore pressure which may be generated during rapid loading does not

affect significantly the test results.

However, previous investigations using the ICING! ring shear apparatus have

been handicapped by its limitations. The excessive soil loss which has been observed

through the gap of the confining rings of the apparatus limited significantly the duration

of shearing at high rates of displacement (Ito 10 cmlsec), and it was suggested that a

more comprehensive picture of the behaviour of soils upon fast shearing would emerge if

the high rates of displacement could be sustained for a longer duration.

The first aim of this research was to design and manufacture a modification of the

ICING! ring shear apparatus which would enable prolonged shearing at high rates of

displacement. Furthermore, the modified system had to be evaluated both for its

compatibility with the existing one and for its efficiency in controlling the amount of soil

loss. Once the evaluation of the modified design had been completed successftilly, an

experimental programme was proposed to investigate the different behaviour of various

soil types upon prolonged fast shearing. Thus, the second aim of this research was to

establish a comprehensive model for the fast-shearing behaviour of soils related to their

physical properties and the environment in which they have been tested.

1.2	 Layout of Thesis

This thesis consists of seven chapters. Following this introductory chapter, the

second chapter contains the literature review which is divided in four subject areas. The

topics which have been considered are the drained residual strength of soils, the ring

shear apparatus, the effects of the rate of displacement on residual strength, and the

theories which have been advanced in order to explain the flow of particulate materials.

Chapter 3 contains a description of the apparatus and instrumentation which have

been used in this investigation, the testing methods and procedures which have been

employed in the course of Ihis research, formulae for the calculation of the test results,

and the classification tests which have been conducted.
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Chapter 4 contains a detailed presentation of the modified design of the ICINGI

ring shear apparatus, and the procedure for evaluating the efficiency and compatibility of

this modified system.

Chapter 5 contains a summarised description of the tests which have been

conducted on the various soil types. The tests have been divided according to the

associated soil type and the testing procedure which was followed.

Chapter 6 contains the analysis and the discussion of the experimental results. For

the purpose of analysing the results, the tests have been divided in two categories: those

which were conducted on plastic soils, and those which were conducted on non-plastic

soils. Furthermore, the discussion concentrates on the rate of displacement, shear

displacement and pore pressure effects, the rate-dependent characteristics of soils and the

effects of pre-shearing and reversing the direction of shear on the measured strength.

Finally, Chapter 7 contains the conclusions of this investigation, the practical

implications of the results, and the recommendations for further research on this subject.



CHAPTER TWO

LITERATURE REVIEW

2.1	 Introduction

This chapter focuses on previous investigations relevant to the subject of the

effect of varying rates of displacement on the residual strength of soils. The discussion is

divided into four categories. Literature relevant to the residual strength of soils is

presented first, and is followed by introducing the various ring shear devices which have

been used to assess the shear behaviour of soils at large displacements. The findings of

previous researchers on rate of displacement effects on the undrained soil strength is then

presented with emphasis on investigations involving dynamic loading and large shear

displacements. Finally, existing theories of the behaviour of soils on undrained shearing

and of the flow of particulate materials is also presented. The terminology and units used

in each work which has been reviewed will be not be altered.

2.2	 Residual Strength of Soils

The post-peak behaviour of soils has received attention from the early days of

soil mechanics. Haefeli (1950), referring on his earlier work (Haefeli 1937, 1938)

suggested the use of the ring shear apparatus in experiments on the residual shearing

stress of snow and clay which he defined as the friction which remains in the shear

surface after shearing is terminated. This he distinguished from the minimum post-failure

shear strength. Haefeli argued that the residual shearing stress represents a stat IC

condition that is not associated with any additional vertical or horizontal movement after

the cessation of shearing and it involves relieved pore pressures. Furthermore, he

acknowledged that the residual shearing stress is associated with the presence of sliding

surfaces and with a loss of the cohesion intercept of the strength envelope and that it

should be considered in cases of progressive failure.
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Skempton (1964) presenting results from slow, drained, shear box tests showed

that when shearing is continued after the peak strength of the sample has been mobilised,

the resistance decreases. The limit to what he referred to as "strain softening" he defined

as the "residual strength" of a sample which is subjected to large shear displacements. In

analysing the available experimental data Skempton concluded that the cohesion

intercept of the strength envelope decreases to a value close to zero as the sample

approaches its residual state, and that the residual strength of a sample can be best

expressed by the following equation:

s'=a'tan4 1'	 (2.1).

He suggested that the decrease in sample strength from its peak to its residual value is

partly due to an increase in the water content within the soil matrix which is involved in

shearing, and partly due to the orientation of clay particles which takes place upon

unidirectional shearing. Moreover, Skempton argued that the residual strength of a

clayey soil may be considered independent of its stress history, and that decreases with

increasing clay fraction. Ultimately, he added, the residual strength of a pure clay would

not be different from the interparticle friction of its clay mineral In cases where the

particles involved cannot became oriented, the residual angle •' can be given

approximately by the following equation (Caquot, 1934 as presented by Skempton,

1964), assuming constant volume shearing:

tan 4' = tan (2.2).

Finally, in the general case where the soil consists of a mixture of platy (clay) and

roughly spherical (silt or sand) particles, the residual strength would be above & since

the presence of the rotund particles would interfere in the orientation of the platy

particles and they would increase the shearing resistance. Skempton associated the

decrease of the sample strength from its peak value to residual with a progressive failure

mechanism which is ceased only when all particles involved in shearing have become

oriented.

Skempton and Petley (1967) presented several case records concerning the

strength of overconsolidated clays along structural discontinuities. They emphasised that

the soil strength in landslides and tectonic shear zones must be very close to residual and

they considered the stages through which a clay sample under simple shear passes until it
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reaches its residual state. The first stage, they suggested, involves a continuous

non-homogeneous strain, followed by the formation of 'Riedel shears' which, with

further movement, develop into 'displacement shears'. As shearing continues, these are

connected to form an undulating 'clip surface' which becomes more planar with further

movement. This sub-planar shear surface involves particles which have reached their

maximum degree of orientation and, thus, their residual strength. Tests carried-out on

samples with already existing slip surfaces' showed that the peak strength has been

miriimised and the residual strength is attained at relatively small shear displacements.

Finally, presenting a summary of results from tests on brown London clay, Skempton and

Petley indicated that there is strong evidence to suggest that at low normal stresses the

residual strength envelope is non-linear.

Kenney (1967) investigated the influence of the mineral composition of soils on

their residual strength. He postulated that, since soils are mixtures of different minerals,

their residual strength might be controlled by the different minerals of which they consist.

Direct shear tests on undisturbed samples were initially conducted from which he

concluded that the irregular shape of the slip surfaces often lead to increased apparent

shear resistance and therefore over-estimation of the residual strength of soils. The

pre-cut sample test technique was then used in order to obtain more reproducible results.

He reaffirmed that remoulded samples can be successfully used in determining the

residual strength of soils. From his test results on natural soils Kenney concluded that

residual strength is independent of plasticity, clay fraction and water content and that it

depends on the mineral composition of such soils. Kenney extended his investigation on

pure minerals and indicated that the residual strength of massive-type minerals is

independent of particle size, but dependent on particle shape since angular mineral

particles exhibit a higher residual strength than rounded ones. Furthermore, he argued

that the residual strength of layer-lattice minerals depends mainly on the system

chemistry and increases with increased ion concentration in the pore fluid and with the

formation of interparticle bonds.

Morgenstern and Tchalenco (1967) studied the microscopic features developed

within a kaolin sample subjected to direct shear. They prepared identical samples from a

slurry and sheared them under drained conditions. Each test was terminated at a different

stage of shearing, the samples were impregnated with Carbowax 6000 and their
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shear-induced fabrics compared [Fig. 2.2.1]. It was suggested from the results of their

investigation that displacement diccontinuities appear at the edges of the shear box after

the sample has reached its peak strength. These discontinuities were developed at high

angles to the horizontal and, as shearing progressed, they extended through the middle

two thirds of the sample until they eventually jointed -towards the end of the travel of the

shear box in approaching the residual strength- to form a 'waiy surface'. This wavy

continuous plane of shearing, Morgenstern and Tchalenco argued, was achieved by the

mobilisation of displacement discontinuities which lay in the direction of shearing and at

low angles to it. Furthermore, at the end of the travel of the shear box, additional

discontinuities were developed aligned at high angles to the direction of shear and which

were not part of the shearing surface. It was speculated that the ultimate structure which

governs the residual strength of soils was not achieved in any of the tests described in

their investigation, and that the wavy slip surface which had been observed at the end of

travel of the shear box would eventually become planar with further shearing. Also, they

indicated that high stress concentrations may be encountered at the loading sides of the

shear box and that a non-uniform stress distribution may have led to a non-homogenous

strength distribution.

Ramiah ci a! (1970) conducted direct shear tests on a silty clay which had been

pre-treated with flocculant and dispersant agents. They investigated the influence of

chemicals, stress history and initial water content on the residual strength of the samples

tested. The results from this series of tests suggested that the sample which had been

pre-treated with the flocculant agent had a higher residual strength by 20 to 50 than the

sample which had been pre-treated with the dispersant agent. They, reasoned that the

high residual strength of the flocculated state is due to the increased ion concentration of

the pore fluid and the fact that this state has more interparticle contacts than the

dispersed. Furthermore, they concluded that the stress history and the initial water

content appeared to have no effect on the residual strength of the samples tested.

Smart (1970) employed a deterministic approach in order to define the

dependence of the residual strength of soils on the clay content. He assumed that once a

distinct failure surface has been established in a soil matrix, the shearing mechanism can

be analysed by utilising a rigid block model. Smart concluded that if c is the clay fraction

i.e. the volume of clay divided by the volume of solids, Ø is the clay interparticle residual
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angle, 4 is the sand interparticle residual angle and Ø is the clay-sand residual angle, and

if the direct stress is distributed uniformly over the failure plane, the residual angle of

shearing resistance of the soil (0,) can be estimated by the following equation:

tanØ, = c2 tanO+2c(1 -c)tanOm +(1 -c)2 tanØ,	 (2.3).

Furthermore, Smart argued that if the clay content was based on the volume of clay

plasma (defined as: c t = where V,, V and V, are the volumes of clay solids,

sand solids, and water within the clay plasma, respectively) then a closer approximation

of the experimental results can be achieved.

Cullen and Donald (1971) conducted a thorough investigation of the

determination of the residual strength by means of the direct shear apparatus, and of the

effects of various parameters on the experimental results. They indicated a substantial

decrease in residual strength with a moderate increase in moisture content and they

suggested that a correction to a standard moisture content of 22% should be applied

upon analysing the results. Furthermore, they argued that the cohesion intercept of

residual strength may not always be zero, and that the technique of stage testing, where

the same sample is sheared to residual at subsequently increased normal stresses, may be

used to produce valid results at substantially less time.

La Gatta (1971) presented the results of his investigation on the residual strength

of soils by means of a then newly developed ring shear apparatus. He defined as residual

strength the drained shearing resistance of a sample undergoing continuous deformation

under a constant slate of effective stress and at a constant void ratio and he repeated the

suggestion that the residual and critical states are identical. La Gatta indicated that the

reduction in shear resistance from peak to the residual value is a result of bond breakage

and particle orientation for normally consolidated soils, whereas for overconsolidated

soils it is also a result of an increase in void ratio with shearing. Furthermore, he

suggested that when the shear strength is plotted versus the shear displacement in order

to estimate the residual strength of a sample, the logarithmic scale should be employed in

order to avoid over-estimating the residual strength.

Townsend and Gilbert (1973) reported on the residual strength of various clay

shales. In comparing results from ring shear and direct shear tests, they indicated that

there is little difference between the values attained by the two methods for hard, highly

overconsolidated soils, but this is not necessarily the case for softer materials.
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Furthermore, they argued that the residual strength of soils is independent of the sample

preparation procedures.

Kenney (1977) reported additional findings from his continuing investigation on

the residual strength of mineral mixtures. He suggested that the residual strength of a

mineral mixture depends on its composition and the chemical state of the clay mineral.

He argued that the residual strength should be inversely proportional to the volume ratio

of a sample fr) which he defined as the ratio between the volume of clay minerals and

water and the total volume of the sample. Furthermore, he argued that in a mixture of

clay mineral particles, water, and quartz (massive mineral) particles, the clay particles and

water form a cohesive matrix and the quartz particles are discretely included within this

matrix. In soils where the cohesive matrix exceeds 40% or 5O% of the total volume, the

residual strength is controlled by the clay mineral. When the relative volume of the

massive minerals increases, the residual strength of the soil also increases, as the quartz

particles form a continuous structure which resists shearing and the cohesive matrix does

not contribute substantially to the residual strength.

Lupini el a! (1981) presented a thorough investigation of the shearing

mechanisms associated with the residual state of soils. They performed ring shear tests

on mixtures of medium/fine sand and powdered mica, Happisburgh clay mixed with

London clay, and quartz-silt mixed with sodium bentonite. Results from the tests on

sand-mica mixtures indicated that increasing normal stress may result in closer packing of

the granular particles, interlocking, and an increase in measured shear resistance. The

opposite effect may be observed in the parts of the shearing surface where sliding occurs.

Lupini el a! also suggested that the residual strength decreases with decreasing particle

size, is higher for dry than saturated materials, and for single-mineral soils appears to be

higher than the mineral's interparticle friction (4). The observation of post-failure

structures in Happisburgh-London clay mixtures revealed that for samples with a clay

fraction below 30% no distinct zone of oriented clay particles is formed, and that the

residual strength is close to the normally consolidated peak strength. Furthermore, the

post-failure structures of samples with a clay fraction above 35% or 40% contain distinct

shear zones of oriented clay particles which may be bounded by continuous undulating

shear surfaces and which are associated with low residual strengths [Fig. 2.2.2]. Similar

results were observed from the quartz-bentonite mixtures. Lupini et a! postulated that
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the three residual shearing modes are the turbulent, the sliding and the transitional [Fig.

2.2.3]. The turbulent mode operates in samples with a high content of rotund particles or

with platy particles with high interparticle friction, and is associated with high residual

strengths which depend on the particle shape and packing. The sliding mode operates in

samples with a high content of platy particles of low interparticle friction, which form

distinct shear surfaces, and is associated with low residual strengths which depend on

mineralogy and pore water chemistry. In cases where a shear surface is formed but where

enough rotund particles exist to interfere with sliding on a single plane, the residual

strength appears to be higher. The transitional mode involves discontinuous sliding

surfaces and vockeis of soils operating in the turbulent mode exhibits characteristics of

both previously mentioned shearing mechanisms and is very sensitive to small changes in

soil gradation. Lupini el a! suggest that since the residual strength of soils depends

largely on the presence of rotund particles within the soil matrix, it would be more

closely associated with the void ratio of the granular phase of the soil e g. where:
e = volume of platy particles and water	

(24)
volume of rotund particles

Finally, in reference to correlations between the residual strength and index tests of

natural soils [Fig. 2.2.4], they indicate that such correlations would be expected to lead

to acceptable results only in cases where clay mineralogy and pore water chemistry are

constant.

Pyles (1984) suggested the use of the vane shear apparatus for measuring the

residual strength of soils and proposed the term "ultimate undrained residual strength"

to describe the minimum shear resistance associated with large landslide movements. He

also argued that the residual strength of soils decreases with increasing water content but

'is relatively constant with respect to liquidity index'.

Skempton (1985) summarised the most important developments in the subject of

residual strength during the period which followed his Rankine Lecture in 1964. He

emphasised the difference between the fully softened or critical stale value, which is the

first stage of post-peak drop in drained shear strength caused by an increase in water

content, and the residual value which is the second stage of the drop in strength, caused

by the reorientation of clay particles parallel to the direction of shearing [Fig. 2.2.5]. He

postulated that for overconsolidated intact clays the post-peak drop is attributed to both
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increase in water content and particle reorientation, whereas, for normally consolidated

clays this drop is caused entirely by particle reorientation. Skempton indicated that shear

displacements exceeding 100 mm, and as high as 500 mm, may be necessary to ensure

residual conditions in the ring shear apparatus, though, displacements 50% or 80%

smaller may be sufficient to achieve shear strengths acceptably close to the residual value

(4r + 1°). Furthermore, he argued that the residual strength estimated by slip surface tests

is in close agreement with the back analysis results from reactivated landslides, and that

the ring shear apparatus may lead to an over estimate of the residual strength by 1° or 2°.

Finally, Skempton suggested that on comparing the residual strengths of two clays one

should concentrate on the 'standard' normal pressure of 100 kPa in order to avoid

complications due to the non-linear relation between residual strength and normal

effective pressure.

Bromhead and Dixon (1986) indicated that the field residual strength is depended

on the porewater pressures acting on the sup surface. They argued that in assessing the

long-term stability of a slope the effect of porewater changes is much more important

than the accuracy with which the ring shear apparatus can estimate the residual strength

in the laboratory.

Maksimovic (1989) reported on the non-linearity of the residual strength

envelope, and argued that the most convenient way of representing that envelope is:

• r = DJ ± r /(j +a'0/pJ)
	

(2.5)

where 4' is the residual angle at high confining stresses, $', is the maximum angle

difference and p., is the median angle normal stress. Furthermore, he suggested that if

three or more residual test results are available, at the widest range of normal stresses

possible, the full residual strength envelope can be defined and the previous equation can

be rewritten in the following manner:

a + ba' = a' / (4" + 4?)	 (2.6)

where a = p., / A4)', b = 1 / A4)', A4)' = 4?, - 4)Br' and 4' is the residual angle at zero normal

stress.

Moore (1991) reported on the importance of mineralogy and pore water

chemistry on the residual strength of natural clays. He suggested that weathering

decreases the residual strength of soils, and that the use of distilled water for remoulding
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samples in the laboratory leads to higher residual strengths than when natural water is

used.

Yagi et a! (1991) presented ring shear test results which suggest that the reason

the residual strength estimated by the back analysis of an existing landslide is often

greater than the residual strength measured in the laboratory may be that shear box tests

promote the development of slickensides which are not always present in the field.

2.3 Ring Shear Apparatus

The ring shear apparatus has for long been regarded as the most effective way of

measuring the residual soil strength because of its ability to permit the large

unidirectional shear displacements necessary to establish complete particle orientation.

The original idea for the use of a ring shearing apparatus to investigate plastic

flow of soiic was introduced by Hvorslev (1936). He presented a simplified drawing of

his then newly developed load controlled apparatus [Fig. 2.3.1] which was constructed

so that the confining rings could be either stalionaly throughout the lest ('ixed ri,igs"),

or free to rotate ('free rings"), or fixed to the top piston which transmitted the vertical

load on the sample ("restrained rings"). Furthermore, for calculation purposes he made

the following assumptions: the stresses on the vertical and horizontal sides of the sample

are uniformly distributed, there is no distortion of any horizontal plane throughout the

test, and the friction between the sample and the confining rings is negligible. Hvorslev

concluded that the ring shearing apparatus should be adopted upon investigating plastic

flow of soils and that the minimum soil resistance associated with large shear

displacements could be correctly estimated only with this type of apparatus. However.

the particular significance of the ring shear apparatus as the only device able to shear the

sample for large unidirectional displacements was recognised after Skempton (1964)

reintroduced the concept of the residual strength of soils.

La Gatta (1970) presented a detailed description of the first of a new generation

of strain-controlled ring shear devices [Fig. 2.3.2]. This rotation shear machine

comprised a shearing unit, a vertical loading system, a torque application system, and a

moment measuring system, and was able to shear either disc-shaped specimens with 7.11

cm diameter, or annular specimens with 7.11 cm outer diameter and 5.08 cm inner
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diameter, while the specimen height could valy from 0.1 cm to 2.5 cm. The shearing unit

was designed to allow the confining ring to be fixed to the turn-table (fixed ring

configuration), or be independent (floating ring configuration). The normal load was

applied by means of a loading yoke and a counter-balanced lever system. Rotation of the

lower part of the shearing unit was governed by means of a gear motor and a worm gear

speed reducer. The shear forces were measured by a set of force transducers located on

the top plate. In order to force failure at the centre of the specimen, La Gatta initially

used a split confining ring. However, a fixed clearance of 0.005 in. led to excessive soil

loss at large shear displacements and it was suggested that the clearance should be

reduced to zero. Related problems such as side friction between the confining ring and

the sample, and shear friction developed on the mating face of the two halves of the

confining ring were addressed but not eliminated. It was observed that the shear surface

was not always in the middle of the sample and that the measured residual strength of a

sample which failed in the middle did not deviate by much from that of a identically

prepared sample which failed near one of the porous platens. Therefore, in order to

simplifr the design and the testing procedure, a solid confining ring was used. La Gatta

investigated the sources of error associated with the rotation shear apparatus and

recognised that the sample extrusion from the confining ring upon shearing was the most

significant one. He indicated, however, that the non-uniform distribution of the normal

stress resulting from soil extrusion leads to under-estimation of the residual strength, and

that with disc-shaped specimens the error could be as large as 12%, whereas in cases of

annular specimens the error could be insignificant. Furthermore, La Gatta estimated that

errors introduced by factors such as failure occurring near the loading platen, inaccuracy

of the lever system, side friction, and friction between the rotating and the stationary

parts may lead to an over-estimation of the residual strength by 0.1 % to 1.4 % which

was considered insignificant.

Bishop el a! (1971) reviewed and presented the various types of ring shear

devices which had been developed previously [Fig. 2.3.3]. They suggested that the main

reason why the ring shear had not enjoyed any popularity, in spite of its profound

advantage in measuring soil strength at large shear displacements, was that it was a

complicated item of equipment in its construction and operation. Also, they argued that

the high local strain concentrations, the uncertainty about the direction of principal
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stresses, and the additional fiction which develops between the upper and the lower

confining rings add to the complexity of the system. Furthermore, they introduced a new

design [Fig. 2.3.4] which they claimed provided a better control of the gap between the

upper and lower confining rings, and had the ability to measure the side friction which

develops between the sample and the inner walls of the rings. Remoulded or undisturbed

annular samples of 6.0 in. outer diameter, 4.0 in. inner diameter, and 0.75 in. thickness

could be loaded to a maximum nominal normal stress of 142 lb/in2 and sheared at rates

of displacement which varied between 0.00001 mm/mm and 1000 mm/mm. Even though

their basic assumption that the proving ring, which is part of the gap controlling

mechanism, is stiff enough to keep the gap size constant upon shearing may be subject to

criticism, the fact remains that the variation in the net normal load acting on the sample

during shearing can be considered, for all practical purposes, negligible. Furthermore, for

the purpose of calculating the test results, Bishop et a! evaluated all the previously

proposed normal and shear stress distributions [Fig. 2.3.5] and their effect on the

estimated residual strength. They concluded that the assumption that the normal and

shear stresses are distributed uniformly across the plane of relative rolaiy motion is the

most realistic choice and leads to deviations less than ±2° when compared with the most

extreme non-uniform distributions. Comparing their 'nei," ring shear apparatus with the

multiple reversal shear box in estimating the residual strength of soils, they postulated

that the shear box fails to simulate field conditions of large unidirectional shear

movements and leads to large scatter in the results. Finally, after comparing various

results, they concluded that this apparatus enables the "correct measurement of the

residual strength '

Mandi el al (1977) developed another ring shear apparatus [Fig. 2.3.6.a] for the

purpose of investigating the structure of shear zones in soils. The annular sample in this

equipment had an inner diameter of 35 cm, an outer diameter of 45 cm and a height of

4.6 cm. The normal load was applied by gas pressure and the lower part was rotated by

means of a constant speed motor. The normal and shear stresses were measured by

means of"Cambridge load cells" and photoelastic meters [Fig. 2.3.6.bJ. The gap between

the rotating and stationary parts of the apparatus was maintained closed at all times by

means of springs and adjustment screws in order to prevent soil extrusion.
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Bromhead (1979) presented a design for a ring shear apparatus which he

described as "simple, robu.sl and inexpensive" with potential to be used in commercial

practice [Fig. 2.3.7]. An annular soil sample of 7 cm and 10 cm inner and outer

diameters, respectively, and 0.5 cm height was sheared using a variable speed motor

which was connected to the base plate and lower platens of the apparatus. The shear

surface was formed near the top platen which was artificially roughened in order to

prevent slipping to occur along the soil/metal interface. Similar sample preparation and

testing techniques to those described by Bishop el a! (1971) were used, but the lesser

height of the sample reduced the consolidation time and accelerated the testing

procedure. Bromhead noted that the ring shear apparatus causes progressive failure on

the sample and thus, leads to an unreliable estimate of the peak strength. As far as the

sources of error associated with his apparatus i.e. inaccuracies in load measurements,

friction caused by soil squeezed out of the annular chamber and becomes trapped

between the confining rings and the upper platen, side friction between the sample and

the confining rings, as well as the possibility of tilting of the top platen causing

non-uniform normal stress distribution, and excessive soil loss, Bromhead suggested that

they have minor effect on the results and, therefore, may be ignored.

Anayi el a! (1989) indicated that the failure surface of a specimen tested with the

Bromhead-ring shear apparatus forms very close to or at the interface between the soil

and the loading platen and that the application of shear stress depends on the adhesion

between the porous bronze rings and the specimen. Furthermore, upon testing Lias clay

samples they observed that as shearing progressed an unbalance of the torque measuring

mechanism developed which often led to "friction on the centre pivol and lilting of the

loading platen" and undulation of the shear surface. In order to minimise the problem,

they suggested that uniformly distributed vanes should be introduced on the top and

bottom platens, the sample height should be increased from 5 mm to 10 mm and the

sample should be placed in the confining chamber in two parts of 5 mm height, so that a

flat shear surface may be encouraged. Finally, they suggested that this modification

minimises soil extrusion and the errors associated with it.

Stark and Vettel (1992) presented a critical review of the Brombead-ring shear

apparatus. They suggested that the wall friction between the specimen and the confining

rings affects greatly the estimated residual strength, and increases as soil is extruded and
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as the loading platen settles during shearing. Furthermore, they argued that this may lead

to over-estimating the residual strength by 25 %. They proposed a testing procedure

which involves the addition of remoulded soil, on the top of the sample, and the

re-consolidation of the added and existing soil, at the desired normal stress before

shearing resumes. With this proposed procedure they concluded that the top platen will

remain "flush" with the top of the sample container. This technique, however, requires

only one test per specimen and is thus time consuming. Finally, Stark and Vettel

indicated that the installation of vanes on the loading platen of the Bromhead-ring shear

apparatus will result in increased wall friction and over-estimation of the residual

strength.

Stark and Eid (1993) introduced a new specimen container for the Bromhead-

ring shear apparatus which enables the sample to be over-consolidated and pre-cut

before being sheared. Furthermore, they presented a rather complicated and test operator

dependent "modi/led ring shear lest procedure" which, they argued, reduces

substantially the test duration and the discrepancies of experimental results.

Hungr and Morgenstem (1984) presented another ring shear design [Fig. 2.3.8]

which was developed to test granular materials. This apparatus consists of a lower box

which rotates by means of an electric motor and an upper box which is fixed to a stiff

load cell. The gap between the upper and lower boxes is controlled by the load cell which

also measures the normal load and the side friction. The normal load is applied by means

of an annular-shaped, inflatable rubber membrane. The volume changes of the sample

upon shearing are accommodated by the flexibility of the membrane. The shear stress is

transmitted and measured by means of a strain-gauged torque arm which is fixed to the

upper box. The annular sample has 30 cm and 22 cm outer and inner diameters,

respectively, is 2 cm in height and it is not submerged in water. Hungr and Morgenstem

suggested that this apparatus is able to shear granular samples at rates of displacement as

high as 200 cm/sec. but the associated vibrations which were observed at rates above 90

cmisec forced them to abandon fast testing for fear of damaging the equipment.

Sassa (1985) presented a high speed ring shear apparatus [Fig. 2.3.9] which has

the same general characteristics with the one presented by Hungr and Morgenstern

(1984). The normal load is applied by means of an inflated rubber membrane, the normal

stress is measured by means of a load cell which is located below the rotating part of the
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apparatus, and the shear stress is transmitted through a torque arm and measured by a

load cell which is mounted on a vertical ami on the side of the shear box. Sassa

suggested that this apparatus enables constant volume shearing at rates of displacement

as high as 90 cm/sec. The volume changes were monitored by means of a dial gauge

located at the top of the apparatus while the edges of the rings were individually

machined in order to ensure a perfect fit with minimum friction and equipped with silicon

rubber rings in order to prevent soil loss.

Nieuwenhuis (1991) introduced a ring shear apparatus which was developed at

the University of Utrecht [Fig. 2.3.10]. Apparently, this apparatus can function either as

a strain or stress-controlled system. The normal stress is applied, by means of an axial

motor, and measured at three equispaced supports along the periphery of the top platen,

while the lower part of the apparatus is rotated by means of a radial motor, and the shear

stress measured through the vertical supports. Both motors are controlled and all stresses

are monitored by a PC. while the gap is adjusted and controlled through a system of

three clamps attached to the lower part of the apparatus and equipped with wheels to

facilitate rotation. The sealing of the gaps between the upper and the lower confining

rings is achieved by means of compressible hollow and lubricated 0-rings which are kept

in place by two lubricated steel rings [Fig. 2.3.11] while the friction which is introduced

by this sealing system is measured in dummy sample tests and the necessary corrections

are applied on soil test results. Nieuwenhuis suggested that this ring shear apparatus

(Utrechi device) enables the application of either positive or negative pore pressures on

the sample through the central column, inside the confining rings. However, a

comprehensive presentation of this latter part of the apparatus is not provided.

Yagi el a! (1991) introduced two types of ring shear devices which were

developed for the investigation of stability analyses on landslides. Although a brief

description of the new equipment was presented, it was indicated that the difference

between the two types is concentrated on the shearing conditions under which the sample

is subjected. The B-lpe ring shear apparatus [Fig. 2.3.12] comprises of an annular shear

box which encourages shearing along a plane, while the S-type ring shear apparatus [Fig.

2.3.13] imposes uniform shearing conditions throughout the thickness of the sample.

Furthermore, in the B-tj.pe apparatus, the normal load is imposed by means of an air

cylinder, the sample has a height of 20 mm and is not submerged in water, the shear
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stress is transmitted through a torque arm and measured by a single load cell which is

mounted on a vertical arm, pore pressures are measured at the bottom of the specimen,

and the bottom confining rings have a tooth-like edge in order to minimise soil extrusion.

The S-type ring shear apparatus was developed because field evidence suggested that

slickenside is not evident in all landslides. It appears from the diagram presented by Yagi

et a! that while the main features of the S-type apparatus are similar to those of the

B-1jpe, the sample is 10 mm high, it is submerged in water, it is supplied with water from

the top, and is not confined. Finally, Yagi et a! suggested that the pore pressure

generated during shearing the samples at rates of displacement below 0.21 mm/mm was

insignificant, and therefore the aforementioned rate was adopted in their testing

procedure.

Sassa el a! (1991) introduced another "high-speed high-stress ring shear

apparatus" [Fig. 2.3.14] which was developed for the purpose of investigating the

apparent friction angle during rapid loading. The normal load is applied by means of six

air pistons and the normal stress acting on the sample is measured by a load cell which is

located below the apparatus table. The gap between the upper and lower confining rings

is controlled with a precession of 0.001 mm by means of a servo-motor. Furthermore,

the lower part of the apparatus is rotated by means of another servo-motor while the

normal stress is controlled at a constant level by an air-servo valve through signals from

the load cell. The shear stress is measured by a single load cell which is mounted to a

vertical arm. All motors and measuring devices are connected to and controlled by a PC.

A closer look at the cross section of the confining rings which was presented by Sassa et

al indicates that a rubber edge is mounted on the upper confining ring and is always

pressed onto the lower ring in order to prevent soil extrusion, while the outer rings are

manufactured of transparent acrylic glass in order to facilitate the visual observation of

particle movements upon shearing. The sample is 33 cm and 21 cm in outer and inner

diameter, respectively, is 6 cm in height, and is submerged in water while drainage is

allowed from the top and bottom by means of porous metals.

Sassa (1992) introduced yet another improved "cyclic loading high-speed ring

shear apparatus" [Fig. 2.3.15] which is able to combine the application of cyclic shear

and normal stress loading conditions. The vertical load is imposed on the top platen by

an air-piston which is mounted at the top of the frame and it is measured by a load cell.
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The pressure in the piston is controlled by an electric air-pressure converter which is

regulated by a PC. The side friction between the sample and the upper confining rings is

measured by a load cell which is located below the rotating table while the shear stress is

transmitted from the sample through a torque arm and it is measured by a single load

cell. The lower confining rings are rotated by means of a servo-motor and the shear

displacement is measured by a rotary transducer. The gap between the upper and lower

confining rings is controlled by means of another servo-motor while a teflon-sprayed

rubber ring, 9 mm thick, is glued on the upper confining rings and constantly pressed on

the lower confining rings in order to prevent sample extrusion. The sample is 31 cm and

21 cm in outer and inner diameter, respectively, its height may vary between 6 cm and 9

cm, and it is submerged in water. Drainage is allowed at the top and bottom platens.

Furthermore, three needles connected to pressure cells are inserted around the shear

zone of the sample in order to monitor any changes in pore pressure upon rapid loading.

Sassa suggested that this apparatus is able to shear soil samples at rates of displacement
1flA

which may vary between 0.0002 cm/mm and 9,000 cm/sec.

2.4	 Rate of Displacement Effects on Residual Strength of Soils

The effect of strain and/or displacement rate on the measured soil strength has

been the focus of research mainly in an effort to accelerate commercial testing

procedures and reduce laboratory costs. Therefore, the triaxial and shear box devices

have been employed for most of these works. Furthermore, extremely low strain rates

have been employed in order to study the thixotropic characteristic of soils or to

investigate creep. However, research works which concentrated on the effect of high

rates of displacement and are associated with large shear displacements are of interest in

this investigation.

Horn and Deere (1962) investigated the frictional characteristics of minerals

which are present in rocks and soils and are often associated with landslides. Direct shear

tests were conducted on dry and saturated, smooth and roughened quartz, and

phiogopite mica at rates of sliding which varied from 0.7 in/mm to 6.0 in/mm. They

concluded that the rate of sliding has no effect on the frictional characteristics of either

smooth or roughened quartz. However, they indicated that the shear strength of
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phlogopite increases by 12 % in dry conditions and by 28 % in saturated conditions when

the rate of sliding increases from 0.7 to 6.0 in/mm.

Dc Beer (1967) presented ring shear test results for Boom Clay. He investigated

the effect of the rate of deformation on the residual strength and he concluded that the

latter decreases by 20 % when the former increases from 0.395 to 2.1 mm/mm. He

speculated that the apparent increase in residual strength with decreasing rate of

displacement is caused by the reforming of bonds between particles within the shear

matrix. Furthermore, he suggested that samples with a preexisting shear surface exhibit

higher residual strength than those which are being sheared for the first time.

La Gatta (1970) indicated that the residual strength of the soils which he tested

(London clay, and Pepper and Cucaracha shales) is insignificantly affected by a decrease

in the rate of displacement from 0.056 mm/mm to 0.0056 mm/mm. Furthermore, he

added that, in the case of the Cucaracha shale, when the rate of displacement was

increased from 0.0056 mm/mm to 5.6 mm/mm, the measured residual strength increased

only by 3.5 %.

Idriss (1981) investigated the effects of large shear displacements on the

undrained soil strength by evaluating the results of miniature vane, direct shear, and cone

penetration tests on Bootlegger Cove clay. He postulated that large deformations often

associated with earthquakes may result in complete reorientation of clay particles and

changes in pore pressure, thus, establishing the residual strength under undrained

conditions. He indicated that there is large scatter associated with the amount of drop in

strength from peak to residual, but, nevertheless, for shear displacements less than 0.5 fi,

the undrained residual strength would be around 70 % of the peak strength whereas for

larger shear displacements it would be 30 %. Finally, he proposed the use of a

step-function for computational purposes when calculating the undrained shear strength

[Fig. 2.4.1].

Lupini (1981) completed a thorough investigation on the residual strength of

soils, the results of which have also been presented by Lupini eta! (1981). The effects of

fast rates of shearing, which were as high as 177 mm/mm, on the residual strength of

natural soils were also investigated. He suggested that the behaviour of soils during fast

shearing is controlled by their shearing mode under drained conditions. He concluded

that the residual strength of soils with sliding shear mode would increase with increasing
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rates of shearing, whereas the residual strength of soils with turbulent shear mode would

tent to decrease with increasing rates of shearing. Lupini postulated that the residual

strength of soils with sliding shear mode is a function of the interparticle friction (4) and

therefore it increases with increasing rates of shearing because of viscous effects. He

argued that with increasing rates of shearing the orientation of platy particles is

destroyed, the shear mode changes from sliding to turbulent and the strength may reach

its constant volume value (4,). Furthermore, he suggested that the reduction in residual

strength during fast shearing of soils with turbulent shear mode may be attributed to

increased void ratio of the soil matrix within the shear zone which results in a reduction

of the particle interlocking.

Savage (1982) presented tests on polystyrene beads at high shear rates by means

of an annular shear cell apparatus in which the whole sample was involved in shearing.

He concluded that the dnamic friction angle (*d) depends on the solids concentration

(v) and the shear-rate. At low values of v, •d increases with increasing shear-rate,

whereas, at high values of v, d is relatively independent of the shear-rate. Furthermore.

Savage suggested that shear strength can be divided in two parts and expressed with the

following equation:

	

= t (v) (uuiomb + .t (v) p a2 (	
I2	

(2.7)

	where: t(ouIh and i are functions of v, 	 is the mean shear rate, a is the particle

diameter and p is the individual particle mass density. The first part of the sum is the rate

independent part which results from dry Coulomb friction and particle overriding, and

the second is the rate dependent part. Finally, in analysing the case of simple shear flow,

he concluded that the normal and shear stresses are proportional to the square of the

shear rate.

Martins (1983) investigated the immediate effects of rapid loading on pre-existing

slip surfaces. For the purpose of that investigation ring shear tests on weathered Panama

Tuff were conducted at rates of shearing as high as 100 mm/mm. He recognised the

following effects of fast shearing on soil strength [Fig. 2.4.2],

i. threshold effect associated with zero shear displacement,

ii. increase in strength due to restructuring of particles within the shear matrix.

iii. pore pressure effect developed after slippage is initiated, and



Chanter 2	 Literature Review	 22

iv. non-transient increase in strength appearing when fast shearing is

followed by slow shearing and is probably due to restructuring of the soil

matrix within the shear zone on fast shearing.

Hungr and Morgenstern (1984) presented a series of high velocity ring shear tests

on a medium, uniform, quartz sand with rounded grains, on sand and rock flour, and on

polystyrene beads. Dry, or submerged in water, samples were consolidated under normal

stresses which varied between 15 and 200 kPa and they were sheared at rates of

displacement which varied between 0.1 and 98 cm/sec. Hungr and Morgenstern

concluded that the measured shear strength of granular soils does not depend on the rate

of displacement at which they are sheared or the nonnal load under which they are

subjected.

Bernander el a! (1985) indicated the inability of conventional plastic failure

analysis to explain dramatic landslides which have occurred in the past. They postulated

that the large strain strength of soils is OCR and strain rate dependent. Furthermore,

they suggested that undrained parameters and relative strain rates ought to be used when

analysing rapid failure mechanisms. The shear box test results which were presented

suggested that the residual strength of soils depends highly on the strain rate due to the

excess pore pressure which develops in the slip surface. They concluded that

experimental evidence suggests that the residual strength decreases with increasing strain

rate and OCR.

Sassa (1985) suggested that, in order to investigate the steady flow of soils,

constant normal stress tests ought to be conducted. He presented results from ring shear

tests on glass beads which indicate that granular materials are independent of the rate of

shearing, and that, the concept of flow structure, suggested by Casagrande as an

explanation for the decreasing shear resistance during rapid loading, may not be valid.

Furthermore, Sassa postulated that, as the rate of displacement increases, a greater

percent of the particles which are associated with shearing floats in water, increases the

specific gravity of the pore fluid, and results in the decrease of the effective stresses and

the soil strength.

Lemos et a! (1985) indicated that fast shearing increases the residual strength of

soils and speculated that the decrease in measured shear strength below its static residual

value which was observed in one case during their investigation was not caused by



ChaDter 2	 Literature Review	 23

increasing pore pressures. Having adopted the residual shearing modes introduced by

Lupini et a! (1981). Lemos et a! presented typical results from tests which were

conducted on the ring shear apparatus. The general testing procedure which was

followed for this series of tests involved remoulding the sample at low water contents,

consolidating under the desired normal load, shearing under drained conditions to

establish the residual structure, unloading in shear and allowing for pore pressure

dissipation, shearing at fast rates of displacement, unloading in shear and allowing for

pore pressure dissipation, and, finally, shearing under drained conditions. The following

five strengths [Fig. 2.4.3] were recognised from these tests:

(a) the drained residual strength,

(b) the threshold strength which is mobilised at zero shear displacement when

undrained loading follows drained loading,

(c) the peak strength which is mobilised after the threshold strength during

undrained loading,

(d) the ultimate fast strength which is the steady value of shear resistance

reached during undrained loading, and

(e) the peak strength after fast shearing which is mobilised at zero shear

displacement when drained loading follows undrained loading and pore

pressure dissipation.

Lemos el a! suggested that soils which are associated with the sliding shear mode exhibit

an increase in residual strength with increasing rates of displacement, whereas, soils

which are associated with the turbulent shear mode exhibit the opposite effects over the

slower rates which have been used in their investigation. Furthermore, they argued that

the gain in strength may be attributed to disordering of clay particles which is often

facilitated by the presence of rotund particles within the clay matrix. Finally, they

concluded that the possibility of increased pore pressures during rapid loading will result

in a dramatic reduction of the ultimate fast strength and catastrophic movements.

Lemos (1986) presented a thorough investigation on the effects of the rate of

shearing on the residual strength of pre-established shear zones in natural soils. The ring

shear apparatus was employed, and rates of displacement as high as 6000 mm/mm were

imposed onto the soil samples. The following observations and conclusions summarise

the results of this investigation:
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a. The residual strength of soils which have low clay fraction and exhibit

turbulent shear mode during drained shearing is not affected by increased

rates of displacement [Fig. 2.4.4.a],

b. Thefasl residual strength of soils which have higher clay fraction and exhibit

turbulent or transitional shear mode during drained shearing is lower than

their slow residual strength [Fig. 2.4.4.b],

c. The fast residual strength of soils which exhibit sliding shear mode during

drained shearing is higher than their slow residual strength [Fig. 2.4.4.c].

d. The slow peak strength which is measured when fast shearing is followed by

slow shearing is attributed to the disordering effect of the former on the soil

matrix of the shear zone. In cases of soils with turbulent shear mode this

effect becomes insignificant,

e. The threshold strength should be considered as an intercept to the failure

envelope rather than an increase of the friction angle. and

f The increase of the fast peak strength above the threshold strength may be

attributed to the disordering effect on the soil matrix of the shear zone.

Tika (1989) summarised and extended the works which had been presented

earlier by Lupini (1981), Martins (1983), and Lemos (1986). Furthermore, she

conducted additional ring shear tests on natural and artificial soils in order to validate

Lemos's conclusions and develop a comprehensive theory concerning the variation of the

residual strength upon increasing rates of displacement. She identified five types of that

variation [Fig. 2.4.5]:

Type I involves insignificant changes of the residual strength with increasing rate

of displacement and is characteristic of soils with turbulent shear mode, plasticity index

less than 9 %, sand content higher than 20 %, and clay content lower than 10 %.

i;pe II involves an insignificant, or moderate, increase or decrease of the residual

strength with increasing rates of displacement followed by a substantial decrease in

strength as the rates increase further. This type of behaviour is characteristic, mainly, of

soils with transitional or turbulent shear mode, and plasticity index between 9 and 21 %.

However, deviations from this behaviour have been observed at high normal stresses.

Tpe III involves a decrease of the residual strength with increasing rates .of

displacement, followed by an increase and a substantial drop of strength below its slow
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residual value as the rate of displacement increases further. This behaviour is

characteristic of silty clays with transitional or sliding shear mode, and plasticity index

between 24 and 26 %.

Type IV involves a decrease of the residual strength with increasing rates of

displacement below its slow residual level, followed by an increase above the former as

the rate of displacement increases further. This behaviour is characteristic of clays with

turbulent or transitional shear mode and plasticity index between 10 and 21 %, and silty

clays with transitional to sliding shear mode and plasticity index between 26 and 36 %.

Type V involves an increase of the residual strength with increasing rates of

displacement and is characteristic of clays with sliding shear mode, plasticity index

between 36 and 51 %, and clay content above 48 %.

Tika argued that the increase in soil strength above its slow residual level with

increasing rates of displacement, which was observed in behaviour Types II, III. IV. and

V, may be attributed to viscous effects in the cases where soils with transitional and/or

turbulent shear mode are involved, and to disorientation of particles in cases where soils

with sliding or transitional shear mode are involved. Furthermore, she suggested that the

substantial decreases in strength below its slow residual level, which were observed in

behaviour Types II. and III, should be attributed either to increased porosity of the shear

zone or decreased viscosity and increased ability to flow. Ring shear tests against

specially equipped glass interfaces indicated that pore pressure and temperature increases

during fast shearing are insignificant. Finally. Tika added that once the soil strength drops

significantly below its residual level it becomes insensitive to any further changes of the

rate of displacement.

Lemos (1991) presented further arguments on the behaviour of soils on fast

shearing. He defined the effect of fast shearing as neutral, posilive or negative depending

on whether the soil strength remains equal to, increases above, or decreases below its

slow residual level, respectively. He suggested that soils with clay fraction below 5 %

exhibit neutral rate effects, soils with clay fraction above 50 % exhibit positive rate

effects and soils with clay fraction between 5 and 40 % will exhibit negative rate effects.

However, he presented examples of soils which occasionally deviate from these general

rules. Lemos. suggested that the immediate and maximum increase in strength with

increasing rate of shearing should be attributed to viscous effects and that the threshold
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strength increases with increasing rate of shearing. Furthermore, he postulated that the

positive rate effect is caused by disturbance of the shear zone, is more profound in clayey

soils which contain massive particles, and reaches its maximum at rates of displacement

around 400 mm/mm. Even though some of the evidence which were presented may

suggest the development of excess pore pressures upon fast shearing [Figs. 2.4.6 and

2.4.7], Lemos concluded that the negative rate effect should be attributed to increased

porosity and water content of the soil matrix within the shear zone. The presence of

water in the bath of the ring shear apparatus appeared to change the behaviour of a

sample from positive to negative [Fig. 2.4.8], whereas, the temperature rise which was

measured during shearing at 400 mmlmin was considered insignificant to effect the

measured strength.

Yagi ci a! (1991) presented ring shear tests in which the pore pressures generated

during shearing were measured [Fig. 2.4.9]. The results suggest that while excess pore

pressures are insignificant when the rate of displacement is below 0.35 mm/mm and they

do not affect the estimated soil strength, the situation reverses once the rate of

displacement increases flirther. It appears that the excess pore pressure increases to a

maximum value within the first 8 cm of shearing, decreases almost by 80 % after another

8 cm, and remains at that level until it decreases flirther to 10 % of its maximum value

after the sample has been sheared for 40 cm.

Sassa et a! (1991) and Sassa (1992) presented results from ring shear tests

conducted in a fast-loading, high-speed apparatus which enabled the continuous

monitoring of pore pressures generated in the sample during loading and shearing. In

order to simulate earthquake conditions, the testing procedure which was adopted

involved cyclic loading and shearing. The measured pore pressures were considered

insignificant, and it was argued that they would have no effect on the behaviour of the

sample. However, it was suggested that cyclic loading in both the normal and shear

directions may have induced opposing dilating and contracting mechanisms which

prevented the generation of excess pore pressures. In the case were the total normal

stress decreased and shear velocity increased, the pore pressure appeared to increase

considerably. Finally, it was observed that the measured sample strength increased above

its slow residual value upon dynamic loading.
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Steenfelt (1992) presented results from several field sliding, and large shear box

tests on a remoulded clay till at various rates of displacement. He suggested that these

results [Fig. 2.4.10] indicate that around 120 mm/hr of displacement rate there is a

transition from elastic to elasloplaslic behaviour. He argued that the measured soil

strength increases with decreasing rate of displacement below 120 mm/hr while it

increases with increasing rate of displacement above 120 mm/hr. Furthermore, Steenfelt

presented comparative results between load and displacement controlled tests. He

concluded that, even though the load controlled tests resulted in lower estimates of

strength, both test types indicate similar relationship between soil strength and rate of

displacement [Fig. 2.4.11].

2.5	 Theories on the Loss of Soil Strength Upon Fast Loading

The apparent loss of soil strength associated with a number of catastrophic

landslides has been the focus of a several investigations.

Kerr and Drew (1968) studied landslides which had occurred during the 1964

Alaska earthquake and involved quick-clay. They speculated that the observed loss of

soil strength must be attributed to a thixotropic breakdown of the clay structure to

flowing fluid.

Hutchinson and Bhandari (1971), and Hutchinson (1986), upon studying the

mechanisms of mudflows and flow slides, postulated that the apparent decrease in

frictional resistance, below its residual level, associated with such events is brought about

by undrained loading which gives rise to excess pore pressures along the slip surfaces.

Erismann (1979) indicated that large landslides are associated with "high

concentrations of energy" and increased temperatures along the sliding surface which

result in self-lubrication, through fusion or rock dissociation, and consequently loss of

strength.

Voight and Faust (1982) suggested that the rapid loss of rock strength during

sliding may be associated, under specific circumstances, with frictional heat generated

within the shear zone of a landslide. They argued that this increase in temperature may

result in increased pore pressures, vaporisation, or even rock melting. However,



ChaDter 2	 Literature Review	 28

vaporisation is considered rare because is associated with thick slides and soft slip zones,

whereas, rock melting is possible only under temperatures in excess of 1000°C.

Sassa (1984) presented a mechanism for landslides and debris flows. He

suggested that the decrease is soil strength is a result of an increase of the specific gravity

of the pore fluid. He postulated that rapid loading causes an increase in the percentage of

fine soil particles which are floating in pore water, an increase in the specific gravity of

pore fluid, and, consequently, a decrease in the effective stresses and the soil strength.

Sassa (1992) presented further experimental evidence which indicate that the

apparent loss of soil strength during rapid loading may be attributed to increased pore

pressures.

2.6 Summary

Previous research works relevant to this investigation have been reviewed in this

chapter. Literature on the subject of residual soil strength, which forms the basis of

comparison for this work has been presented followed by literature highlighting the

advantages of the ring shear apparatus, in its various forms, to establish large

unidirectional displacements. Subsequently, literature associated with the rate effects on

soil strength has been presented. It is suggested by previous findings that the behaviour

of soils and the variations in residual strength during fast shearing depends on the mode

of their interparticle movements during slow shearing, their plasticity index, and their

clay content. The role of increased pore pressures and temperatures on residual strength

has not been properly evaluated mainly because of limitations imposed by the existing

laboratory equipment. Finally, some of the theories which have been advanced to explain

the loss of soil strength during fast shearing were presented.
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Figure 2.3.1 Hvorslev's ring shearing apparatus (Hvorslev, 1936)
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Figure 2.3.10 Lltrecht University ring shear apparatus (Nieuwenhuis, 1991)

Figure 2.3.11 Gap sealing mechanism for Utrecht University ring shear
apparatus (Nieuwenhuis, 1991)
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Figure 2.3.12 B-type ring shear apparatus (Yagi et al, 1991)

Figure 2.3.13 S-type ring shear apparatus (Yagi et al, 1991)
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Figure 2.3.15 Cyclic loading, high-speed ring shear apparatus (Sassa, 1992)
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Figure 2.4.10 Sliding resistance as a function of the rate of displacement
(Steenfelt, 1992)
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Figure 2.4.11 Comparison between displacement controlled and load controlled
tests (Steenfelt, 1992)



CHAPTER THREE

DESCRIPTION OF APPARATUS, TESTING METHODS AND

PROCEDURES

3.1	 Introduction

This investigation on the effects of the rate of displacement on the residual

strength of soils has been conducted entirely by means of the IC/NGI ring shear

apparatus. The soil types which have been tested are of a wide range of plasticity and

include four fine-grained soils, of which two are natural and one is an artificial mixture,

and a coarse-grained sand. In this chapter, a brief description of the apparatus and its

peripheral system is presented. The preparation techniques and the testing procedures are

also described, along with the procedures used for the classification tests.

3.2 The ICINGI Ring Shear Apparatus

3.2.1 System Description

A detailed description of the design of the ring shear apparatus which has been

used for the purpose of this investigation was presented by Garga (1970) and Bishop el

a!. (1971) [Figs 2.3.4, 3.2.1]. Two devices of the same general design [Fig 3.2.2] were

used, and they will be referred to as Ring 1 and Ring 2 according to the terminology

which has been used by previous researchers who employed the same equipment (Lupini

1981, Lemos. 1986, and Tika. 1989). The principal difference between the two devices

in their present configuration is the motor-drive units which are of different

specifications.

Briefly. the ICINGJ ring shear apparatus, which is a controlled rate of

displacement device, consists of a rotating base and a stationary frame, and houses an

annular sample which is confined between a set of rings on the sides and two porous
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stones, one at the top and one at the base [Fig 3.2.3]. The annular sample is 152.4 mm

and 101.6 mm in outer and inner diameters respectively, and 19 mm in initial thickness.

The confining rings consist of an upper part which is connected to the stationary frame,

and a lower part which is connected to the rotating base. Rotation is provided by a

semi-automatic control motor and a set of gears [Figs 3.2.4, 3.2.5]. The normal load is

applied by a dead load lever system and is transmitted to the top porous stone, and the

sample, through a loading yoke which also transmits the shearing resistance from the

shear surface to the load cells. The loading yoke is locked into position with the upper

porous stone by a set of safety pins. The upper and lower parts of the confining rings

may be separated, and their vertical position is controlled by means of a differential screw

and a proving ring which are located at the top of the stationary frame. The proving ring

enables the measurement of the side friction, which develops between the sample and the

inner walls of the confining rings when the sample dilates or contracts during shearing.

When the base begins to rotate, a shear force is imposed on the sample, at or around its

mid-height, and the shearing resistance which develops between the upper/stationary and

the lower/rotating parts of the sample is transmitted through the loading yoke to the load

cells and measured.

3.2.2 Instrumentation and Measuring Devices

The various quantities which are required for the calculation and presentation of

the test results are measured by a set of electronic devices, transducers, a pair of dial

gauges, and a angular vernier scale.

The shearing resistance is transmitted from the shear zone through the safety pins

and the loading yoke, and is measured by a pair of Imperial College load cells which are

mounted on the vertical columns of the stationary frame. The design principles of the

Imperial College load cells have been presented by El-Ruwayih (1975). With the

initiation of the shearing procedure, the loading yoke becomes tangential to the load

cells, compresses (or extends) them, and causes their horizontal deflection. The latter is

measured by means of inductive displacement transducers, with a maximum travel of 2

mm, which are equipped with a pair of linear variable dffere,i:ial transformers

(L.V.D.T) connected to modulator/demodulator cards with a DC output. The load cells
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are calibrated and their deflection is associated with the load which results in it. Ideally,

during shearing, both load cells should measure the same or similar quantities of shearing

resistance. However, it has been observed occasionally that, due to non-uniformities of

the shear zone and loss of balance of the loading yoke, the load which is being measured

deviates substantially between the two cells. This non-uniform stress distribution is an

inherent problem of this apparatus which cannot easily be corrected, but which is not

considered to affect the test results significantly.

The side friction is measured by a strain-gauged proving ring which is mounted

at the top of the stationery frame. The dilation, or contraction, of the sample during

shearing induces a deflection of the proving ring which is converted to load in a similar

manner with the load cells which have been described previously. The problems which

are associated with the flexibility of the proving ring will be discussed in Chapter 4.

The vertical displacement of the sample is measured by a pair of linear strain

conversion (LS(') displacement transducers with a maximum travel of 25 mm. which

produce a proportional voltage output in relation to their spindle displacement. The

spindles of the two transducers contact the top porous stone at diametrically opposite

points. These transducers provide a continuous monitoring of the changes of the sample

height during consolidation and shearing. However, volume change calculations based on

the sample height changes should not be considered quantitatively since they are affected

by the loss of soil through the gap which separates the upper and lower confining rings.

The horizontal displacement of the sample is measured by means of an angular

vernier scale, when the rate of displacement allows its visual monitoring, and by means

of a conductive plastics rotary potentiometer, when the vernier cannot be monitored.

This particular potentiometer houses a conductive plastic track which is a thin film with a

multiple conduct wiper configuration, and allows high speeds to be maintained over 3600

continuous rotation. The transducer has a virtually infinite resolution, a sine/cosine

output and its rotating arm is attached to a brass disk, 2.5 cm in diameter, which is kept,

by means of a spring, continuously tangential to the rotating base of the apparatus [Fig

3.2.6]. Due to the fact that continuous monitoring of the transducer could result in

erroneous displacement measurements when the output passes from one quarter of the

sinusoidal curve to another, it was decided that the monitoring of the transducer would

involve counting the changes of the sign of the output. Considering that the sign of the
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output changes evely half rotation of the brass disk, the horizontal displacement was

estimated by multiplying the number of output sign changes with the half of the perimeter

of the disk. This would lead to an underestimation of the horizontal displacement at the

beginning of the test, but the overall error was considered insignificant for the purposes

of this investigation.

Finally, the vertical position of the upper confining rings and, therefore, the size

of the gap, is monitored by a pair of dial gauges which are located diametrically opposite

the front and back of the apparatus, and can be visually checked at any given time during

the course of a test.

3.2.3 Data Recording System

Thus, each ring shear apparatus is equipped with six electronic measuring

devices. The possibility of installing a pore pressure transducer and a thermocouple to

the apparatus has also been considered. Previous results (Lemos. 1986. and Tika. 1989)

suggest that the measured pore pressure and temperature increases are not significant

enough to alter the test results. However, allowances were made for the system to accept

one pore pressure transducer and one thermocouple for each ring shear apparatus, if this

is later decided to be necessary. The signals from all the transducers of each ring shear

are monitored by a Datascan 7220 data logging unit. The latter, is a 16-channel

measurement processor with direct sensor connection for DC voltage, thermocouples,

strain gauges, and 4-20 mA converters; it has a 16 bit resolution and a measurement

speed of 40 readings per second. For the purpose of this experimental programme the

data collection device enabled the simultaneous monitoring of the output of 8

transducers from each ring shear apparatus. In the present configuration only 6

transducers from each apparatus are connected to the data logging unit. The data logging

unit also provides the interface between the transducers and a PC equipped with a 386

DX co-processor [Fig. 3.2.7], which collects the signals, converts them to

measurements, and stores them according to commands given by a computer program

which was written for the purpose of this research. The incompatibility between the

speeds of the data logging unit and the PC has occasionally caused the system to collapse

when monitoring was attempted continually. Subsequently, it was decided that a
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maximum monitoring frequency of 12 readings per second would be employed, and this

was considered to give results of satisfactory precision.

3.2.4 Computer Program to Record, Analyse and Present Data

The computer program utilised in this research enables the PC to distinguish the

signals transmitted by the transducers of the two devices, converts these signals to

measurements, calculates and plots on the screen the results, and stores them into the

hard disk. The program comprises six subroutines and enables the operator to control the

shearing, or consolidation, procedures in both devices simultaneously, calibrate all

transducers, direct the monitoring of the data, retrieve and plot past test results while

another test is in progress, and interrupt each test at any given time. Due to the

limitations of the existing infrastructure, the automatic control by the PC of the rate of

displacement or the normal load which is imposed on the sample during testing could not

be established. Further information regarding this computer program is presented in

Appendix 11.

3.2.5 Gear Boxes and Motor Drive Units

A complete description of the gear boxes and motor drives of the ICINGI ring

shear devices has been given by Lupini (1981) and Tika (1989). Apart from the constant

speed AC motor which drives Ring I, which had to be replaced by a similar one, the

same driving system, as Lupini and Tika used, was employed in this research. The

calibration of the driving system is presented in Appendix I.

3.3 Sample Preparation

The preparation techniques which were used varied for the different soil types

which were tested. The natural soils. i.e. brown London clay and Cowden till, were

air-dried, mechanically crashed, sieved through the 425 urn sieve, remoulded with

distilled water to a water content around their plastic limit, and left overnight to hydrate

before they were placed into the confining rings. The commercially available soils. i.e.

(LONDON
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kaolin and pure silica, were just remoulded with distilled water, and left to hydrate. The

artificial sandy silty was prepared by mixing thoroughly in a dry state three parts of pure

silica with one part of clean fine sand, remoulding the mixture with distilled water, and

leaving it to hydrate overnight. The initial water contents of each sample are presented in

Table 5.2.1. After hydration, the samples were placed into the confining rings by hand

and compacted to avoid trapped air voids and reduce the decrease in sample height

during the consolidation stage. Furthermore, the techniques which were presented by

Bishop et a! (1971) for the placement of remoulded samples in the ring shear apparatus

were followed. Finally, the sandy samples were sieved through the required aperture

sieves, submerged in water, stirred thoroughly to release possible trapped air, and

scooped into the confining rings.

3.4	 Testing Procedures

In order to minimise the variables under consideration when analysing the test

results, the same general testing procedure was followed in all tests apart from those

which were conducted on sand.

Unless otherwise stated, the multistage testing technique (e.g. Anderson and

Hammoud, 1988) was adopted in order to investigate the effect of increasing normal

stress on the behaviour of the same soil sample. According to this technique the sample is

consolidated to the lowest normal stress at which it is to be tested, and sheared. After the

shearing stage is terminated, the sample is unloaded in shear, the normal stress is

increased to the next level, and the procedure is repeated until the shearing stage of the

highest normal stress at which the sample is to be tested. In this investigation each

normally consolidated sample was tested at 50, 100, 200 and 400 kPa. In some cases,

where the soil loss led to a substantial decrease in sample height, the last stage was

conducted at 300 or even 250 kPa in order to avoid damaging the load cells. The

over-consolidated samples were consolidated at 400 kPa, unloaded to 100 kPa, and

tested at 100, 200 and 300 kPa, unless otherwise stated. Furthermore, for each soil type,

two multistage tests were conducted on separate, but identically prepared, normally

consolidated samples in order to investigate the effect of the presence of water in the

environment of the sample. Hence, one sample was tested with the water bath of the ring
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shear apparatus empty (non-submerged), and another with the water bath fill

(submerged). Preliminary tests indicated that the apparatus was developing excessive

vibrations when over-consolidated samples were tested with the water bath empty and

this type of tests had to be abandoned.

The shearing stage of each test consisted of two parts. The first part (slow or

drained) involved shearing the sample at a constant rate of displacement of 0.09

mm/mm. Preliminary tests on London clay and Cowden till indicated that the measured

slow residual strength of soils is, for all practical purposes, the same when samples are

sheared at rates of displacement which range between 0.005 mm/mm and 0.09 mmJmin.

Consequently, the higher end of that range was adopted in order to accelerate the testing

procedure and produce large shear displacements. The second part (fast or undrained)

of each test involved shearing the sample at rates of displacement which were

continuously varied between 0.01 cm/sec (6 mm/mm) and 10 cm/sec (6000 mm/mm).

The range of variation of the rate of displacement was controlled by limitations imposed

by the motors of the ring shear devices. The two parts of the shearing procedure were

separated by a pause in shearing which was also imposed by the limitations of the driving

system. In order to increase the rate of displacement from 0.09 mm/mm to the desired

higher levels, the gear had to be changed. Thus, shearing was interrupted, the sample was

unloaded in shear (i.e. the shear stress was zeroed), the "slow" gear was disengaged, the

"fast" gear was engaged, and shearing was restarted. Also, when the rate of displacement

was to be increased above 1.9 cm/sec (1,100 mm/mm) in Ring 2. the same procedure had

to be repeated in order for the "faster" (upper) motor to be engaged directly to the

rotating base of the apparatus [Fig. 3.4.1].

Deviations from the standard testing procedure involved three-stage, "intact"

sample, and reversed direction testing. The three-stage testing procedure involved an

additional slow shearing part on the standard procedure. In this procedure, after the fast

shearing part was terminated, the "fast" gear was disengaged, the "slow" gear engaged,

and shearing restarted at a rate of displacement of 0.09 mm/mm until the measured

strength reached a steady value. The "intact" sample testing procedure was similar to the

standard procedure with the exclusion of the slow shearing part. In this procedure the

sample was sheared fast immediately after the end of the consolidation stage. This

procedure was also followed in the tests on sand. Finally, the reversed direction testing
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procedure was identical to the standard procedure apart from the fact that, during the

fast shearing part, the direction of shearing was repeatedly reversed before the test was

terminated.

3.5	 Calculations of Results and Errors

The equations for the calculation of the ring shear test results have been

summarised by Tika (1989), and they are based on the assumption that the normal and

shear stresses are distributed uniformly across the shear plane. It has been suggested

(Bishop el a! 1971) that this oversimplification of the stress distribution on the shear

plane introduces an error which could be considered insignificant, and may be preferred

over more complex stress distributions which do not reduce significantly the error in the

calculation of results. Therefore, the average shear and normal stresses are given by the

following equations:

wn=
7t • (r - r)

3M
2it• (r -i.)

3M(ri-r2)
tan4 =	 2W (r + r 1 r2 + r)

W = 101. +P±W

(F 1 +b2) •,
2

where W1 is the net normal load on the sample.

M is the torsional moment.

r1 and r2 are the internal and external sample radii respectively.

L is the load on the hanger of the lever arm,

P is the weight of the upper loading platen,

AW is the side friction between the sample and the upper confining rings,

F 1 and F, are the measurements of the load cells, and
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I is the horizontal distance between the two load cells.

Therefore, if one considers that r 1 = 50.8 mm., r2 = 76.2 mm. and I = 480 ± 0.2 mm. and

using equations (3.4) and (3.5), equation (3.3) can be written as follows:

tan4 = = 3.7298_Fi +F2
10L+P±tW

Furthermore, the average displacement at the mean radius of the sample may be given by

the following equation:

8— 
(r +r2)

2

or	 8=1.1083.00

where 0 and 00 are the angular displacement in radians and decrees respectively.

The most important errors involved in the calculation of the results of the ring

shear test are associated with: (a) the non-uniform distribution of stresses, (b) the

additional friction which is developed in the gap between the upper and lower confining

rings, and (c) the side friction which is developed between the sample and the upper

confining rings. Item (a) is discussed in Appendix 1, whereas (b) and (c) are considered in

Chapter 4 where the "new" con/mning rings are being described.

3.6	 Soil Classification Tests

3.6.1 Particle Size Distribution

The particle size distribution of each soil type which was used in this investigation

was determined by wet sieving, when necessary (Test 7(A), BS 1377:1975), and by the

hydrometer method (Test 7(D), BS 1377:1975).

3.6.2 Index Properties

The index properties were determined according to BS 1377:1990. The plastic

limit was determined according to BS 1377:2:1990, and the liquid limit by means of the

cone penetrometer (Test 2(A). BS 1377:1990).

(3.6)
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3.6.3 Specific Gravity

The specific gravity of the fine grained soils was determined according to BS

1377: 1990 (Test 6(B), Density bottle method).

3.7	 Thin Sections

The thin sections from samples which had been tested for the purposes of this

investigation were prepared and examined in the manner described by Tchalenko (1967).

After the multistage test on a particular sample was terminated, the confining rings with

the soil sample and the porous stones were separated from the apparatus. The sample

was pushed gently out of the confining rings, and the porous stones were separated from

the sample with the help of a pair of sharp blades. The procedure was completed in the

shortest possible time in order to prevent loss of moisture. Subsequently, the sample was

submerged in melted Carbowax 6000 at 65°C. and was left into an oven set at that

temperature for three weeks. After being removed from the Carbowax bath, the sample

was allowed to cool, and was then sent for the thin sections to be prepared.

3.8 Summary

The ring shear apparatus, the instrumentation, and data recording system which

have been used for the purposes of this investigation has been presented in this chapter.

Moreover, the sample preparation and testing procedures, and the equations for the

calculation of experimental results which have been employed have also been described.

Finally, the classification tests conducted have been listed and the method of preparation

of thin sections has been briefly described.
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Figure 3.2.1 General layout of the ICINGI ring shear apparatus (Tika, 1989)
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L
Figure 3.2.2 Ring 1 (background) and Ring 2 (front)

Figure 3.2.3 Original confining rings and porous stones
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Figure 3.2.4 Motor and gear box arrangement for Ring I
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Figure 3.2.5 Motor and gear box arrangement for Ring 2



Figure 3.2.6 Horizontal displacement transducer

,
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Figure 3.2.7 Overview of the complete system
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Figure 3.4.1 "Fast" motor of Ring 2



CHAPTER FOUR

A NEW DEVELOPMENT ON THE ICINGI RING SHEAR
APPARATUS

4.1	 Introduction

The ICING! ring shear apparatus has been developed for the assessment of the

residual strength of soils. Therefore, its use was intended to be associated with drained

rates of displacement (0.001-1.0 mm/mm), and total shear displacements within a range

between I and 10 cm. Under these conditions, the behaviour of the apparatus was

considered satisfactory, and no indications of significant soil loss through the gap

between the upper and lower confining rings were encountered. Furthermore, at such

slow rates of displacement. and for such relatively small shear displacements, the

decrease in sample height is minimal, and any side friction which develops between the

inner walls of the upper confining rings and the sample is limited. Because of its ability to

provide, theoretically, limitless shear displacements at varying rates of displacement, the

ICING! ring shear apparatus has been employed in investigations of the behaviour of

soils at earthquake induced rates of shearing, which may be of the order of metres per

second, for large shear displacement, which may be tens of metres.

Extensive use of the ICING! ring shear apparatus by previous researchers at

Imperial College (Lemos. 1986 and Tika, 1989) has led to the conclusion that the

duration of fast shearing tests is severely limited by the excessive amount of soil which is

lost through the gap between the upper and lower confining rings. In this chapter the

efforts to minimise the soil loss will be presented, and the modifications to the design of

the confining rings of the ring shear apparatus which allow prolonged testing at

earthquake induced rates of shearing for large shear displacements will be introduced.

Furthermore, the evaluation procedure for the compatibility and efficiency of the new

design will be described.
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4.2 Critical Review of the ICINGI Ring Shear Apparatus

The basic advantage of the ICINGI ring shear apparatus is that it minimises

additional soil-metal friction which develops between its rotating and stationary parts,

and could influence the test results, and moreover it measures the side friction which

develops between the dilating or contracting sample and the upper confining rings. As far

as slow shearing (0.001-I mm/mm) tests to evaluate the residual strength of soils are

concerned, the gap can be successfully controlled to a constant width, and the soil loss

minimised. Even though there has been criticism of the mechanics of shearing, mainly

due to the high local concentrations of stresses at the fins attached to the porous stones,

the uncertainty concerning the directions of principle stresses, and the non-uniform shear

and normal stress distributions over the sample, it has been suggested (Lupini el a!.,

1981) that, at large shear displacements and low strain rates, these sources of error do

not affect significantly the estimated residual strength. It is, in fact, at high rates of

displacement and prolonged stages of fast shearing that the ICING! ring shear apparatus

is not performing properly.

The basic problem lies in the fact that the mechanism which controls the gap

between the upper and lower confining rings, namely the proving ring and the differential

screw, is fixed at one point at the top of the frame of the apparatus [Fig. 4.2.1]. and that

no restrain is imposed on the horizontal movements of the upper confining rings.

Furthermore, the stiffness of the proving ring is controlled by its purpose of measuring

the side friction. Therefore, one could argue that the system is flexible enough to allow

for both vertical and horizontal movements of the upper confining rings. It should be

stressed that the controlling mechanism seems to be adequate for tests to measure the

residual strength of soils, because the horizontal and vertical movements which arise

during such tests may be considered negligible. However, when the rate of displacement

is increased during a test, the matter becomes more complicated. As the sample dilates

upon fast shearing, the size of the gap increases, and soil exits at rates which increase

with increasing normal stress and shear displacement. Furthermore, the absence of a

lateral restraint on the horizontal movements of the controlling frame leads to

misalignment of the upper confining rings with respect to the lower ones, causing more

sample loss. It has been observed during testing that a combination of the previously
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described situations may cause a non-uniform reduction of the sample height, which in

turn may lead to a non-uniform distribution of the normal stress acting on the shear zone.

The problem of soil loss is exaggerated when testing fine-grained soil samples. As

soil flows out of the gap, the material of the shear zone is continually altered, influencing

greatly the measured shear strength, and controlling the duration of the fast stage of

shearing. Therefore, in order to avoid losing all the sample, the duration of the test and

the shear displacement have to be minimised. When the multistage ring-lest technique

(e.g. Anderson and Hammoud, 1988) is employed in order to accelerate the production

of results, and fast stages of shearing are introduced at each normal stress level in order

to investigate rate effects, the amount of sample that is being lost through the gap limits

the cumulative shear displacement and the number of normal stress levels for which

quality tests can be conducted. Obviously, solving the problem of soil loss is inevitably

connected with being able to conduct long duration, high rate of displacement tests on

any soil type. Several attempts by previous researchers to tackle the problem enjoyed

limited success.

Hungr and Morgenstern (1984) presented a set of high rate of displacement tests

on medium to coarse-sized sands on their 'new' apparatus design. A gap of about 0.5 mm

was adequate to prevent sample loss when clean sands were tested, but when rock flour

and sand mixtures were tested, sample extrusion was experienced. Lemos's (1986) effort

to solve the problem by clamping the proving ring and thus stiffening the gap controlling

mechanism was not successful either and it was abandoned. In the recent years the

sophisticated, fully automated, ring shear apparatus presented by Sassa (1992)

apparently offers better control over the size of the gap by means of a servomotor.

However, in view of the fact that the existing apparatus had to be employed for the

purpose of this investigation, the possibility of severely altering its design was excluded

from the early planning stages. Having recognised the problem, the effort of this

researcher focused on producing a modification on the original design that would

minimise soil loss and allow multistage, long duration, fast shearing tests on fine grained

soils.
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4.3	 Preliminary Efforts to Minimise Soil Loss

The idea of Lemos (1986) to clamp the proving ring in order to restrict the

movement of the upper confining rings was first implemented. However, after several

trial tests it was noted that, while clamping restricted the expansion of the proving ring

and, thus, the downward movement of the upper confining rings, it did not prevent the

proving ring from contracting, thus, allowing the confining rings to move upward and the

gap size to increase. In order to restrict any upward movement, it was decided that two

cubes of cast iron would be placed inside the opening of the proving ring. Furthermore,

two sets of toolmaker's clamps were used to tighten the proving ring with the cast iron

cubes [Fig. 4.3.1] and also restrict any downward movement. The problem that was

associated with this approach in controlling the size of the gap was that the proving ring

was not functioning the way it was intended, and other methods for measuring the side

friction would have to be employed. However, after a series of trial tests on clayey

samples it became evident that the size of the gap could not be successfiully controlled,

and that the lack of lateral support allowed horizontal movements of the upper confining

rings which caused additional sample loss. Thus, this approach for solving the problem of

soil loss was abandoned, and it was decided to design a set of confining rings (referred

to, hereon, as "modified rings") which would restrict horizontal movements, and

contain the soil sample during fast shearing. This approach was thought to provide the

most feasible solution to the problem since it would entail the minimum modification of

the apparatus at the minimum cost.

Upon investigating the possible cross sections for the modified rings it was

suggested that the same gap controlling mechanism, i.e. proving ring and differential

screw, would be employed. Furthermore, it was decided that, since in the original design

the gap between the confining rings allows the sample to flow freely into the water bath,

the modified design ought to provide a more restrictive path that the sample would need

to travel in order to escape. Also, a lateral support would have to be provided in order to

minimise the horizontal movements of the upper confining rings. Accordingly, three sets

of cadmium-plated steel confining rings [Fig. 4.3.2] were manufactured. The basic idea

was to fit the upper rings onto the lower rings so that they could rotate relative to one

another without being necessary for the operator of the apparatus to have to open the
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gap during shearing. The internal metal-metal friction which would develop along the

interfaces of the rings in contact, would have be measured and subtracted from the shear

loads recorded during testing.

The first set of modified rings [Fig. 4.3.2.a] provided the lateral support

necessary to restrict horizontal movements of the upper rings, and an extended path

which the soil would have to follow in order to escape. It was hoped that, because of the

restrictions imposed on the sample, the soil loss would be greatly decreased. However,

because the plane of relative movement between the upper and lower confining rings was

at the surface of the lower porous stone, the shear surface was not expected to be in the

middle of the sample, as it has been the case when the original rings were used, but at

some point above the fins of the lower porous stone. That meant that the mechanics of

shearing would not be the same with the original design, and that a modified analysis of

the test results would have to be considered. However, the first point of concern was to

examine the efficiency of the modified rings and their ability to minimise sample loss.

An artificial silty sand sample was remoulded at a water content around its plastic

limit, consolidated under 100 kPa, and sheared at 0.1 mm/mm. In order to ensure that the

gap would not easily open during testing allowing soil to escape, the proving ring was

pre-stressed and the controlling frame compressed the upper confining rings. The system

appeared to behave properly during the first stages of the test, but when the strength of

the sample had past its peak value and had started to decrease, the measured shear stress

began to increase continuously until the motor became unable to shear the sample

further. On dismantling the rings, it became apparent that soil had entered the gap from

points A and B [Fig. 4.3.2.a]. rending the modified rings assembly completely rigid.

The second set of modified rings was similar to the original design, but it included

two floating rings, one inner and one outer [Fig. 4.3.2.b]. It was hopped that, upon

shearing, the floating rings would be able to contain the soil sample and rotate

independently of the confining rings. Furthermore, no gap would need to be created

before shearing commenced, and the shear surface could develop at any point along the

height of the sample. Again an artificial silty sand was used to evaluate the performance

of this set of modified rings. The sample was remoulded around its plastic limit,

consolidated to 100 kPa, and sheared at 0.1 mm/mm. However, as was the case with the

first set of modified rings. afier the first stages of the test, the measured shear stress
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began to increase, and the test was terminated. After dismantling the apparatus it became

apparent that soil had managed to escape from the sides of the porous stones and stiffen

the assembly of the modified rings at the interfaces between the floating rings and the

porous stones.

The third set of modified rings were similar in cross-sectional design to the first

set, with the only difference that the "tooth" of the upper confining rings which fitted into

the lower ones extended all the way to the bottom of the lower porous stone [Fig.

4.3.2.c]. This set was able to operate under compression from the upper frame of the

apparatus, thus making it difficult for the gap to open during shearing. Because of the

experience from the two previous designs, it was decided that a special adhesive sealant

would be applied along the periphery of the lower porous stone at points A and B [Fig.

4.3.2.c]. The ability of the sealant to adhere to the porous stone, but not to the polished

metal, allowed the rotation of the upper confining rings relative to the lower porous

stone, and it was hoped that it would prevent soil from escaping. The same material and

testing procedure that had been used for the evaluation of the first two designs were

again adopted. As it had been the case previously, the measured shear strength started to

increase unexpectedly after the first stages of the evaluation test. The test was

terminated, in fear of damaging the apparatus, and the rings were dismantled. It was

observed that upon shearing the soil had managed to break the sealant, enter the gap

between the upper confining rings and the lower porous stone, and stiffen the whole

assembly. Therefore, it was concluded that none of the three modified ring designs was

successfiul in minimising soil loss, and it became clear that a new system had to be

designed which would enable the control of the gap while bypassing the existing

mechanism.

4.4 The "New Rings"

4.4.1 Development of the New Design

After further consideration, a fourth design was completed, and a set of what will

be referred to from now on as the "new rings", was manufactured [Fig. 4.4.1]. Previous

experience suggested that the size of the gap had to be controlled by means other than

the existing mechanism. Thorough investigation of the available possibilities led to the
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decision that the gap should be controlled from the rotating base of the confining rings,

and, in order to achieve that, the concept of ball bearings was adopted. The original idea

was that the upper rings should be clamped onto the rotating base, and rotation was to

be facilitated by a set of steel balls running in a V-shaped groove. However, in reality the

matter proved to be more complicated, since the dimensions of the new rings were

restricted by the set-up of the apparatus. The target of the new design was to control the

gap at a uniform and constant width of 20 run, and provide sufficient lateral support in

order to prevent any horizontal movement of the upper frame of the apparatus.

Furthermore, the additional soil-metal friction had to be minimised or even eliminated.

Upon developing the new rings, several factors had to be considered. Retaining

the uniform and constant gap size of 20 l.Lm was the first point of concern, since there

was fear that the forces which arise during a test, as soil dilates or contracts, added to the

permanent weight of the frame which keeps the upper confining rings stationary, would

cause with time indentation of the groves, non-uniform reduction of the gap size, and

eventually reduce the effectiveness of the system. A second point of concern was the fact

that the rings had to operate submerged in water, so rust prevention was also essential.

The use of stainless steel alloys as materials for the manufacturing of the new rings had

to be excluded from the beginning, because it was essential to insure maximum hardness

in order to prevent the gap size from altering. It was suggested by the technicians of

"Tsiricos S.A.", were the new rings were manufactured, that it would be difficult to

achieve the required hardness by chemically treating any stainless steel alloy, and even if

it was managed, the deformations due to the hardening procedure of the individual pieces

which formed the new rings would be too severe to be corrected by machining each

individual piece, separately, after hardening. Therefore, it was decided that the individual

pieces which constitute the new rings [Fig. 4.4.2] would be manufactured of steel,

hardened to achieve a maximum hardness of 62 Roc, and machined so that any

deformation induced by the hardening procedure could be corrected. Also, it was

decided that the groves within which the steel balls would be running should have a

semi-circular shape in order to avoid high stress concentrations on the points of contact.

Furthermore, the new rings had to be chromium plated in order to avoid rusting. The

minute size of the gap, and the clearances that were achieved between the individual

pieces, prohibited the chromium plating of any of the horizontal faces or the groves, as it
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was thought that the thickness of the plating would alter the dimensions of the gap, and

the concentrated stresses in the groves would eventually break the plating and induce

friction. Therefore, all vertical faces of the rings were chromium plated, and it was

decided to take the rings apart after each test and thoroughly clean them in order to

prevent rapid deterioration.

4.4.2 Description and Setting-up of the New Rings

Each one of the inner and outer new rings comprise of four individual parts [Fig.

4.4.2], namely, the base rings (front left), the intermediate rotalilig dices (front right).

the safely discs (back left), the upper rings (back right), and two sets of steel balls which

facilitate rotation. The base rings [Fig. 4.4.3] are bolded onto the rotating table of the

ring shear apparatus. A set of steel balls (5 mm in diameter for the outer ring and 4 mm

for the inner ring) are placed in the lubricated grove of the base ring [Fig. 4.4.4]. and the

intermediate rotating disc is fitted on top of it [Fig. 4.4.5]. In order to avoid additional

soil to metal friction as shearing progressed, the base rings included a 4x 10 mm

depositing chamber along their periphery [Fig. 4.4.6] into which soil can be deposited

without making contact with the intermediate rotating disc. The gap between the

intermediate rotating disc and the rim of the depositing chamber [Fig. 4.4.7] is controlled

at 20 tim. That rim was made 4 mm thick in order to further restrain the exiting soil even

if that had to result in increased soil-metal friction along its width. A second set of steel

balls is placed in the lubricated upper grove of the intennediate rotating disc [Fig. 4.4.8],

and the safety disc is fitted on top of it and locked by a set a screws at the three

equidistant 40x8x13 mm columns of the base ring [Fig. 4.4.9]. Finally, the upper ring is

screwed onto the intermediate rotating disc [Fig. 4.4.10]. a nickel-platted steel tube is

fitted onto the rotating base in order to contain the water bath, and the whole assembly is

placed onto the ring shear apparatus [Fig. 4.4.11]. The upper rings (inner and outer) are

locked into position by the existing frame [Fig. 4.4.12], and the base rings along with the

safety discs can rotate without any additional friction.

It is important to note at this point that each individual part of the rings was

machined separately in order to provide sufficient clearances and ensure no metal-metal

friction. Furthermore, it should be emphasised that the forces which are imposed on the



Chanter Four A New 1)evelopmeni on the IC NGI Ring Shear Apparatus 	 68

rings by the frame of the apparatus are not uniformly distributed along their periphery,

and the dilation or contraction of the sample during testing also produces non-uniform

tensional or compressive stresses on the inner walls of the rings. Thus, it was essential to

ensure during manufacturing that the rings could operate without friction under any

stress combination which might be applied externally.

4.4.3 Gap Friction and Side Friction Corrections

Before any testing could be conducted on the new rings, two further factors had

to be considered, namely gap friclioti and side friction. The gap friction is the soil-metal

friction which develops over the width of the rim of the depositing chamber when soil

enters the 20 tm gap between the base rings and the intermediate rotating discs, while

shearing progresses. Since all soil which is squeezed through the gap falls into the

depositing chamber and causes no further friction, it is considered that, once the gap is

contaminated with soil the gap friction remains relatively constant throughout the

duration of a test. Therefore, it can be measured and subtracted from the results after

each test is completed.

Measuring the gap friction after the end of each test is done by means of a

frictionless dummy sample. This dummy sample comprises two brass rings [Fig. 4.4.13]

which are manufactured so that the top ring can be rotating on a set of steel balls running

in a V-shaped grove indented on the bottom ring [Fig. 4.4.14], with no friction

regardless of the normal load acting on the top ring. After each test is completed, the

sample is unloaded in both shear and normal directions, and the rotating table, confining

rings, soil sample and porous stones assembly is removed from the apparatus. The

confining rings are detached from the rotating table, and the sample together with the

porous stones is pushed gently out of the rings. The vertical faces of the confining rings

which come into contact with the sample are carefully cleaned in order to avoid any

contamination of the dummy sample upon measuring the gap friction. The bottom ring of

the dummy sample is screwed onto the rotating table [Fig. 4.4.15], and is then followed

by the confining rings. A set of 8 mm diameter steel balls is placed in the lubricated

V-groove of the bottom ring of the dummy sample, and the top ring is placed on them
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[Fig. 4.4.16]. The whole assembly is repositioned on the ring shear apparatus along with

the loading yoke and the upper frame.

Each gap friction correction test is multistage. The dummy sample is loaded to

the minimum normal load under which the sample has been tested, and sheared first at

0.09 mm/mm, in order to simulate the slow part of the shearing stage of soil tests, and

then at varying fast rates, in order to simulate the fast part of the shearing stage of soil

tests. The same procedure is repeated at each normal load under which the soil sample

has been tested. After several trial tests, it was concluded that the amount of gap friction

is independent of the normal stress level under which the test is conducted, and thus, the

dummy sample was sheared only under two normal loads. The shear stresses which are

measured during the gap friction correction test are attributed to the soil-metal friction in

the gap. and to any further internal friction due to ring contamination, and are subtracted

from the shear stresses measured during the soil tests upon calculating the shear strength

of each sample.

The second factor that had to be assessed and corrected for is the side friction

i.e. the friction which is developed between the dilating or contracting sample and the

inner walls of the confining rings, and which influences the normal stress acting on the

shear surface. When the soil sample dilates, it tents to move upwards relative to the

upper confining rings. creating a soil-metal friction (side friction) which tends to increase

the normal stress on the shear surface [Fig. 4.4.1 7.a]. Likewise, when the sample

contracts, the side friction acts in the opposite direction and tends to decrease the normal

stress on the shear surface of the sample [Fig. 4.4.1 7.b]. In the ICING! ring shear

apparatus the measurement of the side friction is accomplished by the proving ring which

is connected to the upper confining rings [Fig. 4.2.1]. The main criticism of this side

friction measuring mechanism is that the proving ring is compressed further because of

the amount of soil which is being extruded through the gap (by squeezing between the

lower and upper rings) during testing. Since the lower confining rings cannot move in the

vertical direction, the extruding soil displaces the upper rings which are connected to the

proving ring and, therefore, the load which is being measured by the proving ring cannot

be attributed purely to side friction. It has been suggested (Tika,, 1989) that the

difference between the measured and the actual side friction is not significant. In the

modified design, however, the new rings allow no vertical movement and the proving



Chaoter Four A New J)evelopment on the IC NGI Ring Shear Apparatus 	 70

ring cannot function in the way it was intended. Therefore, it was essential to develop a

correlation between the change in sample height (dilation or contraction) and the side

friction measured by the proving ring for each soil type that was to be used in this

experimental programme. For that purpose, the original confining rings were employed,

and identically prepared and consolidated samples with those tested in the course of this

investigation were sheared at rates of displacement that varied between 100 mm/mm and

1,000 mm/mm. While shearing these samples, the changes in sample height and the side

friction which was being measured by the proving ring were recorded. Having

established a database of side friction measurements and the corresponding changes in

sample height which produced them, it was possible to correct the test results as follows:

as the change in sample height was monitored continually during soil testing with the

new rings, the corresponding side friction, taken from the side friction correction tests,

was subtracted from (if the sample was contracting) or added to (if the sample was

dilating) the normal load on the hanger and the corrected normal stress which acted on

the shear surface of soil sample was estimated.

4.4.4 Additional Modifications of the New Rings

Having accumulated a substantial amount of experience in the performance of the

new confining rings, another effort was made to contain further the soil during prolonged

fast shearing stages. The basic principal behind the second version of the new confining

ring design was that, in order to absolutely minimise soil loss, the gap had to be kept

closed during testing by means of an elastic system which would not induce a large

amount of internal friction.

Several mechanisms and materials were considered before it was decided that a

carbon flange [middle section, Fig. 4.4.18] would be manufactured, placed inside the

depositing chamber and pushed toward the intermediate rotating disc through a set of

springs. The advantages of using carbon as the material for the proposed flanges are that

when it is being sheared against a harder, smooth material, it develops a polished surface

which induces minimum friction and operates similarly under water. The main

disadvantages are that this material is very brittle and wears easily. In order to achieve

continuous contact between the carbon flange and the intermediate rotating disc, one set
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of springs were embedded at the bottom of the depositing chamber [Fig. 4.4.19]. A thin

brass flange was placed onto the springs [Fig. 4.4.20], before the carbon flange [Fig.

4.4.21], in order to protect it from the sharp edges of the springs. The purpose of these

springs was to push constantly the carbon flange toward the intermediate rotating disc,

thus keeping the gap essentially closed at all times [Fig. 4.4.22]. Because of the

brittleness of carbon, the width of the flange had to be a minimum 7 mm for the outer

ring and 6 mm for the inner ring, and the width of the depositing chamber had to be

increased accordingly while the width of its rim was decreased to 1 mm in both cases.

However, this second version of the new confining rings had not been fully developed in

time for its employment in this experimental programme, and had to be used without the

carbon flanges.

4.5 Tests to Evaluate the Efficiency and Compatibility of the New Rings

Before they were tested for their efficiency in minimising soil loss and their

compatibility with the original confining rings in measuring the slow residual strength of

identically prepared samples, the new rings were subjected to a series of trial tests at

normal stresses which varied between 50 and 500 kPa in order to examine whether they

were able to shear a sample with prolonged fast shearing stages without exhibiting

additional internal friction, and without contamination from extruded soil.

These tests were conducted on samples of blue London clay (available in the

teaching laboratory of the Soil Mechanics Section of Imperial College) remoulded to a

water content around its plastic limit. The samples were consolidated at 50, 100, 200,

and 400 kPa and tested in each normal stress level at rates of displacement which varied

between 0.09 mm/mm and 6000 mm/mm for shear displacements of 2 to 3 m. It was

observed that the amount of soil loss, i.e. the decrease in sample height, during fast

shearing was significantly reduced, while no additional friction due to contamination of

the rings appeared to develop as the tests progressed. Therefore, the main evaluation

procedure, where the performance of the new rings would be compared with that of the

original rings, could follow.

It was recognised from the beginning that the behaviour of the new rings during

prolonged fast shearing stages would be inevitably different from that of the original
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rings, since the amount of soil which is extruded through the gap alters the material

within the shear zone and consequently affects the measured shear stress. Thus, it was

decided that the evaluation of the new rings would focus on the comparison between the

decrease in sample height upon fast shearing and the measured slow residual strength

when both ring types are used in identical conditions.

Three fine-grained soils were used in the main evaluation procedure and one

multistage test was conducted on a medium-coarse clean sand in order to assess the

consistency of results from the new rings when coarse-grained soils are being tested. The

sample preparation procedure which was adopted for the fine grained soils was as

follows: the sample was air-dried, mechanically broken down, passed through the 420

itm test sieve, remoulded to a water content around its plastic limit, and left to hydrate

overnight. The multistage testing technique was employed in this evaluation programme.

The sample, being consolidated at the lower normal stress level at which it was to be

tested, was sheared at 0.09 mm/mm until the measured strength had reached its slow

residual level. Subsequently, the rate of displacement was increased to 900 mm/mm in

order to observe the response of the sample and measure the decrease in sample height

i.e. soil loss. After the fast shearing stage was completed, the sample was unloaded in

shear, the normal stress was increased to the next level, and the same procedure was

repeated either until the sample had been sheared fast under 50, 100, 200, and 400 kPa

or until the decrease in sample height was so large that there was fear of damaging the

apparatus. Gap friction and side friction corrections were taken into account when the

results were calculated and compared.

The first material to be tested was blue London clay, normally consolidated, not

submerged in water. A near perfect agreement between the slow residual strength values

which were measured using the new rings and those measured using the original rings

was observed (Table 4.5.1]. The expected non-linear relationship between slow residual

strength and normal stress which resulted from both ring types gave further evidence on

the performance of the new rings (Fig 4.5.1]. In this particular set of tests with the new

rings, the rate of displacement ranged up to 1.5 cm/sec, producing a cumulative shear

displacement of 20.3 m on the same sample. On the other hand, excessive soil loss

limited the number of normal stress levels that could be applied to an identically prepared

and tested sample when the original rings were used. Therefore, only two fast shearing
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stages were completed using the original rings, leading to a cumulative shear

displacement of 8.1 m, before the test had to be terminated because there was a danger

of damaging the apparatus. The rate at which the soil was exiting from the gap was

estimated by the decrease in sample height per unit shear displacement. It can be seen in

Table 4.5.2 that the rate at which the soil is being extruded through the gap increases

with increasing normal stress for both ring types for this particular soil. In average, when

the original rings were used, the sample height was decreasing by 0.7 mm per metre of

shear displacement while it was decreasing by 0.17 mm per metre of shear displacement

when the new rings were employed.

The second material to be tested was Cowden till normally consolidated, not

submerged in water. Unfortunately, excessive soil loss through the gap of the original

rings prevented the continuation of the multistage testing procedure beyond the second

normal stress level and, thus, comparisons between the slow residual values measured

with the two ring types could only be made for the first two normal stress levels (50 and

100 kPa). As it has been the case with the blue London clay samples, there was good

agreement between the slow residual values measured with the two ring types. This fact

was added to the consistency which was observed in the test results when the new rings

were employed to flirther support their efficiency and compatibility [Table 4.5.1. Fig

4.5.2]. The improvement provided by the new rings is highlighted in this set of tests.

When the new rings were used, all four fast shearing stages were completed, producing a

cumulative shear displacement of 32.8 m, while there was only 1.7 mm of decrease in

sample height attributable to soil lost through the gap. In contrast, only two fast shearing

stages were completed with the original rings, producing a cumulative shear

displacement of 10.2 m before the test had to be terminated to avoid damaging the load

cells. When the new rings were used, the average rate at which the soil was being

extruded through the gap was estimated to be 0.05 mm per metre of shear displacement

as opposed to 0.35 mm/rn when the original rings were used on identically prepared and

tested samples [Table 4.5.3]. Overall, it can be concluded that the new rings lose 4 to 7

times less soil than the original rings, while the behaviour of both ring types upon slow

shearing is similar. Furthermore, it is important to note that the reproducible shape of the

stress-strain curves during slow shearing at each normal stress level when the new rings

are employed, along with the consistency of the measured slow residual strength,
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highlight the fact that soil contamination of the new rings does not affect their

performance.

Two more soils were tested using only the new rings in order to further evaluate

the consistency of the results. The results from a multistage test on normally consolidated

brown London clay, submerged in water, again showed good consistency [Table 4.5.4,

Fig 4.5.3]. The cumulative shear displacement during all the fast shearing stages was just

under 20 m and the soil which was lost through the gap was restricted to a minimum,

thus, allowing all four stages of the test to be completed. Finally, a medium-coarse clean

sand was tested, normally consolidated, not submerged in water. The slow residual

strength values showed satisfactory consistency [Table 4.5.4 Fig 4.5.4] and after a

cumulative shear displacement of 28.4 m, under fast shearing rates, no sample appeared

to have been lost through the gap. However, due to the nature of the sample, excessive

vibrations were observed during the fast shearing stages and testing of coarse sands had

to be postponed in fear of damaging the equipment.

4.6 Summary

The disadvantages of the ICING! ring shear apparatus and the problems

associated with it have been presented in this chapter. Preliminary efforts to minimise the

amount of soil loss through the gap of the original confining rings which introduces

severe limitations on the use of the apparatus have also been described. The factors

which led to the development of the new confining rings were discussed and the

manufacturing process and description of these rings were presented. Finally, the data

correction and evaluation procedures concerning the new confining rings were

introduced.

The satisfactory agreement between the slow residual strength values measured

with the two ring types and the reproducible behaviour of soil samples upon fast shearing

makes evident the quality of the new rings. It has been shown that, typically, the residual

strength estimated by means of the new confining rings may vary by 0 to 2 % from that

estimated by means of the original rings. Also, it has been demonstrated that the new

confining rings lose up to 7 times less soil than the original rings and allow prolonged

stages of fast shearing.



Chaoter Four A New Development on the IC NGI Ring Shear Apparatus 	 75

It is concluded that the new ring design provides the most efficient means of

minimising soil loss and testing samples in prolonged stages at earthquake-induced rates

of displacements.
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Normal Load	 Blue London	 Blue London	 Cowden Till	 Cowden Till
Clay	 Clay

	

(kPa)	 (New Rings)	 (Old Rings)	 (New Rings)	 (Old Rings)

50	 12.4	 12.4	 39.4	 39.7

	

100	 10.2	 10.2	 34.9	 34.6

	

200	 9.1	 8.5	 31.8	 INC1

	

400	 9.6	 INC'	 33.4	 INC

Incomplete test because of excessive soil loss

Table 4.5.1 Residual Angles (in degrees) for Blue London Clay & Cowden Till
Samples

Ring Type Normal Stress	 Shear	 Height	 Rate of Soil
Displacement	 Decrease	 Loss

_____________	 (kPa)	 (m)	 (mm)	 (mm/rn)
New	 50	 5.3	 0.6	 0.11
New	 100	 4.8	 0.8	 0.16
New	 200	 5.9	 1.2	 0.2
New	 400	 4.3	 0.9	 0.21

Original	 50	 4.3	 2.6	 0.6
Original	 100	 3.8	 2.6	 0.7

Table 4.5.2 Comparisons using Results from Tests on Blue London Clay

Ring Type Normal Stress	 Shear	 Height	 Rate of Soil
Displacement	 Decrease	 Loss

___________	 (kPa)	 (m)	 (mm)	 (mm/rn)
New	 50	 7.7	 0.6	 0.07
New	 100	 9.3	 0.5	 0.05
New	 200	 8.6	 0.4	 0.05
New	 400	 11.7	 0.3	 0.03

Original	 50	 7.2	 1.8	 0.25
Original	 100	 3	 1.9	 0.6

Table 4.5.3 Comparisons using Results from Tests on Cowden Till

Normal Load Brown London Medium-Coarse
Clay	 Clean Sand

	

(kPa)	 (New Rings)	 (New Rings)

50	 14	 35

	

100	 11.3	 39.4

	

200	 12.3	 39.7

	

400	 11.3	 40.7

Table 4.5.4 Residual angles (in degrees) for Brown London Clay &
Medium-Coarse Clean Sand samples



ChaIer Four A New Developmeni on the Bishop-Type Ring Shear Apra1is ..j7

Fig. 4.2.1	 Original gap controlling mechanism - Proving ring and differential
screw

.	 . .. ____

Fig. 4.3.1	 Unsuccessful attempt to control gap by stiffening the proving ring
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Floating Rings

Fig. 4.3.2	 Sets of modified confining rings
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Fig. 4.4.1	 New confining rings ( assembled)

Fig. 4.4.2	 Individual parts which constitute the new confining rings
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Fig. 4.4.3	 Base rings bolted onto rotating table of apparatus

Fig. 4.4.4	 Steel balls placed in lubricated grove of base rings
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4

Fig. 4.4.5	 Intermediate rotating disk placed on ball-bearing base assembly
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But Rings

Fig. 4.4.6	 Cross sections of individual parts which constitute the new confining
rings
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lass Rings
	

Upper Rings

Inrer.ediace Rotation Disks
	

Safety Disks

_____ Gap

\Deposii..
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Fig. 4.4.7	 Cross section of new confining rings (assembled)
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Fig. 4.4.8	 Steel balls placed in upper lubricated grove of intermediate rotating
disk

___ ___1v __

Fig. 4.4.9	 Safety disk placed on top of upper set of steel balls and screwed onto
base rings
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Fig. 4.4.10 Upper rings screwed onto intennediate rotating disk

4

'I

Fig. 4.4.11 Whole assembly placed onto ring shear apparatus
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Fig. 4.4.12 Upper rings locked into position with existing frame

Fig. 4.4.13 Dummy sample



Fig. 4.4.14 Cross section of dummy sample
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Fig. 4.4.15 Bottom part of dummy sample screwed onto rotating table
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-	 -

Fig. 4.4.16 Dummy sample placed inside new confining rings

a) Dilation ii

b) Contraction •uØ

Fig. 4.4.17 Side friction mechanisms: a) dilation, b) contraction
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Fig. 4.4.18 Individual parts of new confining rings - Second version

Fig. 4.4.19 Springs positioned in depositing chamber
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/44

Fig. 4.4.20 Protective brass flange placed on set of springs

Fig. 4.4.2 1 Carbon flange placed on protective brass flange
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is.. am;.
	

1J Upper Rin;.

Int.r.sdLat. Rotation Di.k.
	 Safety Disks

Fig. 4.4.22 Cross section of new confining rings - Version 2

11g. 4..1	 ..omparauve p101 irum aesu on uiu LUIIUWI clay
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11g. 4.	 Comparative plOt lrom tests on Cowden till

11g. 4.?L	 slOw resiaual strengm 01 Drown London clay measured Dy means or
new rings
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0	 100	 200	 300	 400	 500

Normal Stress ( kPa)

Fig. 4.5.4	 Slow residual strength of medium-coarse sand measured by means of
new rings



CHAPTER 5

DESCRIPTION OF TESTS

5.1 INTRODUCTION

It has been suggested that the behaviour of soils upon continually varying rates of

shearing depends largely on their plasticity, their interparticle friction, and their grain size

and shape. Therefore, six soil types were selected (natural and artificial) which would

enable the investigation of rate effects within a broad range of plasticity indices,

interparticle friction, grain sizes and shapes. The soil types used in this investigation are:

brown London clay, Cowden till, pure silica (non-plastic), pure kaolin, artificially mixed

pure silica and fine sand, and medium-coarse clean sand. Information regarding these

soils is provided in Table 5.2.1, and in Appendices IV, V, and VI.

5.2 SAMPLE PREPARATION TECHNIQUE

The standard preparation procedure which has been described in detail in chapter

3 was followed for all the soil types which were tested in this investigation. The soil was

air-dried, pulverised by mechanical means (this did not apply to the soil types which were

commercially available), sieved through the 420 im sieve, remoulded to a water contend

around its plastic limit and left overnight to hydrate. After hydration the soil was

reworked with a spatula and a sample for the determination of the water content before

testing was taken [Table 5.2.1].

5.3 TESTING TECHNIQUE AND CONDITIONS

The multistage technique which has also been described in Chapter 3 was used in

order to avoid testing samples of variable nature and also accelerate the testing process.

Each sample was tested under three or four normal stress levels (50, 100, 200, and 300
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or 400 kPa) depending on whether it was overconsolidated or normally consolidated.

According to the standard testing technique which was employed in this investigation,

the sample was loaded to the minimum of the normal stress levels that it was to be

tested, consolidated, and sheared (drained) until it had reached its residual state at the

constant rate of displacement of 0.09 mm/mm. After the residual state had been

established, the sample was unloaded in shear (i.e. the shear stress was reduced to zero)

and then sheared fast (undrained) at continually varying rates of displacement which

ranged between 10 mm/mm and 6000 mm/mm. Each fast shearing stage was terminated

after a stable condition had been reached or after the shear displacement had approached

4 to 5 metres. Further information about the testing procedures associated with each

sample may be found in Appendices IV, V. and VI, where each test is described in detail.

5.4 TEST RESULTS

The shear strength measured during each test is presented as the inverse tangent

of the stress ratio calculated using equation (3.6). This may occasionally (low normal

stresses, materials containing angular particles) result in high values of angle of friction

but, nevertheless, it is considered to provide a comprehensible indication of the strength

and behaviour of soils. Furthermore, it should be noted that although the slow shearing

stage of each test is considered drained and the slow rate of displacement (0.09 mm/mm)

is thought to be sufficient to allow the dissipation of pore pressures, conditions during

the fast shearing stage are complicated. It is speculated that some dissipation of pore

pressures must take place throughout the duration of the fast shearing stage of each test

but, since pore pressures cannot be measured with the existing apparatus, the conditions

during that stage of each test will be considered undrained and total stresses will be used

in the calculation of results. Finally, two units are used in relation to the rate of

displacement because it varies substantially between the two (slow and fast) stages of a

test and, also, because the results of this investigation are to be used in a seismology

project currently in progress at Imperial College. Therefore, the slow rate of

displacement will be measured in mm/mm and the fast rates of displacement in cm/sec.



Chaøter Five	 Description of Tesi.s	 96

5.4.1 Brown London Clay

a) Normally Consolidated. Non-Submerged (Tests IV. 1-5)

The sample was tested at four normal stress levels (50, 100, 200 and 400 kPa)

under slow (drained) shearing conditions to establish the residual structure and fast

(undrained) shearing conditions to study the rate effects. The slow shearing stages were

associated with a decrease in sample thickness which was attributed mainly to particle

orientation. The response of the soil during fast shearing was quite consistent considering

the fact that it did not involve a decrease in shear strength below its slow residual level.

Furthermore, except in the case of the first fast test at 50 kPa, the shear strength

increased as the rate of displacement increased and vice versa.

The first sample was consolidated at 50 kPa and the measured strength had

reached its slow residual value of 15.6° [Fig. IV. 1.1], when the slow shearing stage was

terminated after 40.5 cm of shear displacement. The rate of displacement was then

increased to 0.72 cm/sec [Fig. IV. 1.2], the measured strength reached a threshold value

of 25.8°, and the sample height decreased by 0.12 mm. As shearing continued at the same

rate of displacement the sample height increased by 0.82 mm and the measured strength

dropped to 9.7°. An undulating shear surface appeared to be forming with an amplitude

which decreased from 0.62 mm, at the beginning of this fast stage, to 0.13 mm at the end

of the stage, while the measured strength varied between 15.1° and 24.0° independently

of the rate of displacement. The sharp shape of the oscillations of the measured strength

ought to be attributed partly to internal ring friction which could not be accounted for at

that point. It should be noted that the behaviour of the apparatus at low normal stress

levels has been criticised by previous researchers (Lemos, 1986, and Tika, 1989) and it

should be considered as one of the handicaps of the system.

The same sample was then consolidated at 100 kPa and sheared slowly to its

slow residual strength of 11.7° [Fig. IV.2. 1], when the rate of displacement was

increased to 0.12 cm/sec. The measured strength increased to 14.0° [Fig. IV.2.2] and,

when the rate of displacement was increased further to 1.40 cm/sec. the strength

stabilised at 22.5°.

The normal load was increased and the sample was consolidated at 200 kPa and

reached its slow residual strength of 11.3° [Fig. IV. 3.1] before it was sheared, initially, at
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0.05 cm/sec. The measured sample strength increased, only, to 11.5° [Fig. IV.3.2] but

when the rate of displacement was increased, suddenly, further to 1.29 cm/sec. the

strength reached a threshold value of 20.8°. Further shearing at the same rate of

displacement led to a sample dilation of 0.42 mm and a drop in strength to 11.1°.

Subsequently, the sample appeared to be contracting while the measured strength

stabilised between 16.5° and 17.5°. The shape of the shear surface appeared to became

planar as the test progressed.

The same sample was consolidated to 400 kPa and reached its slow residual

strength of 12.9° [Fig. IV.4.1] before the rate of displacement was increased to 0.037

cm/sec. The measured strength increased to 13.9° [Fig. IV.4.2] but when the rate of

displacement was increased further to 1.38 cm/sec, the strength reached a new threshold

value of2l .3°, the sample dilated by 0.53 mm and the strength dropped to 12.2°. Further

shearing at the same rate of displacement was associated with a decrease in sample

height while the measured strength stabilised between 14.8° and 16.2°. The shear surface

appeared to be undulating with an amplitude of 0.17 mm and the measured strength

dropped below its slow residual level when the rate of displacement was decreased to

0.15 cm/sec.

All these tests indicated that the measured sample strength increases with

increasing rate of displacement, the threshold strength is not so pronounced when the

increase of the rate of displacement is moderate, and the immediate drop in strength after

it had reached its threshold value apparently related to the dilation of the sample. The

measured sample strength on fast shearing dropped below its slow residual value in one

case probably because of the dilation of the sample and the undulating nature of the shear

surface.

After the test was terminated, the sample was extruded from the confining rings

and submerged in Carbowax for the preparation of thin sections. The visual inspection of

the thin sections indicated the existence of voids around the mid-height of the sample and

a non-planar shear zone which, at some points, extended to the top of the sample [Fig.

5.THI].

A second sample was prepared, identical with the first, consolidated to 50 kPa

and sheared using the previously described procedure. After it had reached its slow

residual strength of 12.3°, the sample appeared to be gaining strength [Fig. IV.5. 1].



ChaDter Five	 I)escription of Tests 	 98

However, this was thought to be either due to internal ring friction or the early

development of an undulating shear surface. During the fast shearing stage of this test

[Fig. IV.5.2], the sample strength increased, however, the results were obscured by the

periodic increased in measured shear stress which was apparently caused by internal ring

friction. Apart from the fact that the increase in the rate of displacement had a positive

effect on the measured sample strength, no more conclusions could be drawn from this

test. Furthermore, the shape of the sample height curve indicated the existence of an

undulating shear surface.

After the test was terminated, the sample was careflully removed from the

confining rings, inspected visually, one part was submerged in Carbowax and the rest

was left to air-dry. The position and thickness of the shear zone of the part of the sample

which was not submerged in Carbowax were measured with a digital micrometer. The

visual inspection revealed the existence of a distinct shear zone which was separated

from the top and bottom parts of the sample by two surfaces, was of a darker colour than

the rest of the sample, and had a nearly uniform thickness of 1.5-2.0 mm [Fig. 5.4.1.1 .a].

However, in two diametrically opposite points along the periphery of the sample, the

lower boundary of the shear zone dipped towards the bottom and the width of the shear

zone increased to 6.3 mm [Fig 5.4.1.1 .b]. Apart from the aforementioned irregularities

which were observed in the 16 % of the periphery of the sample and were associated

with the position of the lower boundary of the shear zone, no secondary shear planes or

other distinct features were noted [Fig. 5.4.1.2]. The thin sections which were prepared

from this sample indicate an inclining shear surface, secondary shear planes and fissures

which propagate from the fins of the porous stones and often develop into shear planes.

Finally, the existence of a gap of non-uniform width which separates the sample is

indicated [Fig. 5.TH2-3].

b) Normally Consolidated.. Submerged (Tests IV.6-9)

The samples were prepared and tested in the same procedures with the non-

submerged samples. The slow residual values of the submerged samples were lower than

those of the non-submerged ones apparently because of the lubricating action of water.

Drained shearing was associated with a decrease in sample thickness mainly due to
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particle orientation, as the samples approached their residual state, and to a lesser degree

to some sample loss.

The first sample was consolidated to 50 kPa and reached its slow residual

strength of 14.5° [Fig. IV.6. 1] before the rate of displacement was increased to 0.63

cm/sec. The sample appeared to contract by 0.067 mm [Fig. IV.6.2] and reached its

threshold strength of 29.8° before it dilated to 0.15 mm and the measured strength

dropped to 13.1°. Further shearing at the same rate of displacement led to a decrease in

sample heigbt and an increase in measured strength which stabilised around 21.4°. The

rate of displacement was increased further to 1.68 cm/sec and the measured strength

stabilised around 25.5°. Before this fast stage was terminated, the rate of displacement

was varied between 0.2 cm/sec and 1.68 cm/sec. The measured sample strength

decreased with decreasing rates of displacement, without dropping below its slow

residual value, and appeared to be increasing slightly with cumulative shear displacement.

After 150 cm of shearing the measured sample strength which corresponded to 1.68

cm/sec was 25.5°, after 300 cm it was 29.4°, and after 480 cm it was 30.8°. However,

this may be an effect of the decreasing sample height due to soil which is being lost

through the gap of the rings.

The same sample was consolidated at 400 kPa and reached its slow residual

strength of 11.3° [Fig. IV.7. 1] before the rate of displacement was increased to 1.31

cm/sec. The measured sample strength reached its threshold value of 20.3° [Fig. !V.7.2]

and immediately dropped to 14.0° as the sample dilated by 0.05 mm. Further shearing at

the same rate of displacement led to a contraction of the sample and an increase in

sample strength which stabilised around 16.4°. The measured sample strength decreased

with decreasing rate of displacement, at some points even slightly below its slow residual

level. Furthermore, it appeared that any increase of the rate of displacement above 1.0

cm/sec had no effect on the measured sample strength. The thin section which was

prepared from this sample showed evidence of the existence of a rather uniform width

shear zone which was separated from the top and bottom of the sample by two distinct

shear planes [Fig 5.TH4].

A second sample was prepared identical to the first, consolidated at 100 kPa and

reached its slow residual strength of 11.3° [Fig. IV.8. I] before the rate of displacement

was increased to 0.35 cm/sec. The sample strength reached its threshold value of 19.8°
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[Fig. IV.8.2] and stabilised at 18.50 before the rate of displacement was increased further

to 1.71 cm/sec. The sample contracted by 0.05 mm and the measured strength reached a

new threshold level at 22.8°. Further shearing at the same rate of displacement was

associated with a dilation of the sample by 0.21 mm and a decrease in measured strength

to 13.2°. An undulating shear zone with a wave-length of 39.4 cm (perimeter of the

sample) and an initial amplitude of 0.3 mm was generated. Apparently the amplitude of

the oscillations was sufficient to increase the pore pressures within the shear zone and,

therefore, decrease the sample strength which dropped below its slow residual level after

116 cm of shearing. The sample strength had stabilised at 5.9° when the rate of

displacement was decreased to 0.12 cm/sec. At this lower rate of displacement the

measured strength increased to 7.6°, apparently due to dissipation of the pore pressures

within the shear zone, and, when the rate was increased again to 1.71 cm/sec. the

strength initially increased to 10.0° before it stabilised around 8.1° where it remained until

the test was terminated. When the rate of displacement was increased for the second

time, the undulating shape of the shear zone appeared to became planar and no additional

pore pressures were generated which would have resulted in further decrease of the

measured strength.

The same sample was consolidated to 200 kPa and reached its slow residual

strength of 12.0° [Fig. IV.9. 1] before the rate of displacement was increased to 0.11

cm/sec. The measured strength reached a moderate threshold value of 16.1° [Fig. IV.9.2]

and subsequently decreased to 14.0° while the sample appeared to dilate by 0.03 mm.

The rate of displacement was increased further to 1.70 cm/sec. the shear zone did not

appear to contract or dilate, and the measured strength increased and stabilised around

22.0°. Further variations of the rate of displacement indicated that the strength increases

with increasing rate of displacement and vice versa, it does not drop below its slow

residual value, and it is not affected by any increase of the rate above 0.7 cm/sec.

After the test was terminated, the sample was extruded from the confining rings.

visually inspected and measured. The texture of the sample appeared firm and uniform,

the shear zone was of a darker colour than the rest of the sample, and there was no gap

separating the shear zone from the top or bottom parts of the sample. The upper and

lower boundaries of the shear zone were planar and nearly horizontal. However, at one

point along the periphery of the sample, a secondary shear plane extended from the
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upper boundary of the shear zone towards the top of the sample [Fig. 5.4.1.3-4]. No

other distinct features or secondary shear planes were observed.

It is suggested by this set of tests that the strength increases with increasing rates

of displacement and, only when an undulating shear zone is formed, it decreases below

its slow residual value.

c) Overconsolidated. Submerged (Test N. 10-12 and VI. 1-2)

This sample was prepared identical to the normally consolidated samples,

consolidated to 400 kPa and unloaded to 100 kPa. Shearing to residual at 100 kPa was

associated with some sample dilation, as the shearing matrix relaxed, and the measured

strength reached its slow residual value of 15.50 [Fig. IV. 10.1]. The rate of displacement

was increased to 1.76 cm/sec and the measured strength reached its threshold value of

36.9° [Fig. IV. 10.2]. Further shearing at the same rate of displacement was associated

with an increase in sample height (which may be associated with a dilation of the soil

matrix within the shear zone) of 0.88 mm and a decrease in strength to 12.6° before it

stabilised around 15.5°. An undulating shear zone appeared to be forming, with initial an

amplitude of 0.6 mm, which progressively decreased and stabilised at 0.18 mm.

However, this undulating shape of the shear surface was thought to be sufficient to

induce pore pressures and decrease the measured strength below its slow residual level.

The strength oscillated between 1.7° and 9.7°, but changes of the rate of displacement

between 1.76 cm/sec and 5.94 cm/sec appeared to have no significant effect on the

strength.

The same sample was consolidated to 200 kPa and reached its slow residual

strength of 11.4° [Fig. lviii] before the rate of displacement was increased to 3.2

cm/sec. The measured strength reached its threshold value of 24.7° [Fig. IV. 11.2] and

subsequently decreased to 5.1° as the sample dilated by 0.85 mm. An undulating shear

surface appeared to be forming with an initial amplitude of 0.29 mm which decreased

with further shearing to 0.08 mm and had become planar towards the end of the test. The

amplitude of the oscillations and the magnitude of the rate of displacement were thought

to be sufficient to induce pore pressures within the shearing matrix and decrease the

measured strength which varied between 1.8° and 4.8°. After the first 230 cm of shearing,

while the amplitude of the oscillations had decreased substantially, the strength appeared
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to be increasing most probably due to dissipation of the pore pressures. The variations of

the rate of displacement between 1.76 cm/sec and 9.41 cm/sec appeared to have no

significant effect on the measured strength which had increased around 11.50 before the

test was terminated.

The sample was consolidated further to 300 kPa and reached its slow residual

strength of 12.30 [Fig. IV. 12.1] before the rate of displacement was increased to 6.0

cm/sec. The measured strength reached its threshold value of 24.6° [Fig. IV. 12.2] and,

while the rate of displacement continued to increase, the former reached the value of

26.6°. Subsequently, the sample dilated by 0.48 mm and the strength dropped to 11.3°.

The shear stress curve indicates that an undulating shear zone had formed, although this

is not apparent from the sample height curve, probably because of the scaling of the latter

curve. The strength appeared to be oscillating between 4.2° and 14.0°, however, it is

thought that some part of the measured strength should be attributed to internal ring

friction which cannot be accounted for. Nevertheless, the magnitude of the initial

increase in sample height appears to be sufficient to result in a substantial decrease of the

measured strength. Furthermore, any variation of the rate of displacement between 2.0

cm/sec and 10 cm/sec had no effect on the measured strength.

After this test was terminated, the sample was extruded from the confining rings,

visually inspected, measured, one part was submerged in Carbowax, and the rest was left

to air-dry. The shear zone appeared as a thin band of soil with soft texture as opposed to

the firm texture of the top and bottom parts of the sample. Furthermore, the colour of

the shear zone was lighter than the rest of the sample [Fig. 5.4.1 .5.a-b] and, at some

points along the periphery, a gap had developed between the shear zone and the top part

of the sample [Fig. 5.4.1 Sc]. Although the width of the shear zone, when it was

measured on the outside end of the sample, appeared to be nearly constant, around 1.0

mm, its shape was undulating [Fig. 5.4.1.6]. Observation of the thin section indicated

that the width of the shear zone was increased in the mid-width of the sample and at

some points it might have extended to the top or bottom ends of the sample [Fig.

5.TH5].

Evidence suggest that the decrease in shear strength below its slow residual value

may be attributed to increased pore pressures within the shear zone due to a "pumping

action" induced by its undulating shape. When the undulating shear surface became
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planar (at 200 kPa) the "pumping action" ceased and the shear strength increased as pore

pressures were thougbt to dissipate. Furthermore, no response in any change of the rate

of displacement was observed in the cases where the shear strength had dropped below

its slow residual value. In order to investigate further the response of the

overconsolidated brown London clay and to test the assumption that the drop in strength

is caused by increased pore pressures, another sample was prepared identical to the one

which was previously described. Furthermore, the testing procedure was altered and the

sample was sheared at 0.09 mm/mm after the end of the fast stage so that, if pore

pressures had indeed increased during fast shearing, they would dissipate and the

measured strength would gradually return to its slow residual level.

The sample was consolidated to 400 kPa, unloaded to 100 kPa, and reached its

slow residual strength of 10.9° [Fig. VI. 1.1] before the rate of displacement was

increased to 1.5 cm/sec. The measured strength reached its threshold value of 27.0° [Fig.

V1.2.21 and subsequently decreased to 11.2° while the sample height increased by 0.2

mm. Further shearing at the same rate of displacement was associated with a decrease in

sample height and an increase of the measured strength around 17.0°. A non-undulating

shear surface appeared to have formed and the measured strength decreased with

decreasing rates of displacement but did not drop below its slow residual value. When

the rate of displacement was increased for the second time to 1.5 cm/sec. the measured

strength varied between 15.3° and 24.2°, apparently because of non-uniformities of the

shear zone, while further increase in the rate above 1.72 cm/sec had no effect on the

sample strength which stabilised around 22.3° until this fast stage was terminated. The

rate of displacement was subsequently decreased to 0.09 mm/mm and the measured

strength gradually decreased from an initial value of 16.7° to its slow residual level of

10.9° [Fig. VI. 1.3].

The same sample was consolidated to 200 kPa and reached its slow residual

strength of 11.00 [Fig. VI.2. 1] before the rate of displacement was increased to 1.25

cm/sec. The measured strength increased to 21.50 [Fig. VI.2.2J and stabilised within a

range between 18.00 and 20.0°, while shearing at the same rate of displacement

continued. The strength decreased with decreasing rate of displacement but did not drop

below its slow residual level while a planar shear surface appeared to have been formed.

Furthermore, when the rate of displacement was increased to 1.75 cm/sec. the strength
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increased to 20.9° and continued to increase moderately as the rate reached the level of

8.0 cm/sec. This increase in measured strength was not proportional to the

corresponding increase in the rate of displacement but it was, nevertheless, apparent and

contradicted previous findings which suggested that the strength is not affected when the

rate increases above a certain level. Finally, when the rate of displacement was decreased

to 0.09 mm/mm, during the third stage of this test [Fig. V1.2.31, the measured strength

decreased gradually from an initial level of 15.6° to its slow residual value of 11.0°.

The visual inspection of the sample after it had been taken out of the confining

rings revealed the existence of a nearly uniform shear zone with darker colour than the

rest of the sample and a width of around 1.0 mm [Fig. 5.4.1 .7.a]. At some points along

the periphery of the sample a gap had created between the shear zone and the top part of

the sample [Fig. 5.4.1 .7.b], while in other points some secondary shear planes appeared

to have developed [Fig. 5.4.1 .7.c]. Finally, the lower boundary of the shear zone

appeared to be nearly horizontal [Fig. 5.4.1.8].

5.4.2 Cowden Till

a) Normally Consolidated. Non-Submerged (Tests IV.13-l6)

The soil was remoulded at a water contend of 21.8 % and it was consolidated

and sheared using the same procedure which was used when the non-submerged brown

London clay was tested. The slow shearing stages at each normal stress level were

associated with a decrease in sample height which was mainly due to the reorientation of

the soil particles as the sample approached its residual state and to a lesser degree to

some soil loss through the gap.

The sample was consolidated at 50 kPa and reached its slow residual strength of

35.4° [Fig. IV.13. 1] before the rate of displacement was increased to 1.70 cm/sec. The

measured strength reached its threshold value of 47.3° [Fig.IV.13.2] and subsequently

decreased to 34.1° while the sample height increased by 0.48 mm. Further shearing at the

same rate of displacement led to a decrease in sample height and an increase in the

measured strength which stabilised around 42.5°. An undulating shear surface appeared

to be forming with an initial amplitude of 0.09 mm which decreased and became planar

before the test was terminated. Although the evidence is not conclusive about the
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strength decreasing with decreasing rates of displacement, it is clear that the strength

increases with increasing rates. Furthermore, it appears that the measured strength is not

affected by rates of displacement above 1.55 cm/sec.

The normal stress was increased to 100 kPa, the sample was consolidated and

reached its slow residual strength of 31.40 [Fig. IV. 14.1] before the rate of displacement

was increased to 0.09 cm/sec and the measured strength increased and stabilised at 3770

[Fig. IV. 14.2]. The rate of displacement was increased fi.irther to 1.68 cm/sec, the sample

appeared to contract by a moderate 0.06 mm and its strength increased and stabilised

around 42.7°. A subsequent increase in sample height by 0.05 mm appeared to have no

effect on the measured strength which decreased with decreasing rates of displacement

and vice versa.

At the higher normal stress of 200 kPa the sample reached its slow residual

strength of 31.40 [Fig. IV. 15.1] and, when the rate of displacement was increased to 1.78

cm/sec. its threshold strength of 3950 [Fig. IV. 15.2]. Further shearing at the same rate of

displacement was associated with a small dilation of the sample by 0.01 mm and a drop

in strength to 32.9° before the sample contracted and its strength stabilised around 3 8.5°.

Furthermore, the results indicate that the strength decreased with decreasing rates of

displacement (but it did not drop below its slow residual value) and was not affected by

any changes of the rate of displacement above 1.2 cm/sec.

Finally, the sample was consolidated at 400 kPa, it reached its slow residual

strength of 31.40 [Fig. IV. 16.1] and, when the rate of displacement was increased to 1.69

cm/sec. its threshold strength of 38.7° [Fig. IV. 16.2]. Subsequently, the sample height

increased by 0.34 mm and the strength dropped to 25.6°. Further shearing at the same

rate of displacement led to a decrease in sample height and an increase in strength which

stabilised between 33.8° and 36.2°. An irregularly shaped shear surface appeared to be

fonning during the first half of this stage and that was reflected on the fluctuations of the

shear stress. However, during the second half of this stage, the shear surface became

planar and the measured strength became more steady. The sample strength increased

with increasing rates of displacement but did not appear to be affected when the rate

increased above 1.4 cm/sec.

All tests indicated an increase in strength with increasing rates of displacement

and the shear zone of the sample appeared to have an irregular shape during the first part
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of the fast stages of the tests which became planar as shearing progressed. Furthermore,

it appeared that the magnitude of the increase in sample height, immediately after the rate

of displacement was increased, controlled the magnitude of strength drop below the

threshold level.

The visual inspection of the sample after it had been extruded from the confining

rings revealed the existence of a shear zone with a darker colour than the rest of the

sample which was divided by a distinct shear surface [Fig. 5.4.2.1]. The shear zone had a

variable width which ranged from 0 to 2.0 mm and an irregular, or undulating, shape

[Fig. 5.4.2.2]. The texture of the sample appeared, otherwise, firm and uniform.

b) Normally Consolidated. Submerged (Tests IV. 17-20 and V1.3-4)

This sample was remoulded to an initial water content of 22 % and consolidated

to 50 kPa. Having being sheared under drained conditions [Fig. IV. 17.1], it reached its

slow residual strength of 31.8° before the rate of displacement was increased to 1.8

cm/sec. The measured strength reached its threshold value of 4530 [Fig. IV. 17.2] and

subsequently dropped to 23.5° as the sample height increased by 1.8 mm. Further

shearing at the same rate of displacement led to a decrease in sample height and an

increase in strength to 36.2°. An undulating shear zone appeared to be forming with an

amplitude which varied between 0.24 mm and 0.6 mm. This, initially, was reflected on

the measured strength which fluctuated between 32.0° and 39.1° but, as shearing

progressed, the undulating shape of the shear zone was thought to induce increased pore

pressures which led to a decrease in measured strength. After the sample had been

sheared for 152.8 cm, the measured strength dropped below its slow residual level and,

when the rate of displacement was increased further between 1.8 cm/sec and 9.9 cm/sec.

decreased further and fluctuated between 16.6° and 25.7°. The amplitude of the

undulating shear zone did not appear to decrease with shearing.

The same sample was consolidated to 100 kPa and reached its slow residual

strength of 31.7° [Fig. IV. 18.1] before the rate of displacement was increased to 1.3

cm/sec. The measured strength reached its threshold value of 39.7° [Fig. IV. 18.2] and

subsequently dropped to 21.6° as the sample height increased by 2.09 mm. An undulating

shear zone was formed with an initial amplitude of 0.91 mm which decreased to 0.65 mm

as shearing progressed. During the first 200 cm of this stage the undulating shape of the
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shear surface was reflected on the measured shear stress which fluctuated between 9.02°

and 16.8°. However, during the remainder of the test, where the rate of displacement was

increased between 1.87 cm/sec and 10 cm/sec, the continuing undulating nature of the

shear surface led to further decrease of the measured strength which varied between

4.04°and7.2°.

Subsequently, the normal stress was increased to 200 kPa and, after consolidation

was completed, the sample was sheared drained and reached its slow residual strength of

31.4° [Fig. IV. 19.1]. Then, the rate of displacement was increased to 1.25 cm/sec and the

measured strength reached its threshold value of 40.4° [Fig. IV.l9.2] before it dropped

to 3 1.4° and 23.4° while the sample height increased by 0.175 mm and 0.35 mm

respectively. An undulating shear surface appeared to have formed, with an initial

amplitude of 0.53 mm, which apparently gave rise to the pore pressures and led to

further decrease in strength. The strength decreased even further, to 10.6°, and stabilised

at 7.02° as shearing continued. During the second part of the test, where the rate of

displacement varied between 2 cm/sec and 10 cm/sec. the measured strength initially

fluctuated between 4.09° and 9.03° but, while the amplitude of the undulating shear zone

decreased from 0.53 mm to 0.14 mm, it gradually increased to 15.5° at the end of the

test. The variations of the rate of displacement appeared to have no significant effect on

the measured strength once it dropped below its slow residual level whereas the

amplitude of the undulating shear surface influenced substantially the measured strength.

Subsequently, the sample was consolidated at 300 kPa and reached its slow

residual strength of 31.7° [Fig. IV.20. 1] before the rate of displacement was increased to

1.35 cm/sec. The measured strength reached its threshold value of 52.0° [Fig. IV.20.2]

and decreased to 29.7° while the sample height increased by 0.6 mm. An undulating shear

zone formed with an initial amplitude of 0.5 mm which became more planar as the test

progressed. The measured strength dropped as low as 10.2° and fluctuated between 11.3°

and 18.0°. During the second part of this stage, where the rate of displacement varied

between 1.8 cm/sec and 10 cm/sec, the strength appeared to be gradually increasing

probably because the flattening of the shear zone allowed the pore pressures to dissipate.

Before the test was terminated, the measured strength had increased to its slow residual

level of 31.7°. The changes of the rate of displacement had no effect on the measured

strength once it dropped below its slow residual level.
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After the test was terminated, several efforts were made in order to extrude the

sample intact from the confining rings. However, the material within the shear zone had

softened and the top and bottom parts of the sample were separated. Nevertheless, by

observing the cross sectional view of the lower part of the sample it is indicated that the

shear surface has an upward conceiving shape [Fig. 5.4.2.3.a]. Evidence for the existence

of thin shear zone with striations [Fig. 5.4.2.3.b] and a few irregularities were also

apparent. The side view of one part of the sample which was managed to be kept intact

gave evidence of a shear zone with increased voids [Fig. 5.4.2.3.c]

It has been speculated that the decrease in strength below its slow residual level

during fast shearing is caused by increased pore pressures which are induced by the

undulating shape of the shear zone of the sample. Therefore, another set of tests was

conducted on an identically prepared Cowden till sample. A second drained shearing

stage, which followed the fast shearing stage, was included in the testing procedure in

order to allow for the dissipation of pore pressures, if they were the cause of the

decrease in strength. The sample was remoulded to an initial water content of 22.0 %,

consolidated at 100 kPa, and reached its slow residual strength of 30.7° [Fig. Vl.3. 1]

before the rate of displacement was increased to 1.39 cm/sec. The measured strength

reached its threshold value of 41.00 [Fig. VI.3.2] and subsequently decreased to 27.0°

while the sample appeared to dilate by 0.89 mm. Further shearing at the same rate of

displacement was associated with continuing strength decrease while an undulating shear

surface, with an initial amplitude of 0.5 mm, appeared to be forming. The strength

stabilised within a range between 15.0° and 18.4° but, when the rate of displacement was

decreased to 0.11 cm/sec, it appeared to increase from 16.3° to 21.9°. During the second

part of this fast stage, the rate of displacement was varied between 1.95 cm/sec and 10.0

cm/sec. the amplitude of the undulating shear zone decreased only to 0.39 mm, and the

range within which the measured strength varied was not altered. Subsequently the rate

of displacement was decreased to 0.09 mm/mm and the measured strength increased

gradually and reached its slow residual value after 80 mins of shearing [Fig. V1.3.3].

The same behaviour was observed when the sample was tested at 200 kPa. After

reaching its slow residual strength of 30.8° [Fig. V1.4.l], the sample was sheared at 1.29

cm/sec and its strength dropped from the threshold value of 47.10 to 25.6°, while the

sample height increased by 0.30 mm [Fig. VI.4.2]. As shearing continued at the same
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rate of displacement, an undulating shear surface with a constant amplitude of 0.29 mm

formed, and the measured strength fluctuated between 13.8° and 19.4°. When the rate of

displacement was decreased to 0.09 cm/sec the strength increased from 18.4° to 26.0°,

probably due to partial dissipation of pore pressures. Towards the end of the test, the

measured strength decreased even further to 10.8° probably because of the persisting

"pumping action" induced by the undulating shear zone. Subsequently, the rate of

displacement was decreased to 0.09 mm/mm and the sample regained its slow residual

strength [Fig. VL4.3].

It was observed in all tests that the measured strength was not affected by any

increase in the rate of displacement once it had dropped below its slow residual level.

However, there were cases where the strength increased with decreasing rates of

displacement apparently because the increased pore pressures were allowed to partially

dissipate.

After the test was terminated, the sample was extruded from the confining rings,

visually inspected and submerged into Carbowax. The visual inspection revealed the

existence of a shear zone separated from the top and bottom parts of the sample by two

distinct planes [Fig. 5.4.2.4.a] with a non-uniform width which varies between 0 [Fig.

5.4.2.4.b] and 3 mm. Furthermore, several secondary shear planes were observed which

at some points along the periphery of the sample were extended to its top and bottom

ends [Fig. 5.4.2.4.c]. Further evidence about the shear zone were provided by the thin

sections prepared from this sample [Fig. 5.TH6-7]. Also, the position of the undulating

shear zone and its non-uniform width were measured for the part of the sample which

was not used for the preparation of the thin sections [Fig. 5.4.2.5].

c) Overconsolidated.. Submerged (Tests IV.21-23)

The soil was remoulded to an initial water content of2l .5 %, consolidated to 400

kPa and then unloaded to 100 kPa. After the end of the consolidation stage, the sample

was sheared drained and reached its slow residual strength of 33.8° while the shearing

matrix appeared to relax and dilate [Fig. IV.2 1.1]. The rate of displacement was

increased to 1.68 cm/sec and the measured strength reached its threshold value of 40.6°

before it dropped to 35.2°, while the sample appeared to have dilated by 0.20 mm [Fig.

IV.21 .2]. Subsequently, the sample height decreased and the strength increased to 40.9°.
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Shearing at the same rate of displacement led to the development of an undulating shear

surface with an amplitude of 0.09 mm. Some irregularities of the shear surface were

reflected on the measured strength which, at some point during the test, fluctuated

between 4350 and 33.8°. However, when the regularly undulating shear surface

reappeared, the strength stabilised around 41.10. The strength decreased with decreasing

rates of displacement and vice versa, did not drop below its slow residual level, and was

not significantly affected by any increase in rate above 1.0 cm/sec. It was speculated that

the small amplitude of the undulating shear surface was not able to induce sufficient pore

pressures which would cause a decrease in measured strength.

The same sample was consolidated to 200 kPa and reached its slow residual

strength of 31.10 [Fig. IV.22. 1] before the rate of displacement was increased to 1.70

cm/sec. The measured strength reached its threshold value of 34.7° [Fig. IV.22.2] and

subsequently dropped to 25.9° while the sample appeared to dilate by 0.3 mm. Further

shearing at the same rate of displacement was associated with an apparent sample

contraction and led to an increase in strength which fluctuated between 35.5° and 37.2°.

An undulating and, at some points during the test, irregular shear surface, with an initial

amplitude of 0.05 mm which decreased to 0.025 mm towards the end of the test,

appeared to have formed. The sample strength decreased with decreasing rates of

displacement but did not drop below its slow residual level and was not affected when

the rate was increased above 0.96 cm/sec.

Finally, the sample was consolidated to 300 kPa and reached its slow residual

strength of 31.2° [Fig. IV.23.1] before the rate of displacement was increased to 1.71

cm/sec. The measured strength reached its threshold level of 33.8° [Fig. IV.23.2] and

subsequently dropped to 19.8°, while the sample height increased substantially by 1.09

mm. An undulating shear surface with an amplitude which varied between 0.31 mm and

0.68 mm appeared to be forming. This must have induced increased pore pressures and

caused the measured strength to decrease further and stabilise within a range between

7.3° and 10.5°. When the rate of displacement was decreased to 0.08 cm/sec the

measured strength increased by 3° to 4° within 10 cm of shearing. Towards the end of the

test the measured strength increased gradually from 9.5° to 20.2° probably because of the

accumulating dissipation of pore pressures which took place when the rate of

displacement was decreased to 0.08 mm/mm.
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The sample separated into its top and bottom parts during the extrusion from the

confining rings despite the efforts that were made to avoid it. The visual inspection of the

parts which constituted the sample revealed that the material within the shear zone was

soft and the surfaces, which separated the shear zone from the top and bottom parts of

the sample, were irregular and striated [Fig. 5.4.2.6].

5.4.3 Kaolin (Tests VI.13-14)

Two tests were completed on a sample which was prepared from commercially

available kaolin and was remoulded to an initial water content of 39 %. These tests were

not intended to provide a comprehensive study on the behaviour of kaolin upon fast

shearing but to ensure that it soil follows the same patterns as the other two plastic soils

which have been investigated, i.e. brown London clay and Cowden till. Therefore, the

same sample was tested normally and overconsolidated at 200 kPa. The procedure

involved consolidating the sample to 200 kPa, shearing it drained and fast, consolidating

it to 400 kPa, unloading it to 200 kPa, and repeating the shearing procedure.

Having been normally consolidated at 200 kPa, the sample reached its slow

residual strength of 15.7° [Fig. VI. 13.1], the rate of displacement was increased to 1.28

cm/sec. and the measured strength reached its threshold value of 25.5° [Fig. VI. 13.2].

The sample did not appear to dilate, however, its strength decreased to 14.6° and,

subsequently, began to increase. The first fill rotation of the sample suggested the

development of an undulating shear surface with an amplitude of 0.48 mm. This was

reflected on the fluctuation of the measured shear stress, although the stress was also

influenced by some internal ring friction which became insignificant after the first 120 cm

of shearing. Furthermore, after the second rotation of the sample, the amplitude of the

shear surface decreased to 0.2 mm before it became insignificant. The measured strength

gradually increased to 23.4°, while the sample was being sheared at 1.28 cm/sec, and

decreased with decreasing rates of displacement but at no point did it drop below its

slow residual value. The fluctuations of the measured strength between 19.5° and 25.2°

were attributed to non-uniformities of the shear surface. During the later part of the test,

where the rate of displacement was increased between 1.74 cm/sec and 10.0 cm/sec. the

measured strength varied between 19.8° and 27.9° respectively. The strength appeared to
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increase continuously with increasing rates of displacement. Furthermore, it should be

noted that the non-uniformities of the shear surface may be responsible for a part of the

strength variations when the sample was being sheared at the same displacement rate.

Subsequently, the sample was overconsolidated at 200 kPa, reached its slow

residual strength of 16.6° [Fig. VI. 14.1] and, when the rate of displacement was

increased to 1.30 cm/sec, its threshold strength of 29.3° [Fig. VI.14.2] before it appeared

to dilate by 0.04 mm and the measured strength decreased to 28.1°. Further shearing at

the same rate of displacement led to a decrease of the sample height and an increase in

measured strength which fluctuated between 28.8° and 30.5°. The measured strength

decreased with decreasing rates of displacement and vice versa but did not drop below its

slow residual value.

This soil did not present any evidence about the response of plastic soils upon

fast shearing which had not already been encountered during the previously described

tests and, therefore, no additional testing was conducted. The thin sections which were

prepared from this sample indicate that a shear zone of oval shape and variable width

occupies the middle half of the sample [Fig. 5.11-18-9].

5.4.4 Pure Silica

The soil which was used in the following sets of tests was a commercially

available non-plastic silica, non pre-treated, and remoulded to water contents which

varied between 20.4% and 21.2%.

a) Normally Consolidated. Non-Submerged (Test V.1-4)

The sample was consolidated to 50 kPa and reached its slow residual strength of

44.4° [Fig. V.1.11 before the rate of displacement was increased to 1.7 cm/sec. The

measured strength reached its threshold value of 54.3° [Fig. V.1.2] and decreased to

45.0° while the sample height increased by 0.06 mm. Further shearing at the same rate of

displacement led to an increase in strength to 46.1° while the sample height decreased

probably due to the contracting nature of the structure and soil loss. The rate of

displacement varied between 0.1 and 1.7 cm/sec. before the test was terminated, while

the measured strength fluctuated between 43.1° and 45.5° respectively.
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A similar behaviour was observed at the higher normal stress of 100 kPa. Having

reached its slow residual strength of 44.4° [Fig. V.2.1], the sample was sheared at 1.69

cm/sec and dilated by 0.064 mm [Fig. V.2.2] while its strength dropped from its

threshold level of 51.3° to 46.3°. Further shearing at rates of displacement which varied

between 0.05 and 1.69 cm/sec had no profound effect on the measured strength which

fluctuated between 43.1° and 44.4°.

The sample was consolidated to 200 kPa, reached its slow residual strength of

45.4° [Fig. V.3.1] and sheared at 1.69 cm/sec. The measured strength reached its

threshold value of 52.0° [Fig. V.3.2] and dropped to 44.4° while the sample dilated by

0.08 mm. The rate of displacement was varied several times between 0.087 and 1.69

cm/sec before the test was terminated, while the measured strength remained unaffected

by these rate changes and fluctuated between 4 1.9° and 44.4°.

The same behaviour was observed at 300 kPa [Figs. V.4.1-2]. The slow residual

and threshold strengths were 45.2° and 52.0°, respectively, and the sample strength

during the fast shearing stage of this test fluctuated between 42.2° and 45.2° without

being affected by the changes in the rate of displacement.

b) Normally Consolidated. Submerged (Tests V.5-7)

This sample exhibited an obvious decrease in strength with increasing rates of

displacement. The soil was remoulded to a water content of 21 %, consolidated to 50

kPa and reached its slow residual strength of 49.2° [Fig. V.5.11 before the rate of

displacement was increased to 1.2 cm/sec. The measured strength reached a threshold

value of 49.2° [Fig. V.5.21, decreased and stabilised between 41.7° and 46.3°. When the

rate of displacement was decreased to 0.14 cm/sec for the first time, the strength

dropped to 40.4° but this response was not repeated the second time the rate was

decreased to that level. During the second part of this stage, the rate of displacement was

increased to 1.67 cm/sec and the strength appeared to increase to another threshold level

of 51.3° before it dropped and stabilised between 40.4° and 4 1.7°. Variations of the rate

of displacement between 1.67 and 10 cm/sec had no effect on the strength.

At the next normal stress of 100 kPa the sample reached a slow residual strength

of 47.2° [Fig. V.6.1] and a threshold strength of 50.7° [Fig. V.6.2] when the rate of

displacement was increased to 1.35 cm/sec. Further shearing at rates of displacement
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which varied between 0.135 cm/sec and 10 cm/sec was associated with a decrease in

strength which fluctuated between 40.4° and 43.5° without being affected by rate

variations. However, when the shearing process paused, the sample was unloaded in

shear in order to increase the displacement rates above 1.4 cm/sec. and shearing

restarted, the measured strength reached a new threshold value before it decreased and

fluctuated within the previously established range. The same was observed during testing

at the other two normal stresses of this multistage test.

Similar behaviour was encountered when the sample was tested at 200 kPa. The

measured strength reached its slow residual value of 47.2° [Fig. V.7.1] and its threshold

value of 68.3° [Fig. V.7.2] before it stabilised within a range between 42.5° and 44.9° and

was not affected by rate of displacement variations between 0.175 and 10 cm/sec.

c) Overconsolidated. Submerged (Tests V.8-Il)

The soil was remoulded to a water content of 21.2 %, consolidated at 400 kPa,

unloaded to 50 kPa, and reached its slow residual strength of 49.5° [Fig. V.8.1] before

the rate of displacement was increased to 1.29 cm/sec. The measured strength reached its

threshold value of 53.8° [Fig. V.8.2] and subsequently decreased and stabilised around

45.0°. This decrease was attributed to an apparent dilation of the sample by 0.12 mm at

the beginning of the fast shearing stage. The variations of rate of displacement between

0.15 and 10 cm/sec had no apparent effect on the measured strength. The periodically

observed sharp peaks in measured shear stress were attributed to internal ring friction.

The same behaviour was observed when the sample was tested under of 100 kPa.

The measured strength reached its slow residual and threshold values of 45.8° [Fig.

V.9.1] and 47.2° [Fig. V.9.2], respectively, before it decreased and fluctuated between

38.7° and 40.4°. The variations of the rate of displacement between 0.084 and 10 cm/sec

had no significant effect on sample strength, whereas, the periodic increases in measured

shear stress were again attributed to internal ring friction.

The sample was consolidated further to 200 kPa and 250 kPa. At 200 kPa [Figs.

V.10.1-2] the measured strength reached its slow residual value of 45.8° and its threshold

value of 55.0° before it decreased and fluctuated between 4 1.4° and 44.6°. At 250 kPa

[Figs. V.11.1-2] the strength reached the slow residual and threshold values of 47.7° and

62.8°, respectively, before it decreased and stabilised around 43.5°. In both cases the
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changes of the rate of displacement between 0.059 and 10 cm/sec (at 200 kPa) and 1.69

and 6.55 cm/sec (at 250 kPa) had no effect on the measured strength.

In all tests the measured strength appeared to reach a new threshold strength

when the shearing process was paused, the sample unloaded in shear, and shearing

restarted at rates of displacement above 1.4 cm/sec. This apparent increase in strength

was always followed by a decrease to the level at which the strength had stabilised before

the previously mentioned pause.

5.4.5 Artificial Sandy Silt

This set of tests was conducted on material which was prepared by thoroughly

mixing, in the laboratory, dry, commercially available, pure silica (3 parts) with dry, fine

(0.150 mm < d < 0.300 mm), clean sand (1 part) and remoulding the mixture to a water

contend around 20%.

a) Normally Consolidated. Non-Submerged (Tests V. 12-15)

The sample was remoulded to a water content of 20.2 %, consolidated to 50 kPa

and reached its slow residual strength of 50.6° [Fig. V.12.1] before the rate of

displacement was increased to 1.70 cm/sec. The measured strength reached its threshold

value of 55.6° [Fig. V.12.2] and, subsequently, decreased, while the sample appeared to

dilate by 0.135 mm, and stabilised within a range between 4490 and 48.10. The rate of

displacement was varied between 0.11 cm/sec and 1.70 cm/sec without having any

profound effect on the measured strength or the behaviour of the sample.

A more pronounced decrease in strength below its slow residual value and a

fluctuation within a wider range were observed when the sample was tested at 100 kPa.

After the sample reached its slow residual strength of 45.0° [Fig. V.13.1], the rate of

displacement was increased to 1.69 cm/sec and the measured strength increased to its

threshold level of 5 1.3° [Fig. V.13.2]. Further shearing at the same rate of displacement

was associated with an apparent dilation of the sample by 0.105 mm and a decrease in

measured strength. The strength fluctuated initially between 41.1° and 45.0° and, after

the sample had been sheared for 150 cm, between 35.5° and 41.1°. Rate of displacement

variations between 0.093 and 1.69 cm/sec had no significant effect on the strength.



Chanter Five	 Description of Tests	 116

Similar behaviour was observed when the sample was tested under 200 kPa and

250 kPa. After being consolidated at 200 kPa the sample reached its slow residual

strength of 45.0° and, subsequently, the rate of displacement was increased to 1.69

cm/sec [Figs. V.14.1-2]. The measured strength decreased from its threshold value of

51.3°, while the sample dilated by 0.075 mm, and fluctuated between 40.2° and 439°

independently of the rate of displacement which varied between 0.11 cm/sec and 1.69

cm/sec. Finally, after being consolidated at 250 kPa, the sample reached its slow residual

strength of 46.3° [Fig. V.15.1], the rate of displacement was increased to 1.72 cm/sec

and the strength dropped from its threshold value of 50.2° to a range between 42.0° and

45.0° [Fig. V.15.2]. The decrease in strength, after it had reached its threshold level, was

associated with a apparent dilation of the sample by 0.102 mm. The rate of displacement

which varied between 0.107 and 1.72 cm/sec had no effect on the measured strength.

b) Normally Consolidated. Submerged (Tests V.16-17)

This sample was remoulded to a water content of 20.2 %, consolidated to 50 kPa

and reached its slow residual strength of 47.7° [Fig. V.16.1] before the rate of

displacement was increased to 1.69 cm/sec. The measured strength reached its threshold

value of 54.8° [Fig. V.16.2] and, while the sample appeared to dilate by 0.09 mm,

decreased and stabilised within a range between 39.1° and 4390 The changes in the rate

of displacement between 0.09 and 1.69 cm/sec had no effect on the strength of the

sample. A similar behaviour was observed at the higher normal stress of 100 kPa [Figs.

V.17.1-2]. The measured strength reached its slow residual and threshold levels of 48.0°

and 52.9°, respectively, before it decreased and fluctuated between 42.0° and 46.7°. The

decrease in strength was attributed to an apparent dilation of the sample by 0.11 mm

while the variations of the rate of displacement between 0.11 cm/sec and 1.68 cm/sec had

no effect on the behaviour of the sample.

c) Overconsolidated. Submerged (Tests V.18-20)

Having been remoulded to a water content of 19.9 %, the sample was

consolidated to 400 kPa, unloaded to 100 kPa and sheared until it reached its slow

residual strength of 46.4° [Fig. V.18.1]. The rate of displacement was increased to 1.25

cm/sec. the measured strength reached its threshold value of 49.7° [Fig. V.18.2] and
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decreased, while the sample appeared to dilate by 0.14 mm, to a range between 42.00 and

45.9°. The sharp peaks associated with the measured shear stress may be partly attributed

to internal ring friction. The changes of the rate of displacement between 0.07 and 10

cm/sec had no effect on the strength and behaviour of the sample.

The sample was consolidated flirther to 200 kPa and reached its slow residual

strength of 46.9° [Fig. V.19.1] before the rate of displacement was increased to 1.5

cm/sec. The measured strength decreased from its threshold level of 50.4° to a range

between 4370 and 4590, while the sample appeared to have dilated initially by 0.075 mm

[Fig. V.19.2]. Variations of the rate of displacement between 0.08 and 10 .0 cm/sec had

no effect on the measured strength.

Similar behaviour was observed when the sample was tested under 250 kPa [Figs.

V.20.1-2]. Having reached its slow residual and threshold strengths of 49.0° and 55.2°,

respectively, the sample appeared to dilate by 0.105 mm and its strength decreased and

fluctuated between 4390 and 47.7°. The varying rate of displacement had no effect on

the behaviour of the sample.

The slow shearing stages of all tests conducted on this soil were associated with

an apparent dilation of the sample. This may be considered as an indication of the

turbulent nature of the shearing mechanism. The turbulent shear mode may also be used

to explain the decrease in measured strength during fast shearing. Finally, it should be

mentioned that, in cases where the shearing process was paused and restarted at higher

rates of displacement, a new threshold strength was observed before the strength

decreased and fluctuated within its pre-established range.

5.4.6 'oarse Unjform clean Sand

In order to investigate the response of sand upon shearing at varying rates of

displacement, a commercially available, uniform, coarse (1.18 mm < d < 2.00 mm), clean

sand was used. Two series of tests were conducted, one on a completely dry sample and

another on a wet, non- submerged sample, so that the influence of water on the

behaviour of this soil type could be assessed. The procedure which was followed in these

sets of tests involved consolidating and shearing the samples at a constant rate of

displacement between 0.075 and 0.085 cm/sec until the measured strength had reached a
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constant value. Subsequently, the rate of displacement was increased gradually to a level

between 1.50 and 1.60 cm/sec and decreased in the same manner before the test was

terminated.

a) Normally Consolidated. Completely Dry (Tests V.21-23)

The sample was consolidated and sheared progressively at 50, 100, and 200 kPa

and its strength stabilised at 36.2°, 25.2°, and 26.1°, respectively [Figs. V.21.1-23.1]. The

changes in the rate of displacement had no effect on the behaviour and strength of the

sample. The nature of the sample resulted in vibrations of the system which were

apparent in the test results. The variation of the residual strengths measured during each

test was attributed mainly to the fact that particle crushing during shearing would have

resulted in different structures at increasing normal stress. An indication of the magnitude

of particle crushing may be given by the decrease in sample heigbt during testing, since

no soil loss was observed. The results from this and the following set of tests should not

be considered for the determination of the residual strength of the original sample but for

the evidence they provide about the behaviour of sand on fast shearing. Finally, it should

be noted that the sample appeared to dilate at the beginning of each test. This dilation

was 1.43 mm when the sample was sheared at 50 kPa but, as the normal stress increased

and the interparicle movements became more restricted, its magnitude decreased.

b) Normally Consolidated. Moist (Tests 24-27)

The soil was submerged in water, placed into the confining rings and

consolidated. The sample was tested under 50, 100, 200, and 400 kPa and its residual

strength was 35.8°, 25.0°, 28.8°, and 20.3°, respectively [Figs. V.24.1-27.1]. A dilation of

0.43 mm was observed during the first test at 50 kPa, whereas, particle crushing

increased substantially with increasing normal stress. No rate effect was observed.

5.5	 Series of Tests on Completely Dry Soil

The presence of water in the environment of the sample and the increase of pore

pressures appear to affect greatly the behaviour of plastic soils during fast shearing. In

order to further investigate the effect of the presence of water in the behaviour of plastic
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soils, a series of tests was conducted on completely dry samples. The testing procedure

which was followed was similar to the general testing procedure, which has been used in

this investigation, with the exemption that the same sample was used for the normally

consolidated and the overconsolidated tests.

a) Brown London Clay (Tests VL5-8)

The sample was consolidated at 100 kPa and reached its slow residual strength of

3740 [Fig. VL5.1] before the rate of displacement was increased to 1.08 cm/sec. The

measured strength reached its threshold value of 43.0° [Fig. V15.2] and subsequently

dropped to 30.0° while the sample appeared to dilate by 0.15 mm. Further shearing at

rates of displacement which varied between 0.11 and 10 cm/sec led to a gradual increase

in strength from 30.3° to 3 7.4° to 41.9°. This increase was attributed to the decrease in

the sample height which must have been caused by the contraction of the sample and by

the loss of soil which must have resulted in new material entering the shear zone. The

variations of the rate of displacement had no significant effect on the measured strength

while the variations of the strength were attributed to the shape of the shear zone.

Having been consolidated at 200 kPa, the sample reached its slow residual and

threshold strength of 37.6° and 42.3°, respectively [Figs. V1.6. 1-2]. The changes in the

rate of displacement between 0.1 and 9.02 cm/sec had no effect on the measured strength

which varied between 41.2° and 43.8° throughout the duration of the test. The

fluctuations of the measured strength were attributed to the shape and the non-

uniformities of the shear zone.

The same sample was consolidated to 400 kPa, unloaded to 100 kPa, and

reached its slow residual strength of 42.1° [Fig. VI.7. 1] before the rate of displacement

was increased to 0.16 cm/sec. The measured strength reached its threshold value of 44.7°

[Fig. V1.7.2] but, while the rate of displacement continued to increase to 1.36 cm/sec,

the strength also increased to 45.6°. Further shearing at the same rate of displacement led

to a drop in strength which fluctuated between 38.8° and 42.1° throughout the duration

of this test. The changes in the rate of displacement between 0.16 cm/sec and 9.14

cm/sec had no effect on the measured strength. A similar behaviour was observed when

the sample was consolidated to 200 kPa. Having reached the slow residual strength of

41.5° [Fig. VI.8. 1], the rate of displacement was increased to 1.15 cm/sec. The measured
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strength reached its threshold value [Fig. VI.8.2] which coincided with the slow residual

value and, for the first 100 cm of shear displacement, varied between 42.3° and 45.3°.

Further shearing at the same rate of displacement led to a decrease in strength which

fluctuated between 38.0° and 41.50.

b) Cowden Till (Tests VL9-12)

The sample was consolidated to 100 kPa and reached its slow residual strength of

42.0° [Fig. VL9.1] before the rate of displacement was increased to 1.72 cm/sec. The

measured strength reached its threshold value of 48.0° [Fig. TL9.2], dropped to 40.5°,

while the sample appeared to dilate by 0.02 mm, and continued to fluctuate between

36.9° and 42.8°. The wide range of this fluctuation is partly attributed to internal ring

friction. The variations of the rate of displacement between 0.09 and 1.72 cm/sec had no

further effect on the measured strength. A similar behaviour was observed when the

sample was sheared under 200 kPa. After the sample had reached its slow residual

strength of 41.4° [Fig. VI. 10.1 ], the rate of displacement was increased to 1 69 cm/sec

and the measured strength reached its threshold value of 42.0° [Fig. VI. 10.2]. Further

shearing at rates of displacement which varied between 0.11 and 1.69 cm/sec led to a

decrease in strength which fluctuated between 3 8.0° and 41.4°. Variations in the rate of

displacement had no significant effect on the measured strength which was affected by

some internal ring friction.

The same sample was consolidated to 400 kPa, unloaded to 100 kPa, and

reached its slow residual strength of 42.6° [Fig. VI. 11.1] before the rate of displacement

was increased to 1.71 cm/sec. The measured strength reached its threshold value of 44.3°

[Fig. VI. 11.2] and subsequently dropped and stabilised between 35.5° and 38.5°.

Apparently the overconsolidation procedure must have caused additional contamination

of the rings which led to increased shear stress measurements at one point along their

periphery. The periodic increases in measured strength should not be taken into account

upon analysing these tests. Therefore, the measured strength should be considered to

have stabilised within the aforementioned range. The changes in the rate of displacement

between 0.08 and 1.71 cm/sec had no further effect on the behaviour or strength of the

sample. Similar behaviour was observed when the sample was sheared under 200 kPa.

The rate of displacement was increased from 0.09 mm/mm to 1.70 cm/sec and the
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measured strength increased from its slow residual value of4l .8° to its threshold value of

42.9° [Fig. V1.12.1-2]. The subsequent increase in measured strength was thought to be

artificial because it was attributed to internal friction caused by ring contamination. The

periodic increase in measured strength attributed to internal ring friction decreased as the

test progressed and should not be taken into account in the analysis of the results. The

measured strength decreased and fluctuated between 3 7.8° and 39.8° until the test was

terminated. The changes in the rate of displacement between 0.073 cm/sec and 1.70

cm/sec had no further effect on the strength or the behaviour of the sample.

5.6	 Tests on "Intact" Samples

In order to investigate the effect which the presence of a pre-existing shear zone

has on the behaviour of soils upon fast shearing, two sets of tests were conducted, one

on an overconsolidated brown London clay sample and another on a normally

consolidated Cowden Till sample. Both samples were prepared according to the standard

preparation procedure and were sheared at rates of displacement which varied between

0.04 cm/sec and 1.40 cm/sec immediately after the end of the consolidation stage. After

testing the sample at 100 kPa, the sample was unloaded in shear, the normal stress was

increased to 200 kPa, and shearing restarted. In a sense, only the first test was conducted

on an intact sample. Comparisons between the measured strength during fast shearing

and the slow residual strength were made in reference to similarly prepared and tested

samples from the earlier parts of this investigation.

a) Brown London Clay (Tests VI. 15-16)

The sample was remoulded to a water content of 35.3 %, consolidated to 400

kPa, unloaded to 100 kPa, and sheared at an initial rate of displacement of 1.29 cm/sec

[Fig. VI.15. 1]. The measured strength reached a threshold value of 49.5° and

subsequently decreased to 26.0° while the sample appeared to dilate by 0.52 mm. Further

shearing at the same rate of displacement was associated with a decrease in sample

height and an increase in strength which fluctuated between 27.8° and 33.1°. The shear

surface appeared initially to have an undulating shape which was being reflected on the

measured strength. However, after the third rotation of the sample, the shear zone
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became irregular. Due to irregularities of the shear zone the measured strength decreased

further and fluctuated between 19.00 and 24.2° while the sample was still being sheared at

1.29 cm/sec. Towards the end of the test, while the shear surface had become less

irregular, the strength decreased with decreasing rates of displacement and vice versa.

Since the sample had not been pre-sheared to its residual state, no comparison with the

slow residual strength was made.

A similar but more steady response was observed when the sample was tested

under 200 kPa [Fig. VI. 16.11. The sample was sheared at 1.40 cm/sec and its strength

fluctuated between 18.9° and 21.10. An undulating shear surface appeared to be forming

with an initial wave-length greater than one sample perimeter. During the middle third of

the test the oscillations of the shear zone became more apparent, with an amplitude of

0.25 mm and a wave-length of 40 cm. This led to a decrease in measured strength which

fluctuated between 16.6° and 19.6°. During the last third of the test the shear surface had

became nearly planar and the strength increased and varied between 18.1° and 19.6°. The

strength decreased with decreasing rates of displacement and vice versa.

After the test was terminated, the sample was extruded from the confining rings,

visually inspected, one part was submerged in Carbowax and the remainder was left to

air-dry. The shear zone was of variable width and separated from the top and bottom

parts of the sample by two main and several secondary shear surfaces [Fig. 5.6. l.a-b].

The shear surfaces were polished and the lower one had a conceiving shape which

suggested the existence of an oval-shaped shear zone [Fig. 5.6.1 .c-d]. Furthermore, the

irregularities of the shear zone may be observed by the top view of the dried sample

which was split into its top and bottom parts [Fig. 5.6.1 .e]. More evidence on the

condition of the sample after testing and the shape of the shear zone may be provided by

the thin sections [Fig. 5. TH 10-11].

b) Cowden till (Tests VI. 17-18)

The sample was remoulded at a water content of 21 %, consolidated to 100 kPa,

and sheared initially at 1.26 cm/sec [Fig. VI. 17.1]. The measured strength reached its

threshold value of 34.2° and subsequently decreased while the sample appeared to

contract by 0.42 mm. The contraction of the sample was thought to have induced

increased pore pressures which resulted in a decrease in measured strength. Further



Chaoter Five	 Description of Tests	 123

shearing at the same rate of displacement was associated with an increase in sample

height which, combined with the increased pore pressures already mentioned, led to

further decrease in strength. The strength stabilised within a range between 8.35° and

14.0° and appeared to increase when the rate of displacement was decreased to 0.158

cm/sec. probably because shearing at that rate may have allowed for a partial dissipation

of pore pressures. Other than that, the measured strength was not affected by the

changes in the rate of displacement.

The same sample was consolidated to 200 kPa and sheared initially at 1.28

cm/sec [Fig. VI. 18.1]. The measured strength reached its threshold value of 28.8° and

subsequently dropped to 23.4° while the sample appeared to contract by 0.04 mm.

Further shearing at the same rate of displacement led to an increase in sample height by

0.52 mm and the development of an undulating shear surface with an initial amplitude of

0.48 mm. The shear surface retained its undulating shape throughout the test and its

amplitude varied between 0.57 mm and 0.24 mm. Reflecting the shape of the shear

surface, the strength fluctuated between 20.9° and 26.6° during the first 160 cm of

shearing before it stabilised within a range between 7.24° and 10.04°. When the rate of

displacement was decreased to 0.046 cm/sec the strength appeared to increase, probably

due to dissipation of pore pressures. However, once the measured strength dropped to

its lowest level, it became insensitive to any increase in the rate of displacement.

The drop in strength below its slow residual value has been encountered in

several tests during this investigation and it has been speculated that it is caused by

increased pore pressures within the shear surface of the sample which are induced by a

"pumping action" generated by the undulating shape of the shear surface. The water

content of the sample was measured at three points along its height, the top, the bottom

and the middle. The results indicated that while the soil at the top and bottom parts of

the sample was around its plastic limit, the soil within the shear zone was close to its

liquid limit [Table 5.2.2].

The visual inspection of the sample after it had been extruded from the confining

rings indicated that the shear zone consisted of a soft material which appeared to have

higher porosity than the remainder of the sample and an irregular, or undulating, shape

[Figs. 5.6.2-3]. Further evidence about the nature and shape of the shear zone are

provided by the thin sections [Fig. 5.THI2-13].
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5.7	 Tests on Reversed Direction of Shearing

Finally, for the completion of this investigation two sets of tests were conducted

in order to investigate the effect which the reversing of the shearing direction may have

on the residual soil strength. One set of tests was conducted on an overconsolidated

brown London clay sample and another on a normally consolidated Cowden till sample.

The samples were consolidated and sheared drained until they established their residual

structure before the rate of displacement was increased. While the sample was being

sheared at high rates of displacement, the shearing direction was reversed repeatedly and

the changes in strength were measured.

a) Brown London Clay (Tests VI. 19-20)

The sample was remoulded to a water content of 36.2 %, consolidated to 400

kPa, unloaded to 100 kPa, and reached its slow residual strength of 10.4° [Fig. VI.19.1]

before the rate of displacement was increased to 1.74 cm/sec. The measured strength

reached its threshold value of 28.4° [Fig. VI. 19.2] and began to decrease. While the

strength was decreasing, the shearing direction was reversed and the strength continued

to decrease. The direction of shearing was reversed ten times before this test was

terminated. It was concluded that the direction of shearing has no significant effect on

the measured strength. The sample exhibited the rate dependent characteristics which had

been observed in previous tests. The same response upon reversing the direction of

shearing was observed when the sample was tested under 200 kPa [Figs. VI.20. 1-2]. The

thin sections which were prepared from this sample suggest that a main shear surface had

developed at its mid-height and the secondary shear planes, which may be connected to

the main. constitute a zone of material which is thought to be involved in the shearing

mechanism [Fig. 5.THI4-l5].

b) Cowden till (Tests VI.2 1-22)

The sample was remoulded to a water content of 21.3 %, consolidated to 100

kPa, and reached its slow residual strength of 3 8.6° [Fig. VI.2 1.1] before the rate of

displacement was increased to 1.38 cm/sec. The measured strength reached its threshold

value of 45.3° [Fig. VI.2 1.2] and began to drop. The decrease of the measured strength
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continued when the shearing direction was reversed. Throughout the duration of the test

the direction of shearing was reversed eleven times. The results indicate that the

measured strength was not significantly affected by the reversing of the shearing

direction. However, when the sample was being sheared at a low rate of displacement

and the direction of shearing was reversed, the measured strength regained its previous

magnitude gradually. This may suggest that the particles, which had already been aligned.

require some shear displacement in order to re-establish their position in the opposite

direction. The same response and similar results were observed when the sample was

tested under 200 kPa [Figs. V122. 1-2]. Nevertheless, as it has been indicated by the

results from the tests on brown London clay, the measured strength regained its

previously established value when the direction of shearing was reversed. The thin

sections which were prepared from this sample do not give clear evidence about the

shape and size of the shear zone [Fig. 5.TH16-17].

5.8 Summary

The results from the tests which have been conducted for the purposes of this

investigation were presented in this chapter [Table 5.7.1]. It has been observed that the

plastic soils exhibit a positive rate effect as their strength increases above its slow

residual value with increasing rates of displacement. However, in cases where the shape

of the shear zone is not planar and the sample is submerged in water, an apparent

increase in pore pressures within the shearing soil matrix has been shown to lead to

substantial decreases in strength during fast shearing. This is been shown not to apply for

the non-submerged samples. Furthermore, it has been shown that non-plastic soils exhibit

a negative rate effect and their strength decreases below its slow residual value when the

rate of displacement increases. Nevertheless, this decrease in not as substantial as the one

which is associated with the plastic soils. Similar behaviour was observed in the case of

completely dry samples of plastic soils. The clean, coarse sand which was used in this

investigation did not appear to be affected by any variations in the rate of the

displacement. Finally, the reversing of the shearing direction did not appear to have a

significant effect on the measured soil strength.
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Soil Type	 Atterbcrg Limits (%)	 Clay	 Test	 Rate	 Water Content (%)

	

PL	 LL	 P1	 Fraction Type	 Effect	 fo	 After

	

(%)	 Testing Testing

Kaolin	 36	 72	 36	 82	 NC OC Positive	 39	 33.3

NC NS	 Positive	 36	 31.2

NC S	 Positive	 36.2	 33.1
broui
London	 28	 69	 41	 58	 OC S	 Negative	 35.9	 32.6

clay	 OC S 3St Positive	 36	 32.3

	

OCSInI Positive	 35.3	 31.8

	

OC S Rv Positive	 36.2	 32.2

NC NS	 Positive	 21.8	 14.7

NC S	 Negative	 22	 18.2
Cowden

Till	 15	 28	 13	 31	 OC S	 Positive	 21.5	 16.5

	

NC S 3St Negative	 22	 16.3

	

NC S mt Negative	 21	 17.7

	

NC S Rv Positive	 21.3	 14.4

NC NS Negative	 20	 19.1

Artificial	 -	 28	 -	 NC S	 Negative	 20.2	 19.3
sandy silt

OC S	 Negative	 19.9	 19.7

NC NS Negative	 20.4	 18

Pure	 -	 27	 -	 NC S	 Negative	 21	 19.2
silica

_____- -- _____ _______ _______ ________ OC S Negative 21.2	 23.8

* Refer to Table 5.2.2

Table 5.2.1 Water Contents of Samples Before and after Testing

Water Content	 (%)
at__________

Top	 17.7
Middle	 25.4
Bottom	 15.1

Table 5.2.2 Water Contents at Different Positions for Cowden Till - NC S mt
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TABLE 5.7.1 Tests performed on the ring shear apparatus

soil type	 test normal slow	 maximum shear	 shear	 rate	 remarks
and	 number stress residual shearing displace 	 zone	 ciTect

condition	 (kpa) strength	 rate	 -ment	 shape
___________ _______ ______ (degsees) (cm/see) (cm) __________ ________ ___________

Brown	 IV. 1	 50	 15.6	 1.8	 540 oscillating positive apparatus
London c1a	 IV.5	 50	 12.3	 1.45	 510 oscillating positive	 effect

non	 IV.2	 100	 11.7	 1.55	 430	 planar positive _________

submerged	 IV.3	 200	 11.3	 1.35	 310	 planar positive ___________

	1V.4	 400	 12.4	 1.38	 275 non-planar positive _________

Brown	 IV.6	 50	 14.5	 1.86	 510	 planar positive __________

	

London clay IV.8	 100	 11.3	 1.8	 350 oscillating negative _________

	submerged IV.9	 200	 11.9	 1.85	 410	 planar positive _________

	

__________ IV.7	 400	 11.3	 1.3	 360	 planar positive _________

Brown	 IV. 10	 1(K)	 15.5	 4.5	 670 oscillating negative

	

Londor clay IV. 
11	 2(K)	 11.4	 9.3	 550 oscillating negative __________

	

submerged IV.12 300	 12.3	 10	 484) oscillating negative _________

	

Cowden Till IV.l3	 50	 35.4	 1.85	 36() non-planar positive _________
(NC)	 IV.l4	 10()	 31.4	 1.85	 335	 planar positive __________
non

	

submerged IV. IS	 2(K)	 31.4	 1.84	 280	 planar positive __________

	IV.16 400	 31.4	 1.83	 450	 planar positive _________

	

Cowden Till IV. 17	 50	 31.8	 10	 430 oscillating negative __________
(NC)	 IV.18	 100	 31.7	 10	 570 oscillating negative _________

submerged

	

lV.19	 2(K)	 31.4	 10	 570 oscillating negative _________

	

__________ IV.20	 300	 31.7	 9.5	 280 oscillating negative __________

	

Cowden Till lV.2l	 1(K)	 33.8	 1.85	 470	 planar positive _________
(OC)	 IV.22	 2(K)	 31.1	 1.86	 435	 planar positive _________

submerged

	

IV.23	 3(K)	 31.2	 1.9	 300 oscillating negative __________

Pure Silica	 V.1	 So	 44.4	 1.87	 380	 planar	 none
(NC)	 V.2	 100	 44.4	 1.86	 440	 planar negative small drop
non	 below

submerged	 V.3	 200	 45.4	 1.8	 335	 planar negative	 slow

	

_________ V.4	 300	 45.2	 1.95	 430	 planar negative residual

Pwe Silica	 V.5	 50	 49.2	 10	 590 non-planar negative small drop
(NC)	 below

submerged	 V.6	 10()	 47.2	 10	 730 oscillating negative	 slow

	

__________ V.7	 200	 47.2	 10	 644)	 planar negative residual

Pure Silica	 V.8	 50	 49.5	 10	 66()	 planar negative
(00	 V.9	 100	 45.8	 10	 630	 planar negative small drop

submerged	 below

	

V.10	 2(K)	 45.8	 10	 660	 planar negative	 slow

	

V.11	 250	 47.7	 6.55	 1.000	 planar negative residual

CONTINUES
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soil type	 test normal slow	 maximum shear	 shear	 rate	 remarks
and	 number stress residual shearing displace 	 zone	 effect

condition	 (kpa) strength	 rate	 -ment	 shape
__________ ______ ______ (degrees) (cmlsec) (cm) _________ ______ __________

Sandy Silt	 V.12	 50	 50.6	 1.85	 425	 planar negative
(NC)	 V.13	 100	 45	 1.85	 450	 planar negative
non	 insignificant

	

submerged V.14	 200	 45	 1.85	 430	 planar negative rate effect

	

V.15	 250	 46.3	 1.8	 480	 planar negative _________

Sandy Silt	 V.16	 50	 47.7	 1.85	 480	 planar negative small drop
(NC)	 below

submerged	 slow

	

__________ V.17	 100	 48	 1.85	 450	 planar negative residual

Sandy Silt	 V.18	 100	 46.4	 10	 660	 planar negative
(OC) sub-	 V.19	 200	 46.9	 10	 640	 planar negative insignificant

merged	 rate effect

	

V.20	 250	 49	 8.51	 660	 planar negative _________

	

Coarse Sand V.21	 50	 36.2	 1.5	 170	 planar	 none	 excessive
(NC)	 V.22	 100	 25.2	 1.54	 158	 planar	 none	 vibrations
di'	 observed

	

V.23	 200	 26.1	 1.58	 162	 planar	 none

	

V.24	 50	 35.8	 1.6	 162	 planar	 none	 excessive

	

Coarse Sand V.25	 1(K)	 25	 1.54	 166	 planar	 none	 Vibrations
(NC)	 obsercd
moist	 V.26	 2(X)	 28.8	 1.54	 162	 planar	 none

	

V.27	 4(K)	 20.3	 1.54	 144	 planar	 none

	

Kaolin (NC) V113 200	 15.7	 10	 770	 planar positive _________

	

Kaolin (OC) VLI4 200	 16.6	 1.51	 335	 planar positive __________

Brown	 VI. 1	 100	 10.9	 10	 660	 planar positive
LondonCIa ______ _____ ________ ________ ______ ________ _______ 3-stage lest

(OC)	 V1.2	 2(X)	 11	 10	 600	 planar positive -_______

	

Cowden Till V1.3	 1(X)	 30.7	 10	 610 oscillating negative 3-stage test
(NC)	 V1.4	 2(K)	 30.9	 1.37	 295 oscillating negative _________

Brown	 V1.5	 101)	 37.4	 10	 570	 planar	 none
London Clay

(NC)	 VL6	 200	 37.6	 10	 650	 planar	 none dry sample

Brown	 Vl.7	 1(X)	 42.1	 10	 570	 planar	 none
LondonClay ______ _____ _______ ________ ______ ________ ______

(OC)	 VI.8	 2(X)	 41.5	 10	 570	 planar	 none

	

Cowden Till VI.9	 100	 42	 1.8	 435	 planar	 none
(NC)	 VIII)	 2(K)	 41.4	 1.8	 480	 planar	 none

-	 dry sample

	

CowdenTil Viii	 100	 42.6	 1.8	 590	 planar	 none
(00	 V1.12	 2(X)	 37.8	 1.8	 550	 planar	 none

Brown	 VI. 15	 100	 -	 1.5	 435 non-planar positive 	 intact
London Clay	 sample

	

Vl.16	 2(X)	 -	 1.5	 410	 planar	 positive

	

Coden Till V1.17	 1(X)	 -	 1.5	 425 oscillating negative	 intact
(NC)	

VI.18	 200	 1.5	 390 oscillating negative sample

CONTINUES
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soil type	 test normal	 slow	 maximum shear	 shear	 rate	 remarks
and	 number stress residual shearing displace 	 zone	 effect

condition	 (kpa) strength	 rate	 -ment	 shape
_________ _____ _____ (degrees) (cm/see) (cm) _______ ______ ________

Brown	 VL19	 100	 10.4	 1.8	 580	 planar positive reversed
LondonClay ______	 _______ ______ ______ ______ direction

(OC)	 V1.2()	 200	 10.2	 1.8	 550	 planar positive _________

Cowden Till VL21	 100	 38.6	 1.8	 535	 planar positive reversed
(NC)	 VL22 200	 38	 1.8	 520	 planar positive direction
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Fig. 5.4.1.1 a)	 Shear zone of normally consolidated, non-submerged brown
London day sample (50 kPa)
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Fig. 5.4.1.1 b)	 Shear zone irregularity of normally consolidated, non-
submerged brown London clay sample (50 kPa)
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Figure 5.4.1.2 Shape and position of the shear zone of the normally consolidated,
non-submerged, brown London clay sample (Test IV.5)
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	Fig. 5.4.1.3 a)	 Shear zone of normally consolidated, submerged brown
London clay sample (100 & 200 kPa)
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Fig. 5.4.1.3 b)	 Shear zone of normally consolidated, submerged brown
London clay sample (100 & 200 kPa)
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Fig. 5.4.1.3 c)	 Shear zone of normally consolidated, submerged brown
London clay sample (100 &200 kPa)
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Figure 5.4.1.4 Shape and position of the shear zone of the second normally
consolidated, submerged, brown London clay sample (100 & 200 kPa)
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Fig. 5.4.1.5 a)	 Shear zone of over-consolidated, submerged brown London
clay sample
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Fig. 5.4.1.5 b)	 Shear zone of over-consolidated, submerged brown London
clay sample
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Fig. 5.4.1.5 c)	 Shear zone of over-consolidated, submerged brown London
clay sample
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Figure 5.4.1.6 Shape and position of the shear zone of the first over-consolidated,
submerged, brown London clay sample (100-300 kPa)
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Fig. 5.4.1.7 a)	 Shear zone of second over-consolidated, submerged brown
London clay sample (3-stage test)
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Fig. 5.4.1.7 b)	 Shear zone of second over-consolidated, submerged brown
London clay sample (3-stage test)
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Fig. 5.4.1.7 c)	 Shear zone of second over-consolidated, submerged brown
London clay sample (3-stage test)
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Figure 5.4.1.8 Shape and position of the shear zone of the second over-
consolidated, submerged, brown London clay sample (3-stage test)
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Fig. 5.4.2.1 a)	 Shear zone of normally consolidated, non-submerged
Cowden till
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Shear zone of normally consolidated, non-submerged
Cowden till
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Fig. 5.4.2.1 C)	 Shear zone of normally consolidated, non-submerged
Cowden till
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Figure 5.4.2.2 Shape and position of the shear zone of the normally consolidated,
non-submerged, Cowden till sample

Fig. 5.4.2.3 a)	 Shear surface of normally consolidated, submerged
Cowden till sample
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Shear surface of normally consolidated, submerged
Cowden till sample
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Fig. 5.4.2.3 c)	 Shear surface of normally consolidated, submerged
Cowden till sample
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Fig. 5.4.2.4 a)	 Shear surface of second normally consolidated, submerged
Cowden till sample (3-stage test)

Fig. 5.4.2.4 b)	 Shear surface of second normally consolidated, submerged
Cowden till sample (3-stage test)
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Fig. 5.4.2.4 c)
	

Shear surface of second normally consolidated, submerged
Cowden tifi sample (3-stage test)
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Figure 5.4.2.5 Shape and position of the second normally consolidated,
submerged, Cowden till sample (3-stage test)
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Fig. 5.4.2.6 a)	 Shear surface of top part of over-consolidated, submerged
Cowden till sample
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Fig. 5.4.2.6 b)	 Shear surface of top part of over-consolidated, submerged
Cowden till sample
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Fig. 5.6.1 a) Shear zone irregularities of over-consolidated, submerged brown
London clay "intact" sample (submerged in Carbowax)
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Fig. 5.6.1 b) Shear zone irregularities of over-consolidated, submerged brown
London clay "intact" sample (air-dried)
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Fig. 5.6.1 c)	 Detail of shear surface of over-consolidated, submerged
brown London clay "intact" sample

Fig. 5.6.1 d)	 Detail of shear surface of over-consolidated, submerged
brown London clay "intact" sample
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Fig. 5.6.1 e)
	

Detail of shear surface of over-consolidated, submerged
brown London clay "intact" sample

''

Fig. 5.6.2 a)	 Shear zone of normally consolidated, submerged Cowden till
"intact" sample (submerged in Carbowai)
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Fig. 5.6.2 b)	 Shear zone of normally consolidated, submerged Cowden till
"intact" sample (submerged in Carbowax)
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Figure 5.6.3 Shape and position of the shear zone of the normally consolidated,
submerged, Cowden till intact sample
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Fig. 5.TH 1 Thin section from shear zone of normally consolidated,
non-submerged, brown London clay sample (400 kPa)

Fig. 5.TH2 Thin section from shear zone of normally consolidated,
non-submerged, brown London clay sample (50 kPa)
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Fig. 5.T113 Thin section from shear zone of normally consolidated,
non-submerged, brown London clay sample (50 kPa)

Fig. 5.TH4 Thin section from shear zone of normally consolidated, submerged,
brown London clay sample (400 kPa)
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Fig. 5.TH5 Thin section from shear zone of over-consolidated, submerged,
brown London clay sample (300 kPa)

Fig. 5.TH6 Thin section from shear zone of normally consolidated, submerged,
Cowden till sample (3-stage test)
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Fig. 5.TH7 Thin section from shear zone of normally consolidated, submerged,
Cowden till sample (3-stage test)

Fig. 5.THS Thin section from shear zone of kaolin sample
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Fig. 5.TH9 Thin section from shear zone of kaolin sample

Fig. 5.TH 10 Thin section from shear zone of over-consolidated, submerged
brown London clay "intact" sample
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Fig. 5.THI 1 Thin section from shear zone of over-consolidated, submerged
brown London clay "intact" sample
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Fig. 5.TH 12 Thin section from shear zone of normally consolidated, submerged
Cowden till "intact" sample
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Fig. 5.TH13 Thin section from shear zone of normally consolidated, submerged
Cowden till "intact" sample

Fig. 5.THI4 Thin section from shear zone of over-consolidated, submerged
brown London clay sample (reversed direction tests)
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Fig. 5.THL5 Thin section from shear zone of over-consolidated, submerged
brown London clay sample (reversed direction tests)
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Fig. 5.TH16 Thin section from shear zone of normally consolidated, submerged
Cowden till sample (reversed direction tests)
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Fig. 5.THI7 Thin section from shear zone of normally consolidated, submerged
Cowden till sample (reversed direction tests)



CHAPTER SIX

ANALYSIS AND DISCUSSION OF TEST RESULTS

6.1	 Introduction

In this chapter the test results which have been summarised in Chapter 5 and are

also presented in detail in Appendices IV-VI are divided into two main categories to

facilitate analysis and discussion. Thus, in the first part of this chapter, the results from

tests which have been conducted on plastic soils, i.e. brown London clay, Cowden till,

and kaolin, will be analysed and discussed, while the second part will include the results

from tests which have been conducted on non-plastic soils, i.e. pure silica, artificial

sandy-silt, and sand. The analysis and discussion of the test results will concentrate

mainly on the effects of the rate of displacement on the fast residual strength of soils. The

concepts of the threshold strength and the post-threshold strength decrease are also

discussed here.

6.2	 Slow Residual Strength

The slow (drained) residual strength of soils has been investigated in detail by

previous researchers since its fundamental significance in soil mechanics was postulated

by Skempton (1964). In Chapter 2 the most important conclusions from previous

investigations associated with the slow residual strength of soils were presented. It is

well established that, while the slow residual strength is independent of the stress history,

it depends on mineralogy, pore water chemistry, particle-size distribution and shape,

normal stress, and, possibly, water content. In this investigation, the mobilisation of the

slow residual strength is considered as the basis on which the rate effects were examined

for different soil types. No thrther investigation was attempted on the factors which

affect the slow residual strength.
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The non-linearity of the slow residual strength envelope has been investigated by

previous researchers. It has been concluded that increasing normal stress leads to a better

orientation of the platy particles, a denser packing of the rotund and platy particles, a

decrease in the granular void ratio, and an increase in the inter-locking between the

massive grains. Therefore, for each soil type which has been tested in this investigation,

the shape of its slow residual strength envelope [Figs. 6.2.1-6.2.4] should be viewed in

the context of the particles which compose it.

For each soil type which was used in this investigation at least three identically

prepared samples were tested at four normal stress levels. The slow residual strength of

each sample measured at each normal stress level was plotted in order to form a strength

envelope with all the available test results for each soil type [Figs. 6.2.1-6.2.4]. The

average strength at each normal stress level was used to establish the slow residual

strength envelope of each soil type. For consistency purposes, any reference which will

be made, hereon, to the slow residual strength at any particular normal stress level should

be interpreted as the "average" slow residual strength, as shown in these figures, and not

necessarily as the strength which was actually measured during each test. All the analysis

which will be presented in this chapter is associated with the "average" slow residual

strength. Moreover, it must be noted that the soil strength in the calculation and analysis

of results in this investigation is presented as the frictional angle of the soil. This may

lead to high values of apparent soil strength at low normal stresses or when soils with

angular particles are involved, but was adopted because it provides a comprehensible

indication of the behaviour of soils.

The slow residual strength envelope of brown London clay [Fig. 6.2.1] appears.

as expected for soils with platy particles, to be non-linear for normal stresses lower than

150 kPa. The slow residual strength decreases from 15.40 to 11.40 as the normal stress

increases from 50 to 150 kPa. and remains, for all practical purposes, constant thereafter.

In comparing the slow residual strengths of the normally consolidated, non-submerged

sample with those of the normally consolidated, submerged sample, it becomes evident

that the strengths of the non-submerged sample are consistently higher by 0.5° to I .0°.

This comes in agreement with previous findings (Cullen and Donald, 1971) which

suggest that a decrease in water content may in fact lead to an increase in the measured

slow residual strength of soils. Indeed, the water content of the non-submerged sample
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was measured to be 2 % lower than that of the submerged sample [Table 5.2.1].

Furthermore, in comparing the slow residual strengths of the normally consolidated,

submerged sample with those of the overconsolidated, submerged sample, it is suggested

that the scatter associated with this set of data ought to be attributed to the testing

procedure. The multistage testing technique may accelerate the production of results and

insure an identical sample nature at all normal stress levels but the results from each slow

shearing stage can be affected by the secondary shear surfaces and the non-planar shear

zone which might have been developed during the preceding fast shearing stage.

Nevertheless, the consistency of the slow residual strengths measured on brown London

clay samples is considered, for all practical purposes, satisfactory.

The slow residual strength envelope of Cowden till [Fig. 6.2.2] also appears to be

of a non-linear shape within the lower normal stress range. The slow residual strength

decreases from 32.9° to 31.5° when the normal strength increases from 50 kPa to 100

kPa, and remains constant at 31.2° when the normal stress increases from 200 kPa to 400

kPa. This non-linearity is more pronounced with the results from the normally

consolidated, non-submerged sample. Although the water content of the normally

consolidated, non-submerged sample after testing is 3.5 % lower than that of the

normally consolidated, submerged sample, the evidence that the slow residual strength

increases with decreasing water content is not conclusive. The relatively high slow

residual strength (35.4°) which was measured on the first test (50 kPa) conducted on the

normally consolidated, non-submerged sample may be attributed to the fact that the ring

shear apparatus has been often found by previous researchers (Lemos, 1986 and Tika

1989) not to perform reliably at very low normal stress levels. The slow residual strength

values which are associated with tests on submerged samples show a decreased variation

at low normal stresses and a satisfactory overall consistency.

In the case of the tests which were conducted on pure silica samples, the slow

residual strengths did not exhibit the consistency and clear non-linearity [Fig. 6.2.3] that

were observed in the two previous cases. The apparatus seamed to be affected by the

nature of the soil, while the high slow residual strength which was exhibited by the soil

prevented the continuation of the multistage testing procedure at high normal stress

levels. Nevertheless, the slow residual strength appears to be decreasing from 47.3° to

46.5°, when the normal stress increases from 50 kPa to 100 kPa, and remains constant at
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46.4° for normal stresses between 150 kPa and 300 kPa. The slow residual strength

values from the normally consolidated, non-submerged sample appear to be lower than

those from the submerged samples, do not exhibit a clear non-linearity, and remain nearly

constant at all normal stresses. Furthermore, the slow residual strength values from the

normally and overconsolidated, submerged samples are in close agreement at all normal

stress levels. It is interesting to note that the water contents of the three samples after

testing do not vary by more than 0.6 % [Table 5.2.1]. The wide scatter in the slow

residual strengths measured at the lower normal stress levels may again be attributed to

the inconsistency of the performance of the apparatus at such normal stress levels.

A more constant non-linear shape of the slow residual strength envelope was

observed in the case of tests conducted on the artificial sandy-silt [Fig. 6.2.4]. The slow

residual strengths decrease, in average, from 48.7° to 46.7° when the normal stress

increases from 50 kPa to 100 kPa. Furthermore, the results indicate that the slow

residual strength increases when the normal stress increases above 200 kPa. Considering

the influence which the rotund sand particles have on the shearing resistance of these

samples, the previous observation comes in agreement with the suggestion made by

Lupini (1981) that the increasing normal stress will result in a denser packing of such

particles and, therefore, in an increased strength. However, for the purposes of the

analysis and discussion of these results and in order to avoid over-estimating the slow

residual strength of the artificial sandy-silt, it will be considered to remain constant at an

average value of 46.5°. Finally, it should be noted that while the water content of the

normally consolidated samples decreased with testing, this was not the case for the

overconsolidated sample [Table 5.2.1].

In the case of the tests which were conducted on medium-coarse, clean sand, the

slow residual strength was not considered. It was assumed that shearing the same sample

at increasing normal stresses leads to crashing of the rotund particles and continually

changes the size distribution of the material within the shear zone. Therefore, it was

concluded that comparing the slow residual strength of, essentially, different samples

would not result in any meaningful conclusion and only the rate effects on these samples

were examined.
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6.3	 Plastic Soils

6.3.1 Threshold Strength

The threshold strength has been defined (Chapter 2) as the soil strength which is

required to initiate slippage or the strength which is associated with zero shear

displacement. Moreover, it has been suggested that the threshold strength becomes

noticeable for rates of displacement which exceed 10 mm/mm. Tika (1989) presented

evidence indicating that the threshold strength increases with decreasing normal stress

and increasing rate of displacement, and decreases with increasing clay fraction.

The results from this investigation do not show systematic threshold strength

variations with changes in normal stress and rate of displacement. The large scatter in the

data associated with the threshold strength is in part attributed to apparatus effects and in

part to the fact that, in order to achieve larger rates of displacement and large shear

displacements during each fast shearing stage, the rate of displacement was increased

rather suddenly and this might have influenced the results. It must be emphasised that the

threshold strength of soils was not being examined systematically in this investigation,

and so the testing procedure which was adopted in order to achieve the other targets

may have affected the development of that strength.

Nevertheless, the results from tests on brown London clay suggest that the

threshold strength decreases when the normal stress increases from 50 kPa to 100 kPa

and does not change significantly at higher normal stresses [Fig. 6.3.11. Furthermore, the

threshold strength appears to increase when the rate of displacement increases up to 2.0

cm/sec and remain constant at higher rates of displacement [Fig. 6.3.21.

The results from tests on Cowden till also indicate, although there is some scatter

in the data, that the threshold strength tends to decrease with increasing normal stress

[Fig. 6.3.3]. Finally, it is evident that no clear conclusion about the relationship between

the threshold strength and the rate of displacement can result from the available data

[Fig. 6.3.4]. The considerable scatter which is associated with this set of data is thought

to have been caused by the testing procedure associated with these tests. When the slow

shearing stage of a test is terminated, the sample is unloaded in shear, the fast gear is

engaged, and shearing at higher rates of displacement is restarted. The loading yoke

which transmits the shear stress impacts suddenly on the load cells. It is speculated that
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the initial shear stress measurement during each fast shearing stage, which is in fact

associated with the threshold strength, may be affected to some extend by the sudden

impact of the loading yoke on the load cells. Therefore, any quantitative analysis of the

results from this investigation which are associated with the threshold strength of soils

should be viewed with caution.

6.3.2 Post-threshold strength decrease

The post-threshold strength decrease is defined as the drop in strength which is

observed immediately after the sample has reached its threshold strength and which

normally occurs within the first 30 cm of the fast shearing stages. Insufficient evidence

exists to suggest any correlation between the threshold or residual strengths and the

post-threshold strength decrease, and it is impossible to predict whether the

post-threshold strength decrease will be above or below the slow residual strength level

for the normal stress and rate of displacement at which a sample is to be tested.

However, the post-threshold strength decrease may be associated with the increase in

sample height which has been observed during the early parts of the fast shearing stages.

It is speculated that the following three mechanisms may be responsible for the

decrease in strength after it has reached its threshold level: dilation of the shearing

matrix, development of a void between the rotating and stationary parts of the sample,

and pore pressure increase. It is believed that the magnitude of the post-threshold

strength decrease in each test may have been affected by the handicaps of the system in

measuring the "absolute" threshold strength as has been discussed previously.

The post-threshold strength decrease which was measured in the tests conducted

on brown London clay samples has been plotted against the immediate dilation [Fig.

6.3.5] which is defined as the increase in sample height observed immediately after the

sample has reached its threshold strength. It is not clear from the existing data whether

this increase in sample height ought to be attributed to the dilation of the shearing matrix

or the increase in the void between the rotating and stationary parts of the sample and,

therefore both mechanisms have to be considered. Taking into account the scatter in the

data which, as it has been mentioned previously, is partly attributed to the measurements

of the threshold strength, the post-threshold strength decrease increases with increasing
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immediate dilation. It is suggested from the available data that the measured sample

strength decreases, on average, by 00 to 15° as the sample height increases from 0 to 0.5

mm during the initial part of the fast shearing stages. Further increase in the sample

height (between 0.5 and 1.0 mm) appears to have a less significant effect on the

post-threshold strength decrease for the brown London clay samples.

In the case of the Cowden till samples, the post-threshold strength decrease [Fig.

6.3.6] appears to follow the same general trend established from the brown London clay

samples. The post-threshold strength decrease is greater with increasing immediate

dilation, though it appears that immediate dilation above 1.5 mm has no significant effect

on the strength. The existing evidence suggests that the post-threshold strength decrease

for the Cowden till samples typically varies from 0° to 20° as the immediate dilation

increases from 0 to 1.5 mm. Further increases of the immediate dilation between 1.5 and

3.0 mm have no significant effect on the post-threshold strength decrease, which remains

around 20°.

The three mechanisms which have been considered to be associated with the

post-threshold strength decrease can only be evaluated indirectly because the existing

equipment does not allow the direct measurement of the volume changes or the pore

pressure increases at the shearing surface. An increase in pore pressure during the initial

part of the fast shearing stages has been observed by Yagi el al (1991). They suggested

that the pore pressure may increase considerably during the first 10 cm of a fast shearing

stage [Fig. 2.4.9]. This pore pressure decreases as shearing continues and appears to

dissipate within the first 40 cm of shear displacement. Although it is not possible to

measure the pore pressure which is generated during fast shearing in the ICING! ring

shear apparatus, it seems that any pore pressure increase must be affected by the

immediate dilation of the sample. Nevertheless, it is possible that some increase in pore

pressure takes place immediately after the sudden application of the fast rates of

displacement and, therefore, this factor may be partly responsible for the post-threshold

strength decrease.

The increase in sample height which has been observed at the early parts of each

fast shearing stage and was defined as the immediate dilation of the sample may be due

to either dilation of the shearing matrix or increase in the void between the rotating

(lower) and stationary (upper) parts of the sample. Although both mechanisms oppose
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the increase in pore pressures, it may be possible that the pore pressure increase actually

takes place before the sample height begins to increase. Therefore, the two opposing

mechanisms may be operating at different stages during fast shearing.

It seems unlikely that the increase in sample height can be attributed entirely to

dilation of the shearing matrix. The immediate dilation was often measured to be greater

than 0.5 mm, and when one considers that the thickness of the shear zone is usually less

than 1.0 mm, it becomes difficult to conceive how the increase in sample height is

induced entirely by volume changes within the shearing matrix. The most plausible

explanation for the post-threshold strength decrease and the immediate dilation of the

sample must be the increase in the void (or gap) between the rotating and stationary

parts of the sample. It has been shown in Chapter 5 that several secondary shear surfaces

develop during shearing and also that the shape of the principal shear zone in usually

non-planar or, even, undulating. During the slow shearing stage of each test, the strength

over the whole principal shear zone is mobilised but when the fast rates of displacement

are suddenly applied the secondary shear zones may be activated and the irregularities of

the principal shear zone may give rise to voids between the two parts of the sample.

Thus, the sample height appears to increase only a part of the shear strength is mobilised

and the measured strength decreases. As the test progresses the shear zone may settle to

a nearly planar shape or develop an undulating or non-planar one. Those mechanisms will

affect the measured strength in opposite manner as it will be described later in this

chapter.

It may be considered that all three mechanisms which have been presented above

operate at different parts during each fast shearing stage. However, it would have been

impossible to address the mater reliably using the existing laboratory infrastructure. The

modifications which, in the opinion of this researcher, need to be considered before

undertaking such task will be presented in Chapter 7.

6.3.3 Rate-Dependent Characteristics

The rate-dependent characteristics of soils have been described by previous

researchers as viscous or positive rate effects. A series of tests which were conducted by

means of a COne and plate iscomeIer on a clayey siltstone, kaolin, and a glycerol-silicon
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oil mixture (Tika, 1989) gave some indication of the rate dependency of these materials.

In the case of the clayey siltstone [Fig. 6.3.7], the rate dependency seemed to be affected

by the water content of the samples whose shear stress appeared to be increasing over

the lower band of the rates of displacement under which they were tested. However, with

the exception of the sample with the lower water content, when the rate of displacement

was increased farther, the measured shear stress decreased. In the case of the tests which

were conducted on kaolin samples [Fig. 6.3.8], the shear stress of the sample with the

lower water content increased by approximately 20 % when the rate of displacement was

increased by a thirty-fold, while the wetter samples did not seem to respond to similar

increases in the rate of displacement. Finally, the viscometer tests on the glycerol-silicon

oil mixture [Fig. 6.3.9] indicated a clear decrease in viscosity within a wide range of

increasing rates of displacement, while the shear stress appeared to be increasing during

the higher band of that range.

Previous investigations of the effect of increasing rate of displacement on the

residual strength of soils have resulted in a rather complicated picture of the behaviour of

soils upon fast shearing. Tika (1989) concluded that there are five types of this behaviour

which are controlled by the shear mode of each soil during slow shearing and the nature

of each soil. However, it is believed that these investigations have been impeded by the

shortcomings of the ICINGI ring shear apparatus which have been discussed in Chapter

4. The modifications of the original design of the apparatus which have been

implemented for the purposes of this investigation enable the operator to sustain high

rates of displacement for a period sufficient to allow the measured strength to stabilise

and the soil to reach a steady condition. The steady sample strength measured during the

fast stages of each test will be referred to, hereon, as the fast residual strength of the

sample and the figures which are presented in this chapter, and are associated with this

strength, have been prepared by selecting points along the graph of each fast shearing

stage which are considered to represent a steady measured strength for each

corresponding level of rate of displacement. The scatter that may be associated with

these figures must be attributed to the non-uniformities of the shear zone which arise

during the large shear displacements which resulted from each test. In each figure, the

average slow residual strength which corresponds to each sample at a particular normal

stress, as it has been discussed earlier in this chapter, is also presented as a basis for
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comparison. Finally, in discussing the results from each test, references will be made to

the shape of the shear zone because it is thought that it has a considerable influence on

the behaviour of each sample.

The results from the normally consolidated, submerged and non-submerged

samples (Tests IV. 1-9) and the second overconsolidated, submerged sample (Tests

VI. 1-2) of brown London clay indicate that the fast residual strength increases with

increasing rate of displacement [Figs. 6.3.10-6.3.201. Apart from the test on the normally

consolidated, submerged sample when it was tested under the normal stress of 100 kPa

(Tests IV.8) [Fig. 6.3.17], all tests indicated that the fast residual strength remains above

the corresponding slow residual strength. Furthermore, there is evidence to suggest that

the fast residual strength reaches a maximum value when the soil is sheared at rates of

displacement around 1.5 and 2.0 cm/sec [Figs. 6.3.12-16 and 6.3.18-20]. The scatter

which is associated with some of these figures is mainly attributed to the fact that the rate

of displacement was sustained at a particular level for a considerable period and it was

varied through the same level at several points during the course of each fast shearing

stage. Therefore, the non-uniformities of the shear zone along the periphery of each

sample have resulted in variations in the shear stress measurements which corresponded

to one particular rate of displacement. Nevertheless, the aforementioned scatter does not

appear to affect the general picture which is associated with the behaviour of this soil

during fast shearing. However, two tests deserve individual attention.

The first is the test which was conducted on the normally consolidated,

non-submerged sample under the normal stress of 50 kPa (Test IV. I). The scatter in the

associated data [Fig. 6.3.10], which is not considered acceptable, has to be attributed

primarily to the poor performance of the apparatus under low normal stresses and

secondarily to the increased non-uniformities of the shear zone of the sample [Figs.

5.4.1.1, 5.4.1.2, and IV.1.2]. The shear zone has an undulating shape with an initial

amplitude of 0.62 mm which decreased to 0.13 mm as the test progressed [Table 6.1].

Furthermore, at one point along the periphery of the sample the shear zone increased

substantially in thickness, thus leading to periodic increases of the measured shear stress

which also might have been affected by contamination of the confining rings, although

this seems unlikely at this early part of a multistage test.
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The second is the test which was conducted on the normally consolidated,

submerged sample under the normal stress of 100 kPa (Test IV.8). It appears from the

results [Fig. IV.8.2] that an undulating shear surface was formed at the early stages of

this test with an initial amplitude of 0.3 mm which decreased progressively to 0.1 mm

[Table 6.1] before it became nearly planar. Supporting evidence is also given by the

shape and position of the shear zone of that same sample after it was tested under the

higher normal stress of 200 kPa [Fig. 5.4.1.3, 5.4.1.4]. Although the fast residual

strength of this sample when it was tested under the normal stress of 100 kPa stabilised

below the slow residual strength, it appeared to increase with increasing rates of

displacement. This behaviour does not follow the general trend and it must be viewed as

the product of two opposing mechanisms, the undulating shape of the shear zone, which

will be discussed in detail later in this chapter, and the rate dependent characteristics of

the soil.

In conclusion, the non-submerged sample exhibited a positive rate effect, i.e. the

fast residual strength was higher than the slow residual strength, and its fast residual

strength appeared to be rate dependent although its shear zone was not always planar.

The normally and overconsolidated, submerged samples which exhibited a positive rate

effect had a nearly planar shear zone and their fast residual strength was rate dependent

until it reached a maximum value when the rate was around 1.5 and 2.0 cm/sec.

Similar behaviour was observed in the tests which were conducted on the

normally consolidated, non-submerged sample (Tests IV. 13-16) and the first two tests on

the overconsolidated, submerged Cowden till sample (Tests IV.21-22) [Figs. 6.3.21-26].

The normally consolidated, non-submerged sample exhibited clear positive rate effects

and its fast residual strength was consistently higher that its slow residual strength and

appeared to be rate dependent. The shear zone of the sample was undulating [Figs.

5.4.2.1 and 5.4.2.2] with an initial amplitude of 0.14 to 0.12 mm which decreased to

0.03 and 0.01 mm as the tests progressed [Table 6.2], however, this did not affect the

behaviour of the soil during the fast shearing stages. Furthermore, when the rate of

displacement was increased above 1.0 cm/sec, the fast residual strength remained around

a constant maximum level. The scatter in the data which is associated with the first test

conducted on this sample (Test IV.13) [Fig. 6.3.21] is attributed to the apparatus effects,
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while the scatter in the data which is associated with the remaining tests [Figs. 6.3.22-24]

is attributed to the non-uniformities of the shear zone.

A positive rate effect was again observed in the first two tests which were

conducted on the overconsolidated, submerged sample [Figs. 6.3.25-26]. The evidence

concerning the shape of the shear zone of this sample from the sample height curves of

each test [Figs. !V.21 .2, IV.22.2] indicate that, although it appears to be undulating, the

maximum amplitude of these undulations is 0.09 mm and 0.05 mm for the tests under the

normal stresses of 100 kPa and 200 kPa, respectively [Table 6.2]. Therefore, it seems

unlikely that these undulations should have any effect on the behaviour of the soil during

the fast stages of shearing.

Similar behaviour was observed when the kaolin sample was tested, normally and

overconsolidated, submerged, under the normal stress of 200 kPa (Tests VI.13-14). The

fast residual strength remained consistently above the slow residual strength, appeared to

be rate dependent, and reached a maximum value when the sample was being sheared at

rates of displacement around 1.2 cm/sec while the shear zone of the sample was not

undulating [Figs. VI.13.2, VI. 14.2].

The results from all the tests which were conducted on brown London clay and

Cowden till samples and have shown a positive rate effect have been summarised in

Figures 6.3.27-6.3.30. It is indicated from these results that the fast residual strength

decreases with increasing normal stress. The effect of the increase in the rate of

displacement, within a certain range ( 0.2-2.0 cm/sec), on the fast residual strength also

decreases with increasing normal stress. Therefore, it is concluded that fast residual

strength of plastic soils becomes less rate dependent as the normal stress increases.

Furthermore, there is enough evidence to suggest that the fast residual strength of plastic

soils reaches a maximum value when the rate of displacement is around 1.5 cm/sec. The

same observations and conclusions that were made in relation to the fast residual

strength of plastic soils hold true for the positive rate effect when this is defined as the

difference between the fast and the slow residual strengths and applies only in cases

where the first is greater than the second [Figs. 6.3.31-34].
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6.3.4 Pore-Pressure Effects

The decrease of the measured strength below its slow residual value upon fast

shearing has been defined by previous researchers (Lemos, 1986, and Tika, 1989) as the

negative rate effect and it was associated with the nature of the soil and its shear mode

upon slow shearing. However, in the light of the present work it seems unlikely that

previous tests conducted with the ICING! ring shear apparatus in its original form would

have resulted in an unambiguous measurement of the fast residual strength of soils

because fast rates of displacement could not be sustained for a sufficient duration. Thus,

it appears that the decrease in measured strength which was observed in tests which have

been conducted in the past by means of this apparatus should be associated with the

posi-ihresho!d strength decrease described earlier in this chapter. A more comprehensive

picture of the negative rate effects which are associated with the fast residual strength of

soils arises from the test results which have been presented in Chapter 5.

The first indications of a genuine negative rate effect were observed in the tests

which were conducted on the first overconsolidated, submerged brown London clay

sample (Tests IV. 10-12). The fast residual strength stabilised within a range below the

slow residual strength and it was not affected significantly by any further changes of the

rate of displacement. Meanwhile, an undulating shear zone appeared to have formed with

an initial amplitude of 0.6 and 0.3 mm which decreased to 0.18 and 0.08 mm, as the tests

under the normal stresses of 100 and 200 kPa, respectively, progressed [Figs. IV. 10.2,

IV.1 1.2 and Table 6.1]. It is important to note that, during the latter part of the test

which was conducted under the normal stress of 200 kPa, the shear zone appeared to

become more planar and this was associated with a progressive increase in the fast

residual strength. When the same sample was tested under the higher normal stress of

300 kPa, the measured shear stress gave clear evidence of the existence of an undulating

shear zone but this cannot be detected on the sample height curve, as it has usually been

the case, because of the large scale of that curve [Fig. IV.12.2].

However, when the sample was removed from the confining rings and the size

and position of its shear zone on the outer face of the sample were measured, there were

clear indications of the existence of an undulating shape [Fig. 5.4.1.6]. Moreover, it was

observed that the shearing soil matrix had a much softer texture and, apparently, greater
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porosity than the rest of the sample, and that secondary shear surfaces appeared to have

developed adjacent to the principal shear zone at various points, thus introducing

non-uniformities in the shearing mechanism, and allowing voids between the shear zone

and the rest of the sample to develop [Fig. 5.TH5].

A second test on an identically prepared brown London clay sample was

conducted using the same testing procedure. The idea was to investigate the negative

rate effect by duplicating the conditions under which it was originally observed.

However, Tests VI. 1-2 which were conducted on this second sample did not exhibit a

negative rate effect. The shear zone was planar and horizontal with nearly uniform width

and the secondary shear surfaces did not appear to join the principal shear zone at any

point along the outer face of the sample [Figs. 5.4.1.7, 5.4.1.8, VI.1.2 and VI.2.2].

The scatter in the data associated with the tests in which the soil exhibited a

negative rate effect [Figs. 6.3.35-37] is attributed to the undulating shape of the shear

zone. Therefore, the observed variations of the fast residual strength should not be

viewed as a general indication of soil behaviour during fast shearing but rather as a result

of the type of shearing mechanism which develops in ring shear tests.

Evidence from the available data indicates that the average magnitude of the

decrease in fast residual strength below slow residual increases with increasing amplitude

of the undulating shear zone [Fig. 6.3.3 8]. This suggests that the shearing mechanism

involved in annular samples which exhibit negative rate behaviour is significantly affected

by a periodic "pumping action" which is induced by the shape of the shear zone.

Similar indications of a negative rate effect were observed in the tests conducted

on the normally consolidated, submerged Cowden till samples (Tests IV. 17-20 and

VI.3-4) [Figs. 6.3.39-44] and the last test conducted on the overconsolidated, submerged

sample of the same soil (Test IV.23) [Fig. 6.3.45]. The presence of an undulating shear

zone appeared to influence the behaviour of samples during the fast shearing stages of

each test. Test IV. 17 which was conducted on the normally consolidated, submerged

sample under the normal stress of 50 kPa indicated that the fast residual strength

stabilised above the slow residual in the first part of the test, while the shear zone did not

appear to be undulating. However, as the test progressed, the shear zone developed a

clear undulating shape and the fast residual strength eventually stabilised below the slow

residual in the latter part of the test [Fig. IV. 17.2]. A clearer picture of the effect of the
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undulating shear zone on the fast residual strength of this soil emerged from the

remaining tests which were conducted on the same sample. The fast residual strength

stabilised below the slow residual and was independent of any changes in the rate of

displacement. The amplitude of the undulating shear zone was nearly constant, around

0.53 mm, under the normal stress of 100 kPa, whilst it appeared to decrease from 0.5

mm to 0.2 mm towards the latter part of the test which was conducted under the normal

stress of 200 kPa [Figs. IV. 18.2, IV. 19.2]. This decrease in amplitude of the undulating

shear zone was followed by an increase in the fast residual strength as with the brown

London clay samples. Similar behaviour was observed with the same sample under the

normal stress of 300 kPa [Fig. IV.20.21. It appears that the increase in fast residual

strength observed during the latter part these last two tests is not so much a result of the

increasing rate of displacement but rather is a consequence of the decreasing amplitude

of the undulating shear zone of this sample.

Inspection of this sample after it was extruded from the confining rings was made

difficult because its upper and lower parts split so that the size and position of the shear

zone could not be measured. Nevertheless, the shearing soil matrix had a softer texture

than the remaining parts of the sample and also appeared to have greater porosity.

Further evidence of the nature of the shear zone is provided by photographs of air-dried

fragments of the sample [Fig. 5.4.2.3]. The concave shape of the surface which occurs

between the shear zone and the lower part of the sample indicates that the shear zone is

oval-shaped and its size varies throughout the width of the sample.

A second identically-prepared sample of the same soil was tested under identical

conditions (Tests VI.3-4). Since it appeared that the negative rate effect is a result of

increasing pore pressures, a second slow shearing stage was included following the fast

shearing stage. Thus, if pore pressures did, indeed, increase during the fast shearing

stages, they should gradually dissipate as the sample was subsequently sheared at a

drained rate of displacement, and the measured strength should eventually return to its

slow residual value. Both tests which were conducted on this second normally

consolidated, submerged Cowden till sample showed similar behaviour during fast

shearing to that observed during the tests on the first sample. The fast residual strength

stabilised below the slow residual, and was independent of any changes of the rate of

displacement [Figs. 6.3.43-44]. The scatter of the data is attributed to the effect which
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the presence of the undulating shear zone has on the shearing mechanism. Furthermore,

the undulating shear zone which developed had an amplitude which varied between 0.5

and 0.4 mm during the test conducted under 100 kPa normal stress and remained nearly

steady, around 0.3 mm, during the test at 200 kPa. [Figs. VL3.2, VI.4.2 and Table 6.2].

Finally, when the rate of displacement was decreased to its drained level (0.09 mm/mm),

the measured strength gradually increased and stabilised around its slow residual value,

thus, supporting the argument that the negative rate effect is associated with increased

pore pressures within the shearing soil matrix.

Further evidence of the undulating shape and irregular thickness of the shear zone

of this sample was observed upon measuring its size and position and visually inspecting

the sample [Fig. 5.4.2.5]. The photographs which were taken from the sample after it

was impregnated by Carbowax [Fig. 5.4.2.4] show the highly variable thickness of the

shear zone and the presence of secondary shear surfaces which appear to join the

principal shear zone, thus introducing additional irregularities in the shearing mechanism.

The negative rate effect was also encountered in the third test which was

conducted on the overconsolidated, submerged Cowden till sample under the normal

stress of 300 kPa. The fast residual strength stabilised below the slow residual [Fig.

6.3.45] and was not dependent on any changes in the rate of displacement whilst an

undulating shear zone appeared to have developed with an amplitude which remained

nearly constant at about 0.54 mm throughout this fast shearing stage [Fig. IV.23.2 and

Table 6.2]. Once again the sample split when an attempt was made to separate it from

the porous stones and a softer, in comparison with the rest of the sample, texture of the

shearing soil matrix was observed.

It has been shown that the negative rate effect is observed when the shear zone is

undulating. Moreover, the magnitude of the negative rate effect appears to be related to

the amplitude of the undulating shear surface [Fig. 6.3.46]. The available data [Table 6.2]

indicate that, when the amplitude of the undulating shear zone is less than 0.1 or 0.2 mm,

the fast residual strength does not drop below the slow residual and the rate effect is

positive. However, when that amplitude increases above 0.2 or 0.25 mm the fast residual

strength falls below the slow residual. The magnitude of the drop of the fast residual

strength below the slow residual value increases with increasing amplitude of the
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undulating shear zone and appears to reach a maximum level around an amplitude of 0.6

mm. Further investigation on this subject is required.

6.3.5 "Intact" Samples

In order to investigate the effect which the initial slow shearing stage of each test

and the development of the residual structure have on the behaviour of the plastic soils

which have been used in this research programme, a different testing procedure was

adopted for a limited number of tests. In this, the sample was consolidated and then

sheared immediately at fast rates of displacement. Two tests were conducted on an

overconsolidated, submerged brown London clay sample and two on a normally

consolidated, submerged Cowden till sample which were prepared by the same methods

as previously.

The tests on brown London clay (Tests VI. 15-16) [Figs. VI. 15.1, VI. 16.1]

indicate a similar behaviour upon fast shearing to that observed earlier. The fast residual

strength stabilised above the corresponding slow residual strength, and appeared to reach

a maximum when the rate of displacement is about 1.0 cm/sec [Figs. 6.3.47-48].

Although the shear zone during the first test (100 kPa) appeared initially to be

undulating, the undulations progressively decreased in amplitude. It is thought that the

irregular shape of the shear zone at the early stages of the first test may be attributed to

the sudden application of the fast rates of displacement and the development and

mobilisation of secondary shear surfaces which progressively lead to the formation of a

principal shear zone and a more steady shearing mechanism [Fig. 5.6.1]. In the second

test (200 kPa) the principal shear zone which had been formed previously was mobilised

immediately and the behaviour of the sample indicated a positive rate effect. The shape

of the shear zone appeared to be undulating with an amplitude of around 0.15 mm but

this, as has been suggested previously, did not affect the behaviour of the sample.

The tests conducted on the Cowden till sample (Tests VI. 17-18) also did not

provide further information about the behaviour of soils during fast shearing [Figs.

Vi 17.1, VI. 18.1]. The fast residual strength stabilised below the corresponding slow

residual value and was independent of any further changes in the rate of displacement

[Figs. 6.3.49-50]. Although during the first test the shear zone appeared to undulate
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slightly, during the second test the amplitude of this undulation increased considerably.

After the test was terminated the sample was extruded from the confining rings and its

water content was measured at its top and bottom parts. Also, the water content of the

shear zone was measured [Table 5.2.2]. It is interesting to note that, although the water

content at the top and bottom parts of the sample was measured to be below the plastic

limit of the soil, the water content of the shear zone approached the liquid limit.

6.3.6 Completely Dry Samples

Finally, the tests which were conducted on completely dry, powdered samples of

brown London clay (Tests '11.5-8) and Cowden till (Tests VI.9-12) indicate insignificant

rate effects in the absence of water within the soil mass. One sample of each soil was

tested normally and overconsolidated under the normal stresses of 100 and 200 kPa. The

fast residual strength measured during each test will be compared with the slow residual

strength which was measured during the slow shearing stage of that same test. The range

of normal stresses used was not sufficient to establish the complete failure envelope.

The fast residual strength of the normally consolidated brown London clay

sample stabilised slightly above the slow residual strength and was not affected by any

changes in the rate of displacement [Figs. 6.3.51-52]. The fast residual strength of the

same sample when overconsolidated stabilised slightly below the slow residual strength

and was, also, not affected by any thrther changes in the rate of displacement [Figs.

6.3.53-54]. The fast residual strength of the normally and overconsolidated Cowden till

sample generally stabilised slightly below its slow residual strength and appeared

independent of any variation of the rate of displacement [Figs. 6.3.55-58].

The behaviour of the dry samples during fast shearing (with the exception of the

tests which were conducted on the normally consolidated brown London clay) suggests a

decrease in strength with increasing rates of displacement. This may be attributed to the

fact that, during fast shearing, the shearing mode of the particles changes from sliding to

turbulent, thus leading to an increased porosity of the shearing matrix, a better ability of

the particles to move relative to each other and a decrease in measured strength.

Nevertheless, the rate effect on dry samples is considered relatively insignificant and the

behaviour of such samples insensitive to variations of the rate of displacement.
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6.4	 Non-Plastic Soils

6.4.1 Threshold Strength

The tests which were conducted on the non-plastic soils used in this investigation,

i.e. pure silica (Tests V.1-Il) and the artificially mixed sandy-silt (Tests V.12-20), did

not lead to any clear conclusions associated with the threshold strength and the factors

which affect it. Lemos (1986) concluded that the threshold strength measured in ring

shear tests should be considered as an intercept to the failure envelope rather than an

actual increase of the shearing resistance of the sample. The results from this

investigation suggest that the threshold strength measurements must be influenced by

apparatus effects which cannot be quantified.

In the tests on pure silica samples the threshold strength did not appear to follow

any particular trend associated with the normal stress or the rate of displacement [Figs.

6.4.1-2]. Although a wide range of rates of displacement and normal stresses were

employed in these tests, the evidence does not indicate any systematic change in the

threshold strength with changing rates of displacement and varying normal stresses.

Similar results were obtained from the tests conducted on the sandy-silt samples [Figs.

6.4.3-4].

It is thought that the nature of these soils influences the behaviour of the

apparatus and, indeed, of the samples at the starting point of each fast shearing stage.

The threshold strength measurements are partly influenced by the testing procedure, as

has been discussed earlier in this chapter, and partly by a stick-slip mechanism involving

soil particles inside the gap of the confining rings. Once the shear stress is removed from

the sample, in order to engage the fast gear, the soil inside the gap ceases to move and

jams in the rims of the upper and lower of the confining rings. When shearing is

re-started, a part of the measured shear resistance must be attributed to the force

required to overcome this stick-slip mechanism and re-establish the rotation of the

confining rings. Once shearing has re-started the material within the gap moves

continuously and exits slowly from the rings. This contributes to the gap friction which is

measured at the end of each test as described in Chapter 4. Thus, it may be concluded

that the threshold strength is affected by various factors which operate at the start of

each fast shearing stage for which allowance cannot easily be made.
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6.4.2 Post-threshold Strength Decrease

The behaviour of the non-plastic soils immediately after they had reached their

threshold strength was similar to that of the plastic soils. This post-threshold strength

decrease is associated with the immediate dilation of the sample. However, unlike the

results from tests conducted on plastic soils, the tests on non-plastic soils do not indicate

the existence of any relationship between the post-threshold strength decrease and the

normal stress or the rate of displacement [Figs. 6.4.5-8]. Moreover, although the results

from almost all tests on pure silica and sandy-silt samples (presented in detail in

Appendix V) indicate an increase in sample height at the beginning of each test, no

correlation between the immediate dilation and the post-threshold strength decrease can

be seen [Figs. 6.4.9-10]. Nevertheless, the post-threshold strength was in all tests lower

than, or equal to, the slow residual strength, despite the magnitude of the immediate

dilation of the sample.

6.4.3 Negative Rate Effect

The ultimate response of the non-plastic soil samples which were tested in this

investigation was rather uniform. The fast residual strength stabilised, on average, below

the slow residual strength and was not affect by any fi.irther changes in the rate of

displacement [Figs. 6.4.11-301. This type of behaviour is expected from soils with a high

slow residual strength and is associated with an increase in the porosity of the shearing

matrix. Similar conclusions concerning the behaviour of silts or silty soils with high slow

residual strength (associated with turbulent or transitional shear modes) have been

reached by previous researchers (Lupini, 1981; Lemos, 1986; Tika, 1989).

The negative rate effect in this case may be associated with the flow structure

theory (Casagrande, 1975) which involves the continuous rotation of soil particles

relative to each-other and ceases to exist once shearing is halted. It may be suggested

that upon the application of the fast rate of displacement the soil particles are forced to

rearrange themselves, the porosity of the soil matrix which is associated with shearing

increases -and this may be related to the immediate dilation of the sample which has been

described previously- and the particles are able to rotate more easily relative to each
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other. This mechanism would lead to a decrease in shearing resistance. Therefore, the

fast residual strength stabilises below the slow residual strength and it is not affected by

any further changes in the rate of displacement. Furthermore, the results from this

investigation indicate that, when the sample was unloaded in shear and shearing was

restarted, the measured strength reached a new threshold value before it stabilised to the

previously established level below the slow residual strength. This is in agreement with

the flow structure theory which suggests that such structure collapses, when the shearing

process stops, and the shearing matrix becomes denser resulting in an increase in

measured strength, when shearing is restarted.

The results from the tests on pure silica and sandy-silt indicate that the fast

residual strength stabilises 2° to 6° below the slow residual strength [Figs. 6.4.11-30]

which could be translated in a 4 % to 12 % decrease in strength. No further correlation

between the fast residual strength and the normal stress could be deducted from the

available data.

6.4.4 Coarse Uniform Clean Sand

The purpose of the tests which were conducted on dry (Tests V.21-23). or moist

(Tests V.24-27), clean-coarse sand [Figs. V.21.1-V.27.1] was to investigate the rate

dependency of their fast residual strength and not to compare it with their slow residual

strength. The data indicate clearly that the fast residual strength of clean-coarse sand is

rate independent [Figs. 6.4.31-32] regardless of whether the sample is dry or moist. Due

to the fact that the same sample was used for the tests at all normal stress levels and

particle crushing has taken place during each shearing stage, the particle size distribution

has altered. As a consequence, no composite residual strength envelope was developed

from these results; nor was any correlation attempted.

6.5 Summary

The results from this investigation have been analysed and discussed in this

chapter. The behaviour of soils during fast shearing and the effects of high rates of
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displacement on the fast residual strength have been divided into two principal types and

two hybrid conditions [Fig. 6.5.1]:

Tipe I behaviour [Fig. 6.5.1 .a] is the positive rate effect, where the post-

threshold streiglh and the fast residual strength stabilise above the slow residual

strength. This behaviour is observed with plastic soils, submerged (with planar shear

zone) or non-submerged (regardless of the shape of the shear zone). The fast residual

strength decreases with increasing normal stress, reaching its maximum value when the

rate of displacement is around 1.5 cm/sec.

irpe Ia behaviour [Fig. 6.5.1 .b] occurs when there is a positive rate effect, and

the fast residual strength stabilises above the slow residual strength, but the

post-threshold sireiigth falls below slow residual. This behaviour occurs with the same

soil types which have been listed in behaviour Type I.

Tpe II behaviour [Fig. 6.5.1 .c] is the negative rate effect, where the

post-threshold strength and the fast residual strength stabilise below the slow residual

level. It occurs with non-plastic soils (submerged or non-submerged) and plastic soils

(submerged with undulating shear zone). In the case of the non-plastic soils, the negative

rate effect is considered to be an intrinsic property, whereas in the case of the plastic

soils it is attributed to increased pore pressures which are induced by the undulating

shear zone. The fast residual strength is independent of the rate of displacement and is

not affected by normal stress variations.

.7)'pe I/a behaviour [Fig. 6.5.1 .dJ is a composite behaviour, where the

post-threshold strength falls below the slow residual strength, and the fast residual

strength initially stabilises above the slow residual strength but, as shearing progresses,

falls below slow residual. This type of behaviour occurs with submerged plastic soils with

undulating shear zone which gradually increases in amplitude.

The general conclusions which can be drawn from this investigation will be

presented in the following chapter.
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test	 test a0 rate of mmedia threshold post- 	 slow shear zone indulation rate
type number	 displace- dilation strength threshold residual shape 	 mplitudc effect

	

ment	 strength strength

	

_______ (kPa) (cm/sec) (mm)	 (°)	 C)	 (°) ___________ (mm)	 (0)

IV.l	 50	 0.72	 0.72	 25.8	 16.1	 15.6 undulating 0.62/0.13 3.3

	

IV.2 100 0.12	 0	 14	 0	 11.7	 planar	 -	 23

	

NCNr IV.2 100	 1.4	 0	 14	 0	 11.7	 planar	 -	 108

	

IV.3 200 0.05	 0	 -	 0	 _1 1.3	 planar	 -

	

IV.3 200 1.29	 0.42	 20.8	 9.3	 _1LL planar	 -	 15

	

IV.4 400 0.04	 0	 -	 0	 12.4 on-planar	 -	 3.7

	

IV.4 400	 1.38	 0.53	 21.3	 9.1	 12.4 on-planar	 -	 2.4
IV.6	 50	 0.63	 0.15	 29.8	 16.7	 14.5	 planar	 -	 11

	

IV.7 400	 1.31	 0.05	 20.3	 6.3	 11.3	 planar	 -	 5.1
IV.8	 100	 0.35	 0.01	 19.8	 1.3	 11.3	 -	 -	 7.2

NCS IV.8	 100	 1.71	 0.21	 22.8	 9.5	 11.3 undulating 0.3/0.1	 -5.4

	

IV.9 200	 0.11	 0.03	 16.1	 2.1	 11.9	 planar	 -	 2.1

	

____ IV.9 200	 1.7	 0	 -	 0	 11.9	 planar	 -	 11.4

	

IV.l0 100	 1.76	 0.88	 36.9	 24.3	 15.5 undulating 0.6/0.18 -9.8

	

OC S lvii 200	 3.77	 0.85	 24.7	 19.6	 11.4 undulating 0.3/0.08 -6.6

	

____ IV.12 30()	 7.8	 0.48	 24.6	 13.3	 12.3 undulating	 -	 -3.9
OCS VLI	 100	 1.5	 0.2	 27	 14.2	 10.9	 planar	 -	 10.1

	

V12 200	 1.25	 0	 21.5	 3.1	 11	 planar	 -	 10
NC	 VL5 100 1.26	 -	 43	 12.7	 37.4	 planar	 -	 23

	

DRY V1.6 200	 1.27	 -	 42.3	 1.1	 37.6	 planar	 -	 4.4
OC	 VL7 100	 1.36	 -	 44.7	 4.2	 42.1	 planar	 -	 -2.1

	

DRY VL8 200	 1.15	 -	 41.9	 -	 41.5	 planar	 -	 -1.5

	

OCS V1.15 100	 1.29	 0.52	 49.5	 23.5	 -	 ion-planar	 -	 -

	

INT Vl.16 200	 1.4	 -	 20.3	 -	 -	 ion-planar	 -	 -

Table 6.1	 Tests on brown London clay
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test	 test a	 rate of Amlnediatc Lhreshok post- 	 slow shear zone undulation rate
type numbe	 Jisplace- dilation strength hreshok residual shape amplitude effect

	

(kPa) ment	 strength strengtl
(cm/scc) (mm)	 C)	 decrease	 (mm)	 (°)

_______ _______	 _________ ____________ __________ 	 (0)	 (0)	 _____________ _____________ ________

	IV.13 50	 1.7	 0.48	 47.3	 13.2	 35.4 undulating 0.14/0.03	 7.9

	

IV.14 100	 0.09	 0	 37.7	 0	 31.4	 -	 0.12/0.01	 6.3

	

NC Nf IV. 14 100	 1.68	 0	 41.3	 0	 31.4 undulating 0.12/0.01 11.3

	

IV.15 200	 1.78	 0.01	 39.5	 6.6	 31.4	 planar	 -	 7.1

	

- IV.16 400	 1.69	 0.34	 38.7	 13.1	 31.4 non-planar	 -	 3.4

	

IV.17 50	 1.29	 1.8	 45.3	 21.8	 31.8 undulating 0.24/0.6	 -9
	IV.18 100	 1.3	 2.9	 39.7	 18.1	 31.7 undulating 0.91/0.65 -22.7

	

NC S IV.l9 200	 1.25	 0.35	 40.4	 17.2	 31.4 undulating	 0.53	 -24.4

	

- IV.20 3(k)	 1.35	 0.6	 52	 22.3	 31.7 undulating	 0.5	 -20.4

	

IV.21 100	 1.68	 0.22	 40.6	 5.4	 33.8 undulating	 0.09	 7.3

	

OC S IV.22 200	 1.7	 0.3	 34.7	 8.8	 31.1 undulating	 0.05	 4.4

	

_____ IV.23 300	 1.71	 1.09	 33.8	 14	 31.2 undulating	 0.54	 -20.7

	

NC S V1.3 100	 1.39	 0.89	 41	 14	 30.7 undulating 0.5/0.4 -15.4

	

VL4 200	 1.29	 0.3	 47.1	 21.5	 30.9 undulating	 0.3	 -16.9

	

NC VL9 100 1.72	 0	 48	 7.5	 42	 planar	 -	 -3

	

DRY VItO 200 1.69	 0	 42	 0.6	 41.4	 planar	 -	 -3.4

	

OC VIII 100	 1.71	 0.02	 44.3	 4.2	 42.6	 planar	 -	 -4.1

	

DRY VI.12 200	 1.7	 0.02	 42.9	 3.1	 37.8	 planar	 -	 -2

	

NC S Vl.17 100	 1.26	 -0.42	 34.2	 9	 -	 non-planar	 -	 -

	

INT V1.18 200	 1.28	 4)04	 28.8	 5.4	 -	 undulating 0.48/0.57	 -

Table 6.2	 Test on Cowden till
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0	 100	 200	 300	 400	 500

Normal Stress (kPa)

Fig. 6.2.1	 Slow residual strength envelope for brown London clay
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Normal Stress (kPa)

Fig. 6.2.2	 Slow residual strength envelope for Cowden till
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0	 100	 200	 300	 .100	 500

Normal Sims (kPa)

Fig. 6.2.3	 Slow residual strength envelope for pure silica

0	 100	 200	 300	 400	 500

Normal Stress (kPa)

Fig. 6.2.4	 Slow residual strength envelope for artificial sandy-silt
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Normal Stress (kPa)

Fig. 6.3.1	 Threshold strength versus normal stress for brown London clay
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Rate of Displacement (cm/set)

Fig. 6.3.2	 Threshold strength versus rate of displacement for brown London
clay
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0	 50	 100	 150	 200	 250	 300	 350	 400	 450	 500

Normal Strns (kPa)

Fig. 6.3.3	 Threshold strength versus normal stress for Cowden till

0	 2	 4	 6	 8	 10

Rate of DIpIacement (cnilsec)

Fig. 6.3.4	 Threshold strength versus rate of displacement for Cowden till
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Fig. 6.3.5	 Post-threshold strength decrease for brown London clay
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Fig. 6.3.6	 Post-threshold strength decrease for Cowden till
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Viscometer test

shear stress (kpa) 	 T- 22.5'C

201	

WC..30	 • 0.41

WC. 35. U. 0.62

0

shear rote (sec1)

Fig. 6.3.7	 Viscometer tests on dayey siltstone (Tika, 1989)

Viscometer test

T- 17'C

I shear stress (kpo)
20

WC- 47.5%. U- 0.32

10

wC- 91.6%. U- 1.54 WC- 69.0%. U- 0.92 wC- 57.9%. U- 0.61

0	 10	 20	 uO	 tj0
shear rote (sec1)

Fig. 6.3.8	 Viscometer tests on kaolin (Tika, 1989)
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0.01	 0.1	 1	 10	 100	 1000
shear rate (sec1)

Fig. 6.3.9	 Viscometer tests on glycerol (Tika, 1989)
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0	 2	 4	 6	 S	 10

Rate of Displacement (cm/sec)

Fig. 6.3.10	 Rate dependent characteristics of normally consolidated,
non-submerged, brown London clay (Test IV.1)

Rate of Displacement (cm/icc)

Fig. 6.3.11	 Rate dependent characteristics of normally consolidated,
non-submerged, brown London clay (100 kPa)
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0	 2	 4	 6	 8	 10

Rate of Displacement (cm/icc)

Fig. 6.3.12	 Rate dependent characteristics of normally consolidated,
non-submerged, brown London clay (200 kPa)

Rate of Displacement (cm/icc)

Fig. 6.3.13 Rate dependent characteristics of normally consolidated,
non-submerged, brown London clay (400 kPa)
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'ft
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Rate of Displacement (cm/see)

Fig. 6.3.14	 Rate dependent characteristics of normally consolidated,
non-submerged, brown London clay (Test IV.5)

Rate of Displacement (cm/see)

Fig. 6.3.15 Rate dependent characteristics of normally consolidated, submerged,
brown London clay (50 kPa)
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0	 2	 4	 6	 S	 10

Rate of Displacement (cm/icc)

Fig. 6.3.16 Rate dependent characteristics of normally consolidated, submerged
brown London clay (400 kPa)

Rate of Displacement (cm/icc)

Fig. 6.3.17 Rate dependent characteristics of normally consolidated, submerged
brown London clay (100 kPa)
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0	 2	 4	 6	 8	 10

Rate of Diiplacement (cm/see)

Fig. 6.3.18	 Rate dependent characteristics of normally consolidated, submerged,
brown London clay (200 kPa)

Rate of Displacement (cm/see)

Fig. 6.3.19 Rate dependent characteristics of over-consolidated, submerged,
brown London clay (3-stage test, 100 kPa)
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0	 2	 4	 6	 8	 10

Rate of D.pIacement (cm/%ec)

Fig. 6.3.20	 Rate dependent characteristics of over-consolidated, submerged,
brown London clay (3-stage test, 200 kPa)
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0	 2	 4	 6	 8	 10

Rate of Displacement (cm/sec)

Fig. 6.3.2 1	 Rate dependent characteristics of normally consolidated,
non-submerged, Cowden till (50 kPa)

Rate of Displacement (cm/sec)

Fig. 6.3.22 Rate dependent characteristics of normally consolidated,
non-submerged, Cowden till (100 kPa)
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0	 2	 4	 6	 8	 10

Rate of Diiplacement (cm/icc)

Fig. 6.3.23	 Rate dependent characteristics of normally consolidated,
non-submerged, Cowden till (200 kPa)
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Role of Dhplocement (cmIec)

Fig. 6.3.24 Rate dependent characteristics of normally consolidated,
non-submerged, Cowden till (400 kPa)
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0	 2	 4	 6	 8	 10

Rate of Displacement (cmlsec)

Fig. 6.3.25	 Rate dependent characteristics of over-consolidated, submerged,
Cowden till (100 kPa)

Rate of Displacement (cni/sec)

Fig. 6.3.26 Rate dependent characteristics of over-consolidated, submerged,
Cowden till (200 kPa)
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£ 5OkPa

• lOOkPa
• 200kPa
• 400kPa
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Fig. 6.3.27 Normal stress effect on the fast residual strength of normally
consolidated, non-submerged brown London clay
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Fig. 6.3.28 Normal stress effect on the fast residual strength of normally
consolidated, submerged brown London clay
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Fig. 6.3.29 Normal stress effect on the fast residual strength of normally
consolidated, non-submerged Cowden till
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Fig. 6.3.30 Normal stress effect on the fast residual strength of over-
consolidated, submerged Cowden till
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Rate of displacement (cm/see)

Fig. 6.3.31	 Normal stress variations of the positive rate effect on normally
consolidated, non-submerged brown London clay
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Fig. 6.3.32	 Normal stress variations of the positive rate effect on normally
consolidated, submerged brown London clay
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Fig. 6.3.33 Normal stress variations of the positive rate effect on normally
consolidated, non-submerged Cowden till
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Fig. 6.3.34 Normal stress variations of the positive rate effect on over-
consolidated, submerged Cowden till
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0	 2	 4	 6	 8	 10

Rate of Displacement (cm/see)

Fig. 6.3.35	 Rate dependent characteristics of over-consolidated, submerged,
brown London clay (100 kPa)

Rate of Displacement (cm/see)

Fig. 6.3.36 Rate dependent characteristics of over-consolidated, submerged,
brown London clay (200 kPa)
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Fig. 6.3.37
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Fig. 6.3.38

Rate dependent characteristics of over-consolidated, submerged,
brown London clay (300 kPa)
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Rate of Displacement (cm/sec)

Fig. 6.3.39 Rate dependent characteristics of normally consolidated, submerged,
Cowden till (50 kPa)

Rate of Displacement (cm/set)

Fig. 6.3.40 Rate dependent characteristics of normally consolidated, submerged,
Cowden till (100 kPa)
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0	 2	 4	 6	 8	 10

Rate of Displacement (cm/icc)

Fig. 6.3.4 1	 Rate dependent characteristics of normally consolidated, submerged,
Cowden till (200 kPa)

Rate of Displacement (cm/icc)

Fig. 6.3.42 Rate dependent characteristics of normally consolidated, submerged,
Cowden till (300 kPa)
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rate effects were observed as the rate of displacement was gradually varied. When

the rate of displacement was decreased suddenly, the strength of the sample dropped

accordingly.

TEST IV.4

;= 400 kPa

4 = 12.4°

21.3°

(Figures !V.4.l-2)

This sample had already been sheared at lower normal stresses, and thus the

particle orientation associated with its residual state had been mainly completed.

Immediately after the beginning of shearing at 0.09 mm/mm the sample strength

reached its slow peak value of 12.7°, and after 2.3 mm of shear displacement it

reached its slow residual value of 12.4°. The test was continued for 3000 mins and

the sample was sheared for 27 cm in order to observe its behaviour after more than

half rotation at a drained rate of displacement and also to evaluate the effect which

the contamination of the rings and the gap friction have on the measured strength.

The initial 0.02 mm of decrease in sample height should be attributed to both sample

loss and particle orientation as the sample approached its state of residual. However,

the further 0.43 mm decrease in sample height, before this slow shearing part of the

test was terminated, should be attributed to sample lost through the gap.

The rate of displacement was increased to 0.037 cm/sec for the next 2.9 cm of

shearing while the measured strength increased to 13.9° and remained constant until

the rate of displacement was suddenly increased to 1.32 cm/sec. Following this

fi.zrther increase in the rate of displacement, the strength reached its threshold value of

21.3° before it started to decrease while the sample dilated. After 28.4 cm of shearing

the sample had dilated to 0.52 mm above its height at the end of the slow shearing

stage and its strength had dropped to 12.5°. Further shearing caused a decrease in

sample height, either due to sample contraction or soil loss, and after a fiji1 rotation of

the former had decreased to its level at the end of the slow shearing part of this test

and the measured strength had increased to 15.6°. For the next 55 cm of shearing at

1.32 cm/sec the strength of the sample remained nearly steady. When the rate of

displacement was decreased gradually to 0.13 cm/sec, the strength of the sample

dropped to 7.2°. The sample exhibited positive rate characteristics when the rate of
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4 = 47.2°

68.3°

(Figures V.7.1-2)

Contamination of the rings with soil which had been extruded through the gap

during the previous stages of this procedure apparently affected the shape of the

stress ratio curve for the slow shearing part of this test. Nevertheless, the measured

strength reached its slow residual value of 47.2° after 57.5 mm of shearing while the

sample height increased by 0.086 mm. The slow shearing part of this test was

terminated after a displacement of 117.8 mm.

The rate of displacement was increased suddenly to 1.0 cm/sec and the

strength reached immediately its threshold value of 68.3°. While the rate of

displacement continued to be increased until it reached the level of 1.25 cm/sec. the

strength decreased to 46.7° after 20 cm of shearing. Further shearing at the same rate

of displacement led to further decrease in strength which had stabilised between 42.5°

and 44.9° before the sample had been sheared for 226.9 cm at rates which ranged

between 0.12 cm/sec and 1.25 cm/sec. At that point, the rate of displacement was

increased suddenly to 1.82 cm/sec and the measured strength reached the value of

5 1.3° at zero associated displacement and then decreased to 44.9°. The rate of

displacement was varied, gradually and suddenly, from 1.82 cm/sec to 6.08 cm/sec

and 9.5 cm/sec before the test was terminated, but no effect on the strength of the

sample was observed. The test was terminated after 640 cm of shearing.

Overconsolidated. Submerged

Test V.8

a = 50 kPa

OCR= 8

A	 —49c°

41IOkI 53.8°

(Figures V.8.1-2)

This sample was consolidated to 400 kPa and unloaded to 50 kPa before it

was sheared at 0.09 mm/mm. The measured strength reached its slow peak value of

55.8° after 3.14 cm of shearing while the sample height increased by 0.22 mm. The

sample continued to dilate as its structure relaxed and the strength reached its
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measured strength increased to 23.3° at zero associated displacement. Throughout

the remaining part of this test the rate of displacement was varied, gradually or

suddenly, from 1.74 cm/sec to 10.0 cm/sec. but no effect on the strength of the

sample was observed.

Overconsolidated. Submerged

Test VI.14

a= 200 kPa

OCR= 2

4 = 16.6°

29.3°

(Figures VI. 14.1-2)

The sample which was used in the previously described test was consolidated

to 400 kPa and then unloaded to 200 kPa before it was sheared at 0.09 mm/mm. The

measured strength reached its slow peak value of 22.8° while the sample appeared to

be dilating. The sample height increased to 0.0425 mm, and the measured strength

started to decrease. After the sample had been sheared for 223.2 mm, its height had

dropped back to its initial level and continued to decrease because of sample loss

while its measured strength had reached its residual value of 16.6°. This slow shearing

part of the test was terminated after the sample had been sheared for 399.0 mm.

The rate of displacement was increased suddenly to 1.30 cm/sec and the

measured strength reached immediately its threshold value of 29.3°. Shearing at the

same rate of displacement was continued until the sample had been sheared for 94.8

cm while the measured strength had stabilised within a range between 28.8° and

30.5°. The rate of displacement was then decreased gradually from 1.30 cm/sec, to

0.069 cm/sec, and to 0.057 cm/sec while the strength of the sample also decreased

from 29.3°, to 24.3°, and to 21.6° respectively. After the sample had been sheared for

113.4 cm, the rate of displacement was suddenly increased to 1.30 cm/sec and the

strength also increased and stabilised within a range between 30.3° and 31.9°.

However, no significant increase in strength was observed when the sample was

sheared at rates of displacement higher than 1.0 cm/sec. After the sample had been

sheared for 223.3 cm, the rate of displacement was decreased from 1.30 cm/sec. to

0.16 cm/sec. and to 0.1 cm/sec and the strength appeared to decrease from 31.9°, to

25.4°, and to 24.3°, respectively. The rate of displacement was gradually increased to
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Fig. 6.3.5 1	 Rate dependent characteristics of normally consolidated, completely
dry, brown London clay (100 kPa)
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Fig. 6.3.52 Rate dependent characteristics of normally consolidated, completely
dry, brown London clay (200 kPa)
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formed with an amplitude of 0.3 mm and a wave-length of 39.4 cm. Apparently, pore

pressures induced by the shape of the shear surface led to a decrease of the strength

to 590 after 116.2 cm of cumulative shearing. When the rate of displacement was

decreased to 0.12 cm/sec for the following 38.2 cm, the measured strength appeared

to be increasing to 7.58°, probably because of the pore pressure dissipation. The rate

of displacement was again increased to 1.71 cm/sec and the measured strength also

increased to 10° for the next 28.2 cm of shearing but then decreased and stabilised at

8.05° until the test was terminated after 350 cm of cumulative displacement.

TEST P1.9

o = 200 kPa

•f-5kIu1I= 11.9°

4 = 16.1°

(Figures IV.9. 1-2)

The fact that this sample had been sheared at the previous normal stress of

100 kPa was reflected on its stress ratio/displacement curve when it was sheared to

residual under 200 kPa normal stress. After 0.95 mm of shearing the sample had

reached its slow peak strength of 16.7°, and, as shearing continued, the strength

dropped until it had reached its slow residual value of 11.90 after a displacement of

156.8 mm. Due to particle reorientation and soil loss through the gap the sample

height after 156.8 mm of shearing had decreased by 0.35 mm. Shearing at 0.09

mm/mm was terminated after a displacement of 266 mm at which point the sample

height had decreased further by 0.12 mm probably solely due to soil loss.

The rate of displacement was increased to 0.11 cm/sec for the next 7.26 cm of

shearing. Upon the first application of fast shearing the strength of the sample

increased to 16.10 at zero associated displacement, and, while approaching 7.26 cm

of displacement, decreased to 14.0° as the sample height appeared to be increasing by

0.029 mm. The rate of displacement was increased further to 1.70 cm/sec for the

following 26.44 cm of shearing and this was associated with an immediate increase in

strength to 23.8°. After the rate of displacement had stabilised at 1.70 cm/sec the

measured strength of the sample also stabilised at 22.7°. When the rate of

displacement was decreased to 0.11 cm/sec. after 97.3 cm of shearing, the strength

dropped to 15.9°. There were four cycles of increasing/decreasing of the rate of

displacement in this test which eventually led to a shear displacement of 410 cm
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while the sample height dropped due to sample loss. The strength fluctuated between

41.10 and 45° until the cumulative shear displacement had reached 150 cm and then

stabilised between 35.0° and 41.1° until the test was terminated at 460cm. The rate of

displacement was varied from 1.69 cm/sec to 0.093 cm/sec and back to 1.69 cm/sec,

suddenly and gradually, but no effect on the measured strength was observed.

Teat V.14

a = 200 kPa

A —450°midusI

A.	
— 513°Wtbresbold

(Figures V.14.1-2)

As it has been the case in the previous test the sample appeared to dilate upon

shearing at 0.09 mm/mm. After 1.9 mm of shearing, the measured strength had

reached its slow peak value of 48.0° while the sample height had increased by 0.045

mm. The additional strength which was measured after the sample had reached its

slow peak value should be attributed to internal ring friction due to contamination.

The measured strength reached its slow residual value of 45.0° after 96.9 mm of

shearing and this slow shearing part of the test was terminated after 117.8 mm.

The rate of displacement was increased suddenly to 1.69 cm/sec and the

measured strength reached immediately its threshold value of 51.3°. As shearing

continued at the same rate of displacement, the sample height increased by 0.075 mm

and the strength of the sample decreased. After 15.8 cm of shearing at 1.69 cm/sec

the measured strength had dropped to 45.0° and the sample height appeared to be

decreasing. Further shearing led to an additional decrease in strength which stabilised

within a range between 40.2° and 43.9° and remained at this level until the test was

terminated after 435 cm. Any further change of the rate of displacement, sudden or

gradual, from 0.11 cm/sec to 1.69 cm/sec had no effect on the measured strength.

Test V.15

250 kPa

A	 —A.2°

50.2°

(Figures V. 15. 1-2)
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displacement which varied from 0.14 cm/sec to 1.74 cm/sec in both directions gave

no additional information on the behaviour of the sample.

Test VL2O

00= 200 kPa

OCR= 4

A.	 -1A°
1!..

L = 23.7°

(Figures VI.20. 1-2)

The same sample was consolidated at 200 kPa, and sheared at 0.09 mm/mm.

The measured strength reached its slow peak value of 11.8° after 0.6 mm of shearing

and its slow residual value of 10.2° after 20.9 mm of shearing. The apparent increase

of the measured strength towards the end of this part of the test should be attributed

to internal ring friction due to contamination of the rings.

The rate of displacement was increased suddenly to 1.72 cm/sec in the

positive direction, and the measured strength reached its threshold value of 23.7° at

zero associated displacement. After 0.3 mm of shearing at 1.72 cm/sec in the positive

direction, the measured strength had decreased to 15.6° and the direction of shearing

was reversed. The measured strength was not affected by this reversal of the shearing

direction and fluctuated between 15.5° and 14.8° until the direction was reversed

again from negative to positive after I mm of cumulative shearing. At that point the

measured strength increased instantly from 14.8° to 15.6° and then fluctuated between

13.2° and 16.4°. The direction of shearing was reversed two more times at the same

rate of displacement while the measured strength was not significantly affected and

varied between 16.1° and 17.2° in the negative direction and between 17.9° and 19.4°

in the positive. After 4.04 mm of shearing at 1.72 cm/sec in both directions, the rate

of displacement was decreased gradually to 0.98 cm/sec and then to 0.094 cm/sec -in

the positive direction- while the measured sample strength dropped from 17.9° to

9.07°. While the sample was being sheared at 0.094 cm/sec in the positive direction,

the direction was reversed and the measured strength decreased from 9.7° to 7.9°.

Continued shearing at the same rate and direction led to an increase in measured

strength from 7.9° to 10.2°. After the sample had been sheared for 9.8 mm, the

direction of shearing was reversed from negative to positive and the measured sample

strength once again decreased from 10.2° to 7.9° and stabilised at 10.2°. Before the
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Fig. 6.4.3	 Normal stress effect on threshold strength of sandy-silt samples

0	 0.5	 1	 1.5	 2	 2.5	 3	 3.5	 4

Rate of displacement (cm/ire)

Fig. 6.4.4	 Rate of displacement effect on threshold strength of sandy-silt
samples
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0.225 mm. After 28.6 mm of shearing at the same rate of displacement the sample

reached its slow residual strength of 35.4° and its height decreased further by 0.039

mm. This part of the test was terminated after the sample had been sheared at the

same rate of displacement for 135 mm.

The rate of shearing was suddenly increased to 1.70 cm/sec and the sample

reached its threshold strength of 47.3° at zero associated shear displacement. As

shearing progressed the sample started to dilate and its strength to decrease. After 31

cm of shearing at 1.70 cm/sec the height of the sample had increased by 0.475 mm,

and its strength had decreased to 34.1°. Further shearing at the same rate of

displacement led to an increase in measured strength as the sample height appeared to

be decreasing. After 77.4 cm of shearing, the shear strength of the sample had

stabilised around 42° while an undulating shear surface with 0.092 mm initial

amplitude appeared to be forming. The rate of displacement was decreased suddenly

to 0.12 cm/sec and the strength dropped to 39.9°. While the sample was being

sheared at 0.12 cm/sec its strength appeared to be increasing, and, after 92.9 cm of

cumulative shearing its strength had increased to 43.7°. The rate of displacement was

suddenly increased once again to 1.70 cm/sec and the measured strength increased

immediately to 47.3°. In the following 50.3 cm of shearing at the same rate of

displacement the strength oscillated between 43.3° and 47.3° while the amplitude of

the undulating shear zone increased to 0.146 mm. As it has often been the case, the

wave-length of the undulating shear zone was around one sample perimeter. The rate

of displacement was decreased to 0.12 cm/sec after 143.2 cm of shearing and the

strength decreased to 43.1°. Subsequently, the rate of displacement remained constant

for the next 16.8 cm of shearing and the measured sample strength varied around

41.2°. The third series of increasing/decreasing the rate of displacement in this

particular test was aimed to observing any rate dependent phenomena of the fast

residual strength of the sample. Therefore, the rate of displacement was varied

gradually and increased from 0.125 cm/sec to 1.70 cm/sec within 49.7 cm of shear

displacement. At 0.308 cm/sec the measured strength was 43.7°, at 0.729 cm/sec it

was 44.4°, at 1.37 cm/sec it was 46.5° and at 1.70 cm/sec it was 47.8°. The rate of

displacement was kept constant at that latter level for the following 98 cm of shearing

in order to investigate any displacement dependency of the fast residual strength of

the sample. It was concluded that the measured residual strength of the sample was

not influenced by displacement. After 307.7 cm of shearing, the rate of displacement
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0.105 mm, and with a decrease in measured strength which stabilised within a range

between 4390 and 47.7°. Again, the periodic internal ring friction which affected the

results of the test could not be accounted for but it was concluded that the strength of

the sample actually varied between 4390 and 45.00. After 238 cm of shearing the rate

of displacement was suddenly increased to 1.75 cm/sec and the measured strength

reached the value of 53.1° at zero associated displacement before it stabilised within

the aforementioned range. No effect of any further change of the rate of displacement

on the measured strength was observed until the test was terminated at 660 cm of

shearing.

Tests On Uniform Coarse Clean Sand

General:

The samples which were investigated in this series of tests were obtained from

the Soil Mechanics laboratory of Imperial College and consisted of commercially

available dry, clean sand which passed the # 14 and was retained at the #10 test

sieves. Two sets of tests were conducted, one on completely dry sand, non-

submerged in water and one on saturated sand, submerged in water. It should be

noted that only normally consolidated samples were tested in this series because

excessive vibrations of the load cells were observed in an effort to complete a fast

shearing test on an overconsolidated sample. Thus, in fear of damaging the

equipment, tests on overconsolidated samples were abandoned. The multistage

testing technique was used in this series of tests and the old rings were employed,

mainly because the sand particles were large enough to ensure no sample loss but also

in order to avoid any premature damage of the new rings.

Normally Consolidated. Dry

Test V.21

a= 50 kPa

40.4°

A	 —)°
reiidual

(Figure V.21.1)

The sample was sheared at 0.079 cm/sec for the first 30.6 cm of this test and

its measured strength reached a threshold value of 40.4° at zero associated
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RtIIG SHEAR TEST DATA
D	 5TA U.0 02 20uFs) tV22 FAST
09YE !T50 -	 Dv	 FIZ:	 200

- MC ST M20 • 042
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-1	 m vc.oar - us ai/u.c	 PEAk V1ICAL	 - -u ,lI,

i
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9
0 . .

0	 80	 20	 20	 200	 350	 300	 350	 400	 0	 500	 550	 ICC

	

DILACDAENT (a1)	 - p, riai Casg.

Fig. VI.2.2 Fast shearing test on over-consolidated, submerged, brown London
clay ( 200 kPa - 3 stage test)

RPJG SlEAR TEST DATA
tI	 5TA LC 02 c200i.) C0Iø 1.0W 5TA tV22

	

WVE 51PE80 - 	 DAlE. 0-2-283	 PtE	 21.00.300
PEAK 57PE80 Milo • 0.25
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PEAK TCs. 0T - -0.2

0	 20 200 300 400 500 800 700 000 IX 1300 1130 200 1300 1400
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Fig. VI.2.3 Second slow shearing test on over-consolidated, submerged, brown
London clay ( 200 kPa -3 stage test)
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Fig. 6.4.13	 Rate dependent characteristics of normally consolidated,
non-submerged, pure silica sample(200 kPa)

Rate of Displacement (cm/sec)

Fig. 6.4.14 Rate dependent characteristics of normally consolidated,
non-submerged, pure silica sample(300 kPa)
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increase in measured sample strength. After 56.3 cm of shearing at 1.29 cm/sec the

sample height had dropped back to its level at the end of the slow shearing part of

this test while the measured sample strength had increased to 36.2°. The rate of

displacement remained at 1.29 cm/sec for a cumulative 152.8 cm of shearing and the

strength of the sample fluctuated between 32.0° and 39.10 while the sample height

curve gave evidence of an undulating shear surface with 0.54 mm amplitude.

Subsequently, the rate of displacement was decreased to 0.45 cm/sec and to 0.27

cm/sec while the strength of the sample fluctuated between 32.0° and 25.7°. After 247

cm of shearing the rate of displacement was increased to 1.8 cm/sec and the

measured strength of the sample reached immediately the value of 32.0°. In the

following 200 cm of shearing, before this test was terminated, the rate of

displacement was gradually increased from 1.8 cm/sec to 7.5 cm/sec. and suddenly

from 1.8 cm/sec to 9.9 cm/sec. It was observed that neither of the changes of the rate

of displacement influenced the measured strength of the sample which varied below

the sample's slow residual value, between 16.6° and 25.7°. From the sample height

curve it appeared that the shear surface had an undulating shape with 0.6 mm

amplitude and 40 cm wave-length.

Test IV.18

100 kPa

k	 -'217°
WrcsiduaI

.I0II=

(Figures IV. 18.1-2)

The sample was sheared at 0.09 mm/mm and reached its residual state after

42.8 mm of shearing. Following the termination of the slow shearing part of the test

after 150.6 mm of shearing, the rate of displacement was suddenly increased to 0.68

cm/sec and the strength reached its threshold value of 39.7°. Further shearing led to a

drop in measured strength while the sample height increased. After 9.5 cm of

shearing the strength had decreased to its slow residual value of 31.7° and continued

to decrease even further. After 19.8 cm of shearing, the rate of displacement was

increased to 1.3 cm/sec. the sample height had increased by 1.26 mm, and the

measured strength had dropped to 24.3°. Further shearing at the same rate of

displacement was associated with further decrease in measured strength to 23.5° as

the sample height increased to a level of 2.09 mm above that at the end of the slow
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Fig. V.2.1	 Slow shearing test on normally consolidated, non-submerged
pure silica (100 kPa)

RIG S1€AR TEST DATA
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Fig. V.2.2 Fast shearing test on normally consolidated, non-submerged
puresilica( 100 kPa)
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4G SEAR TEST DATA
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Fig. VI.6.I Slow shearing test on normally consolidated, completely dry,
brown London clay (200 kPa)

G S)'€AR TEST DATA
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CVE ST55 -	 liP.	 DA7E 05-31-S55	 fl.E	 00&CV2OO
M 5T	 MIlD - WI

0	 30	 00	 ISO	 200 250 300 330 400 450 500 550 300 550

ISCAS S755 - 00 i.

0	 30	 00	 ISO	 200 250 300 350 400	 450 500	 550 900	 550

ii
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Fig. VI.6.2 Fast shearing test on normally consolidated, completely dry,
brown London clay (200 kPa)
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Fig. 6.4.23	 Rate dependent characteristics of normally consolidated,
non-submerged, sandy-silt sample (100 kPa)
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Fig. 6.4.24 Rate dependent characteristics of normally consolidated,
non-submerged, sandy-silt sample (200 kPa)
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0.05 mm amplitude appeared to have developed. The rate of displacement was

suddenly decreased to 0.1 cm/sec and the strength decreased to 31.1 0 During the

second stage of this fast shearing part of the test the rate of displacement was

increased gradually to 1.7 cm/sec and then decreased accordingly to 0.1 cm/sec.

Positive rate characteristics were observed not only in this stage but also in those

which followed until the test was terminated after 440 cm of displacement. Also, the

fast residual strength of the sample was not affected by any change in the rate of

displacement above 0.96 cm/sec. At 0.558 cm/sec the measured strength was 3350,

at 0.23 cm/sec it was 32.2° and it remained constant at 35.10 for any rate of

displacement above 0.96 cm/sec. The undulating shape of the sample height curve

with an amplitude of 0.025 mm should be attributed mainly to the apparatus and not

to the existence of an undulating shear surface, since, if the latter was the case, it

would have been reflected on the stress ratio/displacement curve.

Test IV.23

a0300kPa

OCR= 1.5

A	 — 312°miduaI

•= 33.8°

(Figures IV.23.1-2)

The sample reached its slow residual strength of 31.2° after 47.5 mm of

shearing, and this slow shearing part of the test was terminated after 129.2 mm. It

was expected that, at this point of this multistage testing procedure, there would have

been a substantial amount of soil contaminating the rings but from the shape of the

stress-strain curve it may be concluded that this does not affect significantly the

results of the test.

The rate of displacement was increased suddenly to 1.71 cm/sec and the

measured sample strength reached its threshold value of 33.8° at zero associated

displacement. Further shearing at the same rate of displacement led to an increase in

sample height and a decrease in measured strength. After 2.75 cm of shearing the

measured strength was 31.2° and after 18.3 cm it had decreased to 19.8° while the

sample height had increased by 1.09 mm. Continued shearing at the same rate of

displacement was associated with the development of an undulating shear surface

with an amplitude of 0. 54 mm and a wave-length of 40 cm. The fast residual strength
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4G SEAR TEST DATA
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Fig. V.7.1	 Slow shearing test on normally consolidated, submerged
pure silica (200 kPa)
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Fig. V.7.2
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Fast shearing test on normally consolidated, submerged
pure silica ( 200 kPa)
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.1G SFEAR TEST DATA

NV C	 iLL (000.4)	 Pvn u*
-.__ !T - N	 OAi OS--1S3	 ?LL 00CTOW
PEAK !T	 MilD - 135

O	 NO	 400	 500	 500	 lD0O	 0	 1400	 1100
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.

IPEAK	 - 0.

ii	 .
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Fig. VI.1 1.1 Slow shearing test on over-consolidated, completely dry,
Cowden till (100 kPa - OCR= 4)
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Fig. '1.1 1.2 Fast shearing test on over-consolidated, completely dry,
Cowden till (100 kPa - OCR= 4)
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a)	 pI.dIC. non-ibmrrgrd	 b)	 plastic. noa-submrrged
plastic. ibinugd. plan.r rJie.r zone 	 plastic. uihinergid. planar 'bear zone

Slow redual engiji	 Slow residual strength

1S pel	 Tips Ia

C)	 non plastic.	 d)	 plastic. nibmeiged
plastic. submerged. undulating shear zone	 amplitude or undulating shear zone
plastic. completely dr	 lncrtesdu1tng list

Slow residual strength	 k,,._...Slowrridual strength

lpell	 1peIb

A: Threshold strength
	 Shear displacement

B: Pod-threshold Strength Decrease
(:Fad Residual Strength

Fig. 6.5.1 Types of soil behaviour observed during fast shearing



27

Anpendix IV	 Description f Tests on Plastic Soils	 279

RIG SiEAR TEST DATA
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Fig. IV.4.I Slow shearing test on normally consolidated, non-submerged brown
London clay (400 kPa)

RNG SHEAR TEST DATA
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Fig. IV.4.2 Fast shearing test on normally consolidated, non-submerged brown
London clay (200 kPa)
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G SAR TEST DATA
5NCY 8.14C TO 5..T-IML (V2

YE	 - 50 s	 0A1E 03-0-1053	 PtE	 O.5O
Ak 5T	 NAV10 - IX

0	 100	 200	 300	 400	 2%	 500	 700	 500	 500	 800	 1100

MC CR 3120 - IS Is

..400._

YCI4.	 - -0.1 i,ri

0.0

-0.075

0	 80	 200	 300	 400	 500	 000	 700	 000	 500	 1000	 1100
T1L (mm)	 - id Ceg.

Fig. V.12.1 Slow shearing test on normally consolidated, non-submerged
artificial sandy-silt (50 kPa)

RING SHEAR TEST DATA
0.44Cr 8.t-.0 TO SOiPs-2%T-cAST (V2)
C	 !T20 - 50 10	 oTE 50-14-1003	 fl.	 I&Wc

-- P*S120RA7O. UI

0 20 50 75 100 125 80 175 200 225 250 275 300 325 350 375 400 425

—	 ,M,c,asTrc20- n

I,.---- -	 -
50

UI

-.	 -.

U	 W 1 W	 100 115 200 225 250 215 300 325 350 375 400 425

PE44C V10.OTY - 130 ai./ 	 Ag V10*.	 .ACIT - -0.3 i

n r r—

L_____!i ;
0 20 50 75 100 125 80 175 200 225 250 275 300 325 350 375 400 425

OILAcDC'IT (a, )	 -	 csgs

Fig. V.12.2 Fast shearing test on normally consolidated, non-submerged
artificial sandy-silt ( 50 kPa)
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WTAC?	 04 iLl. NC 50I tV1 FAST
00ISYE ST50 -. u	 DA1t 50.47-153	 ?SL PflCTNC10
--. ST5S SATC -

. .................
0 35 50 75 10 50 10 175 200 225 350 275 300 325 350 375 400 425

1Cm ST - 50 1,0

0 25 30 75 10 50 10 175 200 225 250 275 300 325 350 375 400 425

#c vl.oary - tBl a/	 g	 .AI1 - -1.3 "in

0	 25 50 75 10 175 150 175 200 225 250 275 300 325 350 375 40C 425
DIL.ACDC1T (ar)	 -

Fig. VI.17.I Fast shearing test on "intact", nonnally consolidated, submerged,
Cowden till (100 kPa)

WTACT NC CEN iLl. 200o IIVI FAST
CCIPWVE 5T35 - 50	 DA1E 05-1-503	 FLL NTCThC.200

AK ST35 RAil - 0.35

.d.,/V.S%_d' •

0.0	 .	 ..
0	 25 30 75 10 15 150 175 200 225 250 275 300 325 350 375

_PAX 1CD 5T30 - 50 1,0

t\.
I

: 

AX l.0OtY - 1.40	 Pt* VT1 D.AIT - -0.5 non

I\ n
0L

o	 25	 30	 75 150 175 IC 175 200 225 250 275 300 325 350 375
D5PLACaENT (cm)	 - rer.. Ccøq

Fig. %1.18.1 Fast shearing test on "intact", normally consolidated, submerged,
Cowden till (200 kPa)
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1.41 cm/sec for the next 80 cm of shearing while the strength of the sample fluctuated

between 31.10 and 33.1°. The test was terminated after the sample had been sheared

for 340 cm.

Tests on Intact Samples:

Brown London clay

Overconsolidated. Submerged

Test YI.15

100 kPa

OCR= 4
•= 4950

(Figure VI.15.1)

The sample was sheared at 1.29 cm/sec. and the measured strength reached

its threshold value of 49.5° but it immediately appeared to be decreasing while the

sample height increased. After 16.9 cm of shearing at the same rate of displacement

the measured strength had decreased to 26.0° and the sample height had increased by

0.52 mm. Further shearing at 1.29 cm/sec led to an increase in measured strength

which fluctuated between 27.8° and 33.10 while the shape of the sample height curve

revealed the development of an irregular shear surface. This shear surface appeared

to be undulating at the beginning of the test with an amplitude which varied from

0.52 mm, to 0.25 mm, to 0.4 mm and a wave-length around 50 cm. However, after

the sample had been sheared for 143.3 cm at 1.29 cm/sec the undulating shape of the

shear surface had ceased to exist. After the sample had been sheared for 222.9 cm the

rate of displacement was decreased suddenly to 0.15 cm/sec and the measured

strength decreased and stabilised at 17.0°. After 246.1 cm of cumulative shearing the

rate of displacement was increased suddenly to 1.40 cm/sec were it remained for

another 108.1 cm while the measured strength fluctuated between 28.3° and 31.2°.

The rate of displacement was decreased to 0.15 cm/sec just before the test was

terminated -after 440 cm of shearing- while the measured strength also decreased.

Test VI.16

G = 200 kPa



ADDend ix VI	 Description of Additional Tests on Plastic Soils	 360

test was terminated, the rate of displacement was varied from 0.08 cm/sec to 1.66

cm/sec in both directions but no further evidence on the behaviour of the sample were

observed.

Cowden till

Normally Consolidated. Submerged

Test VI.21

a = 100 kPa

4=38.6°

45.3°

(Figures VI.21.1-2)

The sample was sheared at 0.09 mm/mm, and the measured strength reached

its slow residual value of 38.6° after 131.1 mm of shearing while its height had

decreased by 0.45 mm. This part of the test was terminated 138.7 mm of shearing.

The rate of displacement was increased suddenly to 1.38 cm/sec and the

measured strength immediately reached its threshold value of 45.3°. While shearing at

1.38 cm/sec continued in the positive direction for the first 0.4 mm of this test, the

measured strength decreased to 43.2° and when the direction of shearing was

reversed the strength slightly increased to 43.9°. During the first 4.08 mm of this test

the sample had been sheared at rates of displacement which varied between 1.38

cm/sec and 1.64 cm/sec and the direction of shearing had been reversed six times.

However, the measured strength had stabilised within a range between 40.2° and

40.9°. Therefore, no significant effect of the reversal of shearing direction on the

measured strength was observed. After the sample had been sheared for 4.08 mm the

rate of displacement was gradually decreased from 1.64 cm/sec. to 0.53 cm/sec, and

to 0,13 cm/sec, in the positive direction, but the measured strength remained at 40.2°.

The direction of shearing was reversed from positive to negative at 0.13 cm/sec and

the strength increased gradually from 39.2° to 40.2°. Before the test was terminated,

the rate of displacement was varied from 0.078 cm/sec to 1.41 cm/sec and the

direction of shearing was reversed four more times. However, no additional

information on the behaviour of the sample was accumulated.
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4G SFEAR TEST DATA
1 3TA IC 0011D1 ltL *.wa OPVI) 	 Mi. (t3
CNE 5T% - IS s	 *i as--	 ,i.	 crtcISo

-. STS A1* - 010

I
0	 *0	 200 300 400 500 500 700 500 500 *00 1*0 *00 1500

AK *01 3?IS - SI S

... ..

C*	 TtS. 0LT - -0.4 i'un

T1.0 (rriin)	 CItE - 'd Csg,

Fig. VL3.1 First slow shearing test on normally consolidated, submerged,
Cowden till (100 kPa - 3 stage test)

RIJG S€AR TEST DATA
T* STAGE ftW C00DDi ILL IC (PVI) FIST (*.)
CC1VE ST25 - N kP	 DAIE 01-43-113	 1L	 3SCTIC.100
PEM STIS NA1* - 037

I	 S.-

0	 50	 *0	 *0	 200	 230	 300	 350	 400	 450	 500	 530	 IX

PEAK 901 5T25 - N Ia

A

25

0	 ....200	 400450	 500	 550	 SOC

1*.00Tv - 15.07 'i/,sc	 PEAK VTCAI. OL..4dT - —%5

:1

—

0	 50*0	 *0	 200	 250	 300	 350400	 450 • 500	 380	 SOC
D6LACEJCNT (cm)	 tIE! - rsn Cog.

Fig. VI.3.2 Fast shearing test on normally consolidated, submerged,
Cowden till (100 kPa - 3 stage test)
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4G SI{AR TEST DATA
90! LC 090-4 (0 k?u)
cc.vc r -	 DAItI Ds-Cl-t93	 flil 00090.90.0
PEMC 1TS M1V • We

0	 0	 400 We 900 700 900 We 00 Ito tOO 000 1400

PEAK CM 5T • to

0 tO 200 300 400 500 900 700 We 900 tOO ItO tOO 000 1400

PEAK	 - 0.1 p,r
4-'

-

0	 tO 200 300 400 500 900 700 900 900 tOO Ito tOO '.300 1400
ThE (mm)	 -	 d Gos

Fig. VI.7.1 Slow shearing test on over-consolidated, completely dry,
brown London clay (100 kPa - OCR= 4)

RPJG SFAR TEST DATA
90! 1.0 090-4 (tO kPi) ras (Pv)
OOvt S1 - 90 kPo	 DA1E 09-02-193	 PU:
PEAK S7!5 SAlt - 1.02

0900019 ..390	 500550

_PEAX lEAK ST5 - 10 1a

o	 eo	 to	 10	 200	 250	 300	 350	 400	 450	 500	 550

PEAK '.90.00?! - 9.14 .v./..c	 PEAK V90TC. .ACDOI? - 0.0 r.

0	 10	 10	 10	 200	 250	 300	 350	 400	 490	 500	 550
DS.ACE1.W 'p' - - 	 - -	 rcrr -

Fig. VL7.2 Fast shearing test on over-consolidated, completely dry,
brown London clay (100 kPa - OCR= 4)

a

I
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00! C090D4 ILL 000-2 20s IV22 	 ••

- 19	 DAIL 09-20-1093	 PU: 00CT0.200
- PEN 11 M110 • 014

I
0	 19	 200 300	 400	 900	 700	 100 1000 500 1000

PEN 1CM ST09 - 19 1

0	 19	 200 300 400 500 900 700	 900 1000 ¶100 1000

PEN Vl10*J	 AIT - -0.0 i'm

0	 ¶00	 200	 300	 400	 500	 900	 700	 900	 900	 1000	 ¶100	 1000

	

TIC (miri)	 CSU - rvw Cq

Fig. VI.12.I Slow shearing test on over-consolidated, completely dry,
Cowden till (200 kPa - OCR= 2)

00! CO19DI ILL 000-2 20010 PV22 FAST
10VE S7	 - 19 IuPa	 DA1L 09-21-193	 PU:	 00070S.20C

PEN E?	 1*110 •

I
0	 50	 100	 100	 200	 250	 200	 390	 400	 450	 500	 530

PEN 1CM SI50 - 233 I.

2oo-i
---	 _•.__-

0	 50	 100	 100
	

200	 250	 300	 350	 400	 450	 19	 550

	

T
PEM '.V..OaTY - 127 'm/Me

	
PEN V110*L JT - -0.5 i'm

-	 0	 30	 100	 100	 200	 250	 300	 360	 400	 450	 500	 550
D6PLAcaCWT (cm)	 -	 --

Fig. VI.12.2 Fast shearing test on over-consolidated, completely dry,
Cowden till (200 kPa - OCR= 2)
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S.0 O4 (tf.) Pvfl	 m.
________	 - N ls	 OA7t 05-27-553	 fl.L	 it.00.tO

CAK SI	 MilD - 0.75

o to 200 200 400 NO 500 700 500 NO too ito too too

P(MC SCAR 5TU5 - 74 e
75f\

i 0.
o	 to 200	 400 500 500 700 500 NO 800 ito tOO 1300

PEAk V7C'E.	 .AIT - 0.3

II ,IS00 ,. 7.O .. 5OO too ito 8001300
TP.0 (ri*i)	 — rp.rd Cg.

Fig. V1.19.1 Slow shearing test on over-consolidated. submerged, brown London
clay (100 kPa - reversed direction)

S.0 O4 (8Du) SV22 FAST 5.W
Yt 5T5S - IS IO	 OATE 06-25-1503	 FI.L	 RVS.00.tO

PEAk STPESS MIlD - 0.34

'I,

0	 1	 2	 3	 4	 5	 S	 7	 0	 S	 8	 II	 8	 13	 14	 8

—	 _PEMCSCARSTPEIS 54 Ia

_7

o " i	 ' H1	 8

PEAk VTtAI.	 - -t7 .....	 PEAk 80OTY -

0 ..I	 rL.__	 ?-.-.-

--	

I-	 1__

I,..... ..............
0	 1	 2	 3	 4	 5	 I	 7	 I	 5	 8	 II	 8	 13	 14	 8

TIE (rrn)	 EE - 14vrd Ccl.gs

Fig. %1.19.2 Fast shearing test on over-consolidated, submerged, brown London
clay (100 kPa - reversed direction)
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OCR= 2

4 = 20.3°

(Figure VI.16.1)

The sample was sheared at 1.40 cm/sec, and the measured strength reached

immediately its threshold value of 20.3°. Shearing at the same rate of displacement

continued for the first 173.3 cm of this test. The measured strength fluctuated

between 18.9° and 2 1.1° and the sample height curve indicated the existence of an

irregularly shaped shear surface which was fluctuating, at times, within a range of

0.25 mm. After the sample had been sheared for 173.3 cm, the rate of displacement

was decreased gradually from 1.40 cmlsec, to 0.86 cm/sec, to 0.16 cm/sec and to

0.046 cm/sec while the measured strength decreased from 18.9°, to 14.0°, to 13.5°,

and to 9.06°, respectively. Further shearing was associated with a sudden increase in

the rate of displacement to 1.40 cm/see, and an increase in measured strength which

fluctuated between 16.6° and 19.6°. During the last part of this test, the rate was

increased to 1.40 cm/sec and the measured sample strength stabilised between 18.07°

and 19.6°. The test was terminated after 420 cm of shearing.

Cowden till

Normally Consolidated. Submerged

Test YI.17

a = 100 kPa

4 = 34.2°

(Figures V1.17.1)

The rate of displacement was increased gradually from 0.158 cm/sec, to 1.0

cm/sec, and to 1.26 cm/sec were it remained for the first 178.9 cm of this test. The

measured strength reached the value of 25.2° but, while the rate of displacement

continued to be increased, the former also continued to increase until it reached the

value of 34.2°. Meanwhile, the sample height had decreased by 0.42 mm. As shearing

continued at 1.26 cm/sec the sample appeared to dilate and its measured strength to

decrease. After 73.0 cm of cumulative shearing, the measured strength had decreased

to 14.0° and the sample height had increased back to its initial level. Further shearing

at the same rate of displacement was associated with further decrease of the

measured strength which stabilised within a range between 8.35° and 14.0°. The rate
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Test VI.22

a = 200 kPa

4 rcsivaI 
38.00

ddimboId 435°

(Figures V1.22.1-2)

The sample which was sheared at 0.09 mm/mm, and the measured strength

reached its slow residual value of 38.0° after 55.1 mm of shearing. This part of the

test was terminated after 131.1 mm of shearing.

The rate of displacement was increased suddenly to 1.7 cm/sec and the

measured strength immediately reached its threshold value of 43.5°. Further shearing

at the same rate of displacement in the positive direction led to a decrease in the

measured strength to 3 5.3°. The direction of shearing was reversed after 0.23 mm of

testing, and the strength regained its previous value of 3 5.3° and fluctuated between

that and 38.0°. During the following 4.1 mm of this test the direction of shearing was

reversed three times while the measured strength fluctuated between 39.8° and 41.1°.

The reversal of the shearing direction appeared again to have no significant effect on

the measured sample strength. The rate of displacement was decreased gradually

from 1.7 cm/sec. to 0.15 cm/sec. and to 0.1 cm/sec after the sample had been sheared

for 3 mm but this also seemed to have no effect on the measured strength. While the

sample was being sheared at 0.1 cm/sec. the shearing direction was reversed once

more from positive to negative and the measured strength gradually returned to its

previous level. Before the test was terminated, the rate of displacement was changed

from 0.1 cm/sec to 1.7 cm/sec and the shearing direction was reversed three more

times. However, no additional evidence about the behaviour of the sample were

observed.
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G SlEAR TEST DATA
1I STAGE	 tC C00GDI TU (ms) PV1 OW
00VE !TS - N 1	 OA1E 0S-ø-S3	 FSL	 3uct,t1

-- MC !75 A1 - 070

0	 200	 300	 400	 500	 lOG	 700	 500	 500	 UO

.- ucm r - •

.

AK	 TtI.	 - -0.1 ,v

.200
ThE (,v*)	 -	 CCNgI

Fig. VI.3.3 Second slow shearing test on normally consolidated, submerged
Cowden till (100 kPa -3 stage test)

RPJG SlEAR TEST DATA
3 STAGE IC	 CDI ILL (PVI)	 .IAI. 20a

WVE STEN -	 DAlE.	 '-F.
-- PEAK STE50 A1C - 070

0	 0	 200 200 400 500 500 700 500 500	 O0 500 1200

M SCAR STEN - 177 a

50

0.
300400 .so7áo 500	 500200

Ak	 TCI. ULAIT - -0.1 IT'%
-	 --

200

ThE (w)	 tSc - Drid C.a.g.

Fig. VI.4.1 First slow shearing test on normally consolidated, submerged,
Cowden till ( 200 kPa -3 stage test)
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RING S'EAR TEST DATA
01Y S.0 0-2 (200 Iu) Wis. Gvfl)
CVVC IT - 11 1	 DA1T 01-02-113	 PiE:	 00002.01200

* ST M1 - @02

B0.75

VI

0	 0	 300	 200	 400	 500	 700	 500

SCAR ST	 - 175 o

—	 ]	 - -,-'---.--------.-- -----
	 -----.------

•

M 71AI. 0.AcD13IT - 0.0 u,ri

°i_I_\___

°t. . ' W'
TiC (mi)	 -

Fig. VI.S.1 Slow shearing test on over-consolidated, completely dry,
brown London clap' (200 kPa - OCR= 2)

RING SICAR TEST DATA

0! S.0 001-2 (200 1.) FAST V22)
CVt S750 - 11 kPs	 DAlE: 01-03-113	 PiE: 00002J00
PIAX S?50 RAIl • 101

B

o	 so	 10	 10	 200	 210	 300	 350	 400	 420	 500	 550

PEAR SCAR ST50 - 17 o

II 	 1•	 ___

0•
o	 so	 10	 10	 200	 250	 300	 350	 400	 450	 500	 550

PEAR 1.00TY - 154 l/iuc	 PENC VTCI. 0.AIT - - ,,,,i
Ii rn	 ,fl\\	 __

____________ ____ 

_2
0 
r -

0	 50	 10	 10	 200	 250	 300	 350	 400	 450	 500	 550
DPLACWT (cm)	 - prd CaIsqs

Fig. 'TI.8.2 Fast shearing test on over-consolidated, completely dry,
brown London clay (200 kPa - OCR= 2)
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IC KACLII 20s PV	 wJ.
00YE S?	 • - 1	 DA7t 0U-55— I3	 IlL	 KP.W.200
PE ST55 RAl2 • 0.44

o	 20 200 300 400 500 ISO 700 100	 200 120 200 1300 1400

PEAK SCAR 51IS - 17 I

0	 20 200 300 400 500 500 700 ISO 900 200 ItO 200 1300 1400

PEAK TCI4. ACDC4T - —01 ftTI

1

o	 to 200	 400 500 000 700 900 900 200 ItO 1300 1300 1400
T1.0 (mn)	 ESEE - rid Ca.

Fig. VI.13.1 Slow shearing test on normally consolidated, submerged,
kaolin (200 kPa)

IC KA.9I 2O. Pyl FAST
C1VE S55.	 kPu

	
DAtE. 05-23-253	 IlL	 KA3j01

PEAK ST RAl2 • 033
•1

0	 50	 0 290 250 300 300 400 450 500 550 900 950 700 750

PEAK 2CAR 57I5 - t14 1a
p	 .	 I

	

:	
.-

	

0-.	 .1...

U W SAl	 l LW 290 .JW J50 490 450 500 550 500 550 700 750

PEAK 't.0arv - iii. /..	 ptc vtr_,.	 - -is .

0	 30 20 20 200 250 300 350 400 450 500 550 900 150 700 750
DGPLACEk€NT (cm)	 - rr Cogs

Fig. VI.13.2 Fast shearing test on normally consolidated, submerged,
kaolin (200 kPa)
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--	 00 LC 02 200uP. PVU	 ML
CYE !T	 - 00 1s	 0A1E 05-25-1553	 FSL	 I.0005.200

RAtIO • 025

0	 00 200 300 400 500 500 700 500 500 000 1150 1500 000 1400

10 PI*15CAR575. 45

35

0 •..... ......
0 20 200	 400 500 IX 700 500 900 1500 1150 200 300 1400

AX	 TCM. 0T - -02 .,,ii

0	 150 200 300 400 500 500 700 900 000 OX tOO 200 1300 1400
ThE	 (SEE - 14d Cd.5.

Fig. VI.20.1 Slow shearing test on over-consolidated. submerged, brown London
clay (200 kPa - reversed direction)

225	 OC 15.0 OCR-2 200o PV22 FASt'
YE	 -	 OATE 05-30-1993	 FtE	 RV15.X200

M 5TS RA11O - 0.44

0	 1	 2	 3	 4	 5	 I	 7	 5	 S	 15	 11	 15	 13	 14	 15

PEM OCAR STPE99 - SO c

-

'°I T .75•155 013% 5

2.5 PEA4 VT0Al. 5A(T - -2.0 ii	 PEAK V0.O13TY - 2.24 am/

..,.
0	 1	 2	 3	 4	 5	 I	 75	 5	 15	 It	 15	 13	 14	 15

TIC (inn)	 ESa - %.Pid :a'.g.

Fig. VI.20.2 Fast shearing test on over-consolidated, submerged, brown London
clay (200 kPa - reversed direction)
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of displacement was decreased suddenly to 0.158 cm/sec for the next 20.1 cm of

shearing while the measured strength appeared to be steadily increasing from 8.3 50 to

14.0°. After the sample had been sheared for 199 cm, the rate of displacement was

increased suddenly to 1.26 cm/sec, and the measured strength fluctuated again

between 8.35° and 14.0°. The test was terminated after the sample had been sheared

for 425 cm. It should be mentioned that, throughout the duration of this test, the

shape of the sample height curve revealed the existence of an irregular shear surface,

and that was reflected on the measured strength.

Test VI.18

a = 200 kPa

+dr1 28.8°

(Figure VI. 18.1)

The same sample was sheared at 1.28 cm/sec, and the measured strength

reached immediately its threshold value of 28.8°. Continued shearing was associated

with an decrease in strength while the sample height curve indicated the development

of an undulating shear surface with a wave-length of 40 cm and an amplitude which

varied between 0.48 mm and 0.36 mm. After the sample had been sheared for 35.3

cm the measured strength had decreased to 19.4°. As shearing at 1.28 cm/sec

continued, the measured strength fluctuated between 20.9° and 25.8° before it began

to decrease. After the sample had been sheared for 229.4 cm the amplitude of the

undulating shear surface increased to 0.57 mm and the measured strength decreased

even further to stabilise within a range between 7.24° and 10.04°. The rate of

displacement was decreased from 1.4 cm/sec to 0.138 cm/sec and then increased to

1.28 cm/sec before the test was terminated at 390 cm of cumulative shear

displacement. However, no effect on the measured sample strength was observed.

Reversible Direction Tests:

Brown London clay

Overconsolidated. Submerged

Test VLI9

100 kPa
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Rt40 SlEAR TEST DATA
5TA	 UC 04 (Vcu	 U*I. v22)I

CaVC 3T	 - 50	 DA1T 05-05-155	 FSL	 *C0.10
m ST	 SAuD • 0.77

0	 250	 500	 750	 100	 100	 100	 1750	 2000 2250 2500

m acm it -

.........................	 .	 .....—	 250	 500	 750	 100	 100	 100	 1750	 2000	 2250	 2500

..	 i.IT - 04 i,r

250	 750	 100	 1250	 100	 .¶750	 2000	 2250	 2000
TV. (,a)	 -	 d Cc1..

Fig. VI.1.I First slow shearing test on over-consolidated, submerged, brown
London clay (100 kPa -3 stage test)

RPIG SIEAR TEST DATA
3 3TA a.Wo I.e (0-4) S 12'Pi (Pv22) FAST
001vt 57S5 - 50	 DANE 05-07-153	 PSL	 3&C0CF.1
PEAK ST!5 NATI - 0.31

0	 50	 10	 10	 200	 250	 300	 350	 400	 450	 550	 500	 550

PEN SCAR S750 - 50 o
50-

/	 —

25 
\_P\f.%t'\I\'

A.I
0	 50	 10	 120	 200 250	 400 450	 550 500	 550

I
PEAK 10aTY - 174 /uuc	 PEAK TCAI.	 - -U in

11:1

200
D6Pi.AcEICAIT (cm) 	 -	 c.q.

Fig. VLI.2 Fast shearing test on over-consolidated, submerged, brown London
clay (100 kPa - 3 stage test)
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4G SI{AR TEST DATA
3 STA	 C4 iLl. IC	 (tVt) FT

YC !T20 -	 DAit OS-i4-13
	

3SC201
PCM ST RW00 •

25	 30	 75

Ak CM 5T30 - 221 .
6%

t%
.4'

;;;	 oI

I

175	 225	 250	 275

	

25	 30	 75	 W	 0	 175	 225	 250	 275

	

PCAIC vc.oarv - 1.17 n/uc	 Pi*x	 0.Afl - -as ,Ivn

I
9	 25	 50	 75	 W	 0	 175	 200	 225	 250	 275

DPLAD.CNT (cm)	 csa - rpurid Ccq

Fig. VL4.2 Fast shearing test on normally consolidated, submerged,
Cowden till ( 200 kPa -3 stage test)

RPIG SHEAR TEST DATA
3 STA	 00W0D1 it,. IC 200f. IV1
CC&FWVZ 5T50 -	 DA1E 0I-5-S3	 FLE	 3.d,2.201
PENC 5T30 A1 • 031

0.75-

a....

PCMC SCAR 5T30 -

. .	 ...........
EP3AX	 TCP.	 - -0.1 "Tn

0.0k.

-0.005-

-°:	 -

-0.075	 S	 .

0	 0	 200	 300	 400	 II	 700	 300	 300	 00	 500
TLE fmr	 ESLE - Wi Colic,

Fig. VI.4.3 Second slow shearing test on normally consolidated, submerged,
Cowden till ( 200 kPa -3 stage test)
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4G SEAR TEST DATA
	V C	 iLL IC TO Cs Vfl)

CVE ST	 - - .	 7f 0S—W3	 FIL	 00CTILCO
AK $13 RA1 - 10$

-

I o	 o	 200	 300	 400	 300	 lCD	 700	 500	 500	 CO

	

PtMC €A !T	 - 3 liPs

xo	 400	 ...

	

flCA1.	 Afl - —0.5

TIE (rvin)	 - iv'wi Cue1.

Fig. VL9.1 Slow shearing test on normally consolidated, completely dry,
Cowden till (100 kPa)

RNG SiCAR TEST DATA
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PCAX 1T M00 - Ill

I
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n	 30-

J
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2 .Cm	 -	 AK VTC.	 -

____
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OF- __
—II

0 25 30 75 50 55 50 115 200 225	 '25
DPLAcDENT (cm)	 sa - rv. Calloe

Fig. VI.9.2 Fast shearing test on normally consolidated, completely dry,
Cowden till (100 kPa)
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1	 icAapi C2 200Is Pvi	 JAL

CVt S15 - 15 liPs	 DAlE. 00-22-153	 P%L KAO.000200
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Fig. VI.14.I Slow shearing test on over-consolidated, submerged,
kaolin (200 kPa-0CR2)
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Fig. V1.14.2 Fast shearing test on over-consolidated, submerged,
kaolin (200 kPa-OCR=2)
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Fig. VL21.1 Slow shearing test on normally consolidated, submerged, Cowden till
(100 kPa - reversed direction)
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Fig. VI.21.2 Fast shearing test on normally consolidated, submerged, Cowden till
(100 kPa - reversed direction)
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OCR= 4

•miduhl 
10.40

•thTCuhoid= 28.9°

(Figures VI. 19.1-2)

The sample was sheared at 0.09 mm/mm, and the measured strength reached

its slow peak value of 36.9° after 2.25 mm of shearing while its height increased

0.045 mm. After the sample had been sheared for 100.7 mm, its height had increased

by 0.31 mm, and its measured strength had reached its slow residual value of 10.4°.

This part of the test was terminated after 123.5 mm of shearing.

The rate of displacement was increased suddenly to 1.74 cm/sec and the

measured strength reached immediately its threshold value of 28.4°. After 0.28 mm of

shearing at the same rate of displacement, in the positive (clockwise) direction, the

measured sample strength had decreased to 20.3°. At that point the direction of

shearing was reversed for the first time while the rate of displacement was kept

constant. The measured strength, upon reversing the direction of shearing, increased

slightly to 22.6° but dropped back to 20.3° just before the direction of shearing was

reversed again. The direction of shearing was reversed from negative

(anti-clockwise) to positive after 0.67 mm of shearing, and the measured strength

increased again from 20.3° to 22.6°. The direction and rate of shearing were kept

constant for a further 1.66 mm while the measured sample strength fluctuated

between 24.4° and 17.2°. After 2.33 mm of cumulative shearing at 1.74 cm/sec the

direction of shearing was once more reversed and the measured sample strength

increased from 17.2° in the positive direction to 20.9° in the negative. The sample was

sheared in the negative direction, at 1.74 cm/sec, for 1.5 mm while its strength varied

between 22.0° and 16.9°. The direction of shearing was reversed again from negative

to positive after 3.83 mm of shearing and the measured strength increased from 16.9°

to 20.8°. Further shearing in the positive direction at 1.74 cm/sec had no significant

effect on the measured strength which stabilised within a range between 20.8° and

22.6°. The rate of displacement was decreased gradually, in the positive direction,

from 1.74 cm/sec. to 0.63 cm/sec and to 0.14 cm/sec while the measured sample

strength also decreased and stabilised at 15.5°. Reversing the direction of shearing

from positive to negative at 0.20 cm/sec was associated with a gradual decrease of

the measured strength from 15.2°, immediately after the reversal of direction, to 10.4°

when the direction was reversed again to positive. Further shearing at rates of
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First slow shearing test on over-consolidated, submerged, brown
London clay ( 200 kPa -3 stage test)
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RING SHEAR TEST DATA
£GDO	 STAGE CF	 UC (0-4)

dC !T	 -	 OATE 01-07-153	 F%L	 15C0.10O
__.4kS1RA1. 0.30

0 10 100 300 400 500 500 700 000 mc OX 110 100 1300 1400

— 30 Ax1cms,10- 10 Is:1.
10 100 300 400 500	 700 500 500 100 110 100 000 1400

AX	 1ICAL	 AIT - -0.1 nm

.

0	 10	 200 300 400 500 500	 700	 500	 500 1000 1100 1300 1300 1400

	

TI( (mirl)	 - P00r Calug.

Fig. VI.1.3 Second slow shearing test on over-consolidated, submerged, brown
London clay (100 kPa - 3 stage test)
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Fig. VI.2.1
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1G SEAR TEST DATA
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Fig. VI.5. 1 Slow shearing test on normally consolidated, completely dry,
brown London clay (100 kPa)
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Fig. VLS.2 Fast shearing test on normally consolidated, completely dry,
brown London clay (100 kPa)
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Fig. VI.I0.1 Slow shearing test on normally consolidated, completely dry,
Cowden till ( 200 kPa)

PC 005001 ILL. Pv 2Os FA5T
- CO ira	 0A1E 05-17-003	 FLE	 OOCnOI.200

- AX ST50 M00 - 010

P

I
0	 50	 CO	 CO	 200	 250

PEAIC CCR ST50 - 175 ira

0	 50	 CO	 CO	 200	 250	 -	 350	 400	 450

	

CISPLANT (cm)	 ris Ccs

Fig. VI.10.2 Fast shearing test on normally consolidated, completely dry,
Cowden till ( 200 kPa)



-'I

:1
9

-I

ii
9

Anoendix VI	 Description of Additional Tests on Plastic Soils	 378

WTT #0 O4 25. PV1 PAST
51 - N 1	 DA1 08-30-253	 PSL PJTWCVO

MC ST5 MIlD • U?

0 35 50 75 20 28 #0 175 350 225 250 275 300 325 350 375 400 425

PEAK #CAS 51	 - II .
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Fig. VI.15.I Fast shearing test on "intact", over-consolidated, submerged,
brown London clay (100 kPa - OCR 4)
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Fig. VI.16.1 Fast shearing test on "intact", over-consolidated, submerged,
brown London clay (200 kPa - OCR= 2)
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Fig. VI.22.1 Slow shearing test on normally consolidated, submerged, Cowden till
(200 kPa - reversed direction)
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Fig. VI.22.2 Fast shearing test on normally consolidated, submerged, Cowden till
(200 kPa - reversed direction)
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7.2 Recommendations for Future Research

The future research on this subject should concentrate on the immediate response

of soils upon the application of fast shearing. The threshold strength and the

post-threshold strength decrease must be investigated further, and their importance in

engineering practice must be assessed. With this in mind, the confining rings could be

further modified in order to eliminate soil loss and to allow volume change

measurements. In addition, the testing procedure should involve a gradual, uninterrupted

increase in the rate of displacement from the drained to the fast values. This investigation

has shown that the shear displacement associated with each fast shearing stage does not

need to exceed 120 cm, and that particular attention should be concentrated on rates of

displacement from 0 to 2.0 cm/sec, since any further increase does not appear to have

any significant effect on soil strength. Pore pressure and side friction measurements are

essential to understand fully the behaviour of soils during fast shearing, and the

instrumentation necessary to achieve these measurement must be considered. In relation

to further modifications of the ICING! ring shear apparatus, it is believed that an

automatically controlled motor which would enable a broad, uninterrupted variation of

the rate of displacement is required.
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iC 9€AR TEST DATA
l LC50 Q.AY-00 10 2XQ.3-SW-IMI. (V2

-. 11 - - Wu	 1t 50-5-*U3	 PtL U0050200
- NM $T 1*10- 0.30
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It	 .. ________
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......T5i (rrèi)	 -	 -

Fig. IV..9.1 Slow shearing test on normally consolidated, submerged brown
London clay (200 kPa)
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Fig. IV.9.2 Fast shearing test on normally consolidated, submerged brown
London clay (200 kPa)
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JG S€AR TEST DATA
$iY N.Y-IC 70	 s-.-W4. (v2)
C	 - N u	 DI1L 00-25-S3	 fl.L	 C0
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I-	 - ---.-- -
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2000400500 ..
T1 (n*i)	 -

Fig. V.17.1 Slow shearing test on normally consolidated, submerged
artificial sandy-silt (100 kPa)

RIG SI.EAR TEST DATA
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Fig. V.17.2 Fast shearing test on normally consolidated, submerged
artificial sandy-silt (100 kPa)
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RuG S1CAR TEST DATA
LIV	 Y 5*10 (tust 1-200) OLD 15105

5555 S15 - 55 s	 DA1t 13-V-8S2	 lL P13.200
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A______________________________
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Fig. V.23.1 Fast shearing test on normally consolidated, dry
medium-coarse sand ( 200 kPa)
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Fast shearing test on normally consolidated, wet, non-submerged
medium-coarse sand (50 kPa)
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and stabilised at 1.25 cm/sec after 38.9 cm- the strength of the sample dropped to

17.90 after 38.9 cm and stabilised at 19.00 until the rate of displacement was

decreased after 149.5 cm. Between 149.5 cm and 180.6 cm of cumulative shear

displacement the rate of displacement was decreased gradually from 1.25 cm/sec to

0.125 cm/sec. The measured strength began to decrease only after the rate of

displacement had dropped below 1.04 cm/sec and exhibited positive rate

characteristics. At 0.58 cm/sec the measured strength was 17.2°, at 0.46 cm/sec it

was 16.4° and at 0.125 cm/sec it was 14.10. The rate of displacement was suddenly

increased back to 1.25 cm/sec were it remained for the following 102.3 cm of

shearing and the strength of the sample stabilised within a range between 19.6° and

20.8°. After 291.8 cm of cumulative shearing the rate of displacement was decreased

gradually. At 0.46 cm/sec the measured strength was 17.2° and at 0.125 cm/sec it was

14.7°. Therefore, it appeared that the shear displacement had no effect on the

measured strength. After 305.3 cm of shearing the rate of displacement was increased

suddenly to 1.75 cm/sec and the measured strength increased to 20.9°. Further

shearing was associated with a sudden increase of the rate of displacement to 8.44

cm/sec and an increase in strength to 25.2°. When the rate of displacement was

decreased back to 1.75 cm/sec the strength dropped to 21.2°. The following gradual

increase in the rate of displacement from 1.74 cm/sec to 7.92 cm/sec within 85.2 cm

of shearing indicated that strength of the sample continued to increase with the rate

of displacement. At 3.54 cm/sec the measured strength was 23.1°, at 5.42 cm/sec it

was 24.5° and at 7,92 cm/sec it was 26.1°. The rate of displacement was decreased

back to 1.75 cm/sec and the strength of the sample dropped to 2 1.2°. This fast

shearing part of the test was terminated after the sample had been sheared for 600 cm

and throughout its duration no evidence of an undulating shear surface were

apparent.

Subsequently, the rate of displacement was decreased to 0.09 mm/sec for the

third part of this test. After 20.9 cm of shearing at the same rate of displacement the

measured strength had decreased to 11.0°, its slow residual value, where it remained

until the test was terminated after a displacement of 138.7 cm.
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42.10

e,hoId 447°

(Figures VI.7. 1-2)

The same sample which was sheared in the previously described tests was

consolidated to 400 kPa, unloaded to 100 kPa, and sheared at 0.09 mm/mm. The

measured strength reached its slow peak value of 45.0° while the sample height

appeared to be increasing as the overconsolidated structure relaxed. The measured

strength reached its slow residual value of 42.1° after 76 mm of shearing, while the

sample height increased by 0.055 mm. This slow shearing part of the test was

terminated after 140.6 mm of shearing.

The rate of displacement was suddenly increased to 1.36 cm/sec and the

measured strength reached immediately its threshold value of 44.7°. Shearing at the

same rate of displacement continued while the sample appeared to dilate and then to

contract leading to an increase in strength to 45.6° after 23.2 cm. Further shearing led

to a decrease in strength which, after the sample had been sheared for 29.4 cm,

stabilised within a range between 3 8.8° and 42.10. The range of the variation of the

measured strength may have been influenced by internal ring friction which could not

be accounted for. The rate of displacement was changed from 1.36 cm/sec, to 0.16

cm/sec, to 2.03 cm/sec, to 8.08 cm/sec. to 9.14 cm/sec and to 3.69 cm/sec before the

test was terminated, but no effect on the measured strength was observed.

Test VLS

a0= 200 kPa

OCR= 2

A	 —415°'('rriduaI

•thr'cs 41.9°

(Figures VI.8. 1-2)

The sample reached its residual state after 47.5 mm of shearing while its

measured strength stabilised at 41.50. This part of the test was terminated after the

sample had been sheared for 87.4 mm.

The rate of displacement was suddenly increased to 1.15 cm/sec and the

measured strength reached its threshold value of 41.9° at zero associated

displacement. Further shearing at the same rate of displacement led to an increase in

measured strength which reached the value of 45.3° after 70 cm of displacement.
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Fig. 6.3.43 Rate dependent characteristics of normally consolidated, submerged,
Cowden till (3-stage test, IOOkPa)

Rate of Displacement (em/see)

Fig. 6.3.44 Rate dependent characteristics of normally consolidated, submerged,
Cowden till (3-stage test, 200 kPa)
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displacement was changed gradually and its strength responded immediately to any

sudden changes in the rate of displacement.

TEST IV.5

a= 50 kPa

12.3°

28.6°

(Figures IV.5. 1-2)

Another test on a different identical sample of the same soil was conducted in

order to investigate, using the thin section technique, the differences between the

shear zones of the sample tested under 50 kPa normal stress and the sample tested

under 400 kPa normal stress. The soil was sheared at 0.09 mm/mm and after a

displacement of 0.78 mm it reached its slow peak strength of 24.2°. Continued

shearing led to a decrease of the shear strength of the sample while its height

decreased due to particle orientation and some soil loss. After 5.18 mm of shearing

the sample height had reached its lowest point 0.143 mm below its level at the end of

the consolidation stage while the measured strength continued to decrease. After a

shear displacement of 19.3 mm the strength reached its slow residual value of 12.3°,

while the sample height curve exhibited an upward movement. Further shearing led to

continuing increase of the measured strength accompanied with an upward movement

of the sample height curve. After 90.3 mm of shear displacement the measured

strength had increased to 27.5° and the sample height curve had increased 0.029 mm

above its level at the point where the sample had reached its residual state. One could

argue that the increase in measured strength might have been due to friction caused

by the contamination of the rings, however, the sample height curve suggests the

formation of a non-planar (possibly undulating) shear surface which might have

caused that increase.

Subsequently, the rate of displacement was increased to 0.05 5 cm/mm for the

next 3.19 cm of displacement, and the strength increased and remained constant at

16.7°. The rate of displacement was increased further to 1.33 cm/sec in the next 15.7

cm of shearing and the strength of the sample also increased to its fast peak value of

28.6° without reaching a threshold value but rather exhibiting a positive rate

response. Similar behaviour was also observed in the previous sample when it was

tested under the same conditions. Continued shearing led to the formation of an
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residual value of 49.5° after 155.8 mm of shearing. This part of the test was

terminated after 161.5 cm of shearing.

The rate of displacement was increased suddenly to 1.29 cm/sec and the

measured strength reached immediately its threshold value of 53.8°. Further shearing

led to a decrease in strength which had dropped to 49.4° after a displacement of 45

cm. While shearing continued at the same rate of displacement, the strength of the

sample stabilised at 45.0° except for the periodic spike-like increases measured by the

load cells which should be attributed mainly to friction developed within the rings.

The consistency of the magnitude, shape, and periodic re-appearance of these

increases in the measured strength, while no evidence of an undulating shear surface

were observed from the sample height curve, can only mean that they were due to

internal ring friction. The rate of displacement was varied from 1.29 cm/see, to 0.97

cm/see, to 0.15 cm/sec and then back to 1.29 cm/sec but no effect on the measured

strength was observed. The same was the case for the second stage of this fast

shearing part of the test where the rate of displacement was varied between 1.76

cm/sec, 8.49 cm/sec and 10.0 cm/sec, gradually and suddenly, until the test was

terminated after 660 cm of cumulative shearing.

Test V.9

a = 100 kPa

OCR= 4

A	 -A62°

47.2°

(Figures V.9.1-2)

The sample was sheared at 0.09 mm/mm and the measured strength reached

its slow peak value of 50.9° after 1.9 mm while the sample height increased by 0.05.

Further shearing led to an additional increase in sample height and the measured

strength reached its slow residual value of 45.8° after 95 mm. This part of the test

was terminated after 108.3 mm of shearing.

The rate of displacement was increased suddenly to 0.61 cm/sec and the

measured strength reached immediately its threshold value of 47.2° before it dropped

to 42.3°. While the rate of displacement continued to be increased until it reached

1.43 cmlsec, the measured strength continued to decrease until it stabilised at a range

between 38.7° and 40.4°. The rate of displacement was varied from 1.43 cm/sec to
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before the test was terminated. On the second cycle one could observe that, while the

rate of displacement was being decreased gradually from 1.70 cm/sec to 0.11 cm/see,

the measured strength of the sample remained constant at 20.6° for rates ranging from

1.70 cm/sec to 0.70 cm/sec. On the fourth cycle one could again observe that, while

the rate of displacement was being increased gradually from 0.11 cm/sec to 1.70

cm/sec. the measured strength remained constant for rates higher than 0.70 cm/sec.

Positive rate characteristics were observed in this test, specially upon decreasing the

rate of displacement. The sample height and the stress ratio curves indicated the

existence of a planar (or non-undulating) shear surface.

Overconsolidated. Submersed

This sample was put together and tested in order to compare the response of

the overconsolidated structure during fast shearing. The soil was remoulded to a

water content around its plastic limit, consolidated under 400 kPa normal stress and

then unloaded to 100 kPa.

TEST IV.IO

;= 100 kPa

OCR= 4

•recidual 15.5°

4 = 36.9°

(Figures IV. 10.1-2)

The sample was sheared at 0.09 mm/mm and reached its slow peak strength

of 24.2° after 1.3 mm of shearing. At that point the sample height had increased by

0.011 mm, apparently due to the overconsolidated structure's relaxation upon

shearing. Further shearing at the same rate of displacement led to an additional

increase in sample height while the strength of the sample decreased towards its slow

residual value. After 49.7 mm of shearing and 0.218 mm of increase in sample height

the sample had reached its slow residual strength of 15.5°.

The rate of displacement was increased suddenly to 1.76 cm/sec and the

strength reached its threshold value of 16.9°. Further shearing at the same rate of

displacement led to a dramatic decrease in measured strength below its slow residual

value, after a shear displacement of 19.6 cm, while the sample height increased to

0.25 mm above its level at the end of the slow shearing part of this test. Continued
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The sample appeared to be dilating as shearing at 0.09 mm/mm commenced.

After 1.9 mm of shearing the sample height had increased by 0.088 mm and the

measured strength had reached its slow peak value of 52.2°. Further shearing led to a

decrease in the measured strength while the sample height increased by an additional

0.0 19 mm. The sample reached its slow residual strength of 46.3°, and this part of the

test was terminated after 97.9 mm of shearing.

The rate of displacement was increased suddenly to 1.72 cm/sec and the

measured sample strength reached its threshold value of 50.2° at zero associated

displacement. Further shearing at the same rate of displacement led to a decrease in

strength while the sample height increased by 0.102 mm. After 9.4 cm of shearing the

measured strength had dropped to 46.3° and the sample height had began to decrease

due to soil being loss. While shearing continued at 1.72 cm/sec the strength of the

sample decreased and after 69.0 cm of cumulative displacement it stabilised within a

range between 42.0° and 45.0°. Any further change of the rate of displacement,

sudden or gradual, from 0.107 cm/sec to 1.72 cm/sec had no effect on the strength of

the sample. The test was terminated after 480 cm of shearing.

Normally Consolidated. Submerged

Test V.16

a = 50 kPa

A	 —477°'Yrnjdu.I

4 = 54.8°

(Figures V.16.1-2)

The behaviour of this sample upon shearing at the drained rate of

displacement was similar to the behaviour of the non-submerged sample under the

same normal stress. The sample contracted initially and, after 0.9 mm of shearing, its

height had decreased by 0.047 mm. Further shearing led to an increase in sample

height by 0.42 mm while measured strength reached its slow peak value of 52.0°. The

strength reached its slow residual value of 47.7° after 84.5 mm of shearing while the

sample height increased by a further 0.025 mm. This part of the test was terminated

after 129.2 mm of shearing.

The rate of displacement was increased suddenly to 1.69 cm/sec and the

measured strength reached immediately its threshold value of 54.8°. However, as
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was decreased gradually to 0.125 cm/sec during the final 52.3 cm of shearing of this

test. The measured strength of the sample did not change when the rate of

displacement was decreased from 1.70 cm/sec to 0.729 cm/sec.

Test IV.14

a = 100 kPa

•miduiJ 3 1.4°

4'th—Id=

(Figures IV. 14.1-2)

The sample was sheared at 0.09 mm/mm and reached its slow peak strength

of 32.1° after 0.98 mm of shear displacement, at which point its height had decreased

by 0.01 mm. The measured strength decreased with further shearing until it reached

its slow residual value of 31.4° after 46.2 mm of shear displacement, at which point

the sample height had decreased by an additional 0.091 mm. It appeared from the

shape of the stress ratio/displacement curve that the majority of particles within the

shear zone of the sample had already been oriented during the shearing stages under

the lower normal stress of 50 kPa. The slow shearing part of this test was terminated

after 112.1 mm of shear displacement.

The rate of displacement was increased to 0.09 cm/sec for the first 10.7 cm of

shearing at this fast shearing part of the test and the measured sample strength

increased to 37.7° at zero associated displacement were it remained until the rate of

displacement was further increased. After the first 10.7 cm of shearing at 0.09

cm/sec. the rate of displacement was increased to 1.68 cm/sec were it was remained

for the following 111.6 cm of shearing. The measured strength also increased with

the rate of displacement and varied between 41.3° and 44.1°. The sample height curve

appeared to be undulating with an amplitude of 0.11 mm during the first two

rotations of the sample. However, after a cumulative displacement of 82.5 cm the

undulating shape of the shear zone flattened-out. After 122.3 cm of shearing, the rate

of displacement was decreased to 0.09 cm/sec and the measured strength dropped to

40.6°. In the following 49.4 cm of shearing the rate of displacement was increased

and decreased gradually from 0.09 cm/sec to 1.64 cm/sec and back in order to

investigate the viscous characteristics of the sample. While the rate was being

increased gradually, the measured strength of the sample jumped to 41.6°. This was

not the case upon decreasing the rate of displacement where the measured sample



Appendix V	 Description of Tests on Non-l'lastic Soils	 315

displacement. As it was expected, the sample exhibited a substantial amount of

dilation upon shearing and its height had increased by 1.43 mm after 5.7 cm of

displacement while the measured strength decreased to 36.2°. The rate of

displacement was increased gradually to 1.47 cm/sec and then decreased to 0.21

cm/sec but no effect on the strength of the sample was observed. The test was

terminated after 169.5 cm of shearing at which point the sample height had decreased

by 0.17 mm because of particle crushing since no sample loss was experienced.

Test V.22

100 kPa

•lbrcsbold= 25.2°

A	 — 252°'VjduI

(Figure V.22.1)

The sample was sheared at 0.072 cm/sec for the first 30.8 cm of this test. The

measured strength reached immediately a threshold value of 25.2°. However, further

shearing did not lead to a decrease in measured strength even though the sample

appeared to be dilating as its height increased by 0.1 mm. The measured strength was

not affected by any change in the rate of displacement which was increased gradually

to 1.54 cm/sec after 75.5 cm of shearing and was decreased, in the same manner, to

0.225 cm/sec after 155.3 cm of shearing. At the end of the test the sample height had

decreased by 0.06 mm because of further particle crushing.

Test V.23

o = 200 kPa

4thirecbuId= 26.1°

4 = 26.1°

(Figure V.23.1)

The sample was sheared at 0.07 cm/sec for the first 30.4 cm of this test and

its measured strength reached a threshold value of 26.1° at zero associated

displacement while its height increased by 0.12 mm. Continued shearing was

associated with a decrease in sample height due to particle crushing which, at the end

of the test, after the sample had been sheared for 161.2 cm, dropped to 0.24 mm

below its initial level. The rate of displacement was gradually increased to 1.58
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shearing part. It appeared from the shape of the sample height curve that an

undulating shear zone had been formed with an initial amplitude of 1.88 mm which,

with further shearing, decreased to 0.65 mm. The rate of displacement was gradually

decreased to 0.28 cm/sec after 156.3 cm of shearing but this did not seam to affect

the strength of the sample which was fluctuating between 9.02° and 16.8°. After

198.2 cm of shearing, the rate of displacement was suddenly increased to 1.87 cm/sec

and the strength increased immediately to 14.8° before it dropped to 7.2°. The rate of

displacement was increased and decreased gradually or instantly to levels which

ranged between 1.9 cm/sec and 9.78 cm/sec until the test was terminated. During the

second stage of this fast shearing part of the test the strength of the sample fluctuated

between 4.04° and 7.2° while the amplitude of the undulating shear surface continued

to decrease. Any change of the rate of displacement during the second stage of this

testing procedure had no significant effect on the fast residual strength of the sample.

Test IV.19

;= 200 kPa

1	 -1°

•Ihn.sbold 40.4°

(Figures IV. 19.1-2)

The sample was sheared at 0.09 mm/mm and reached its residual state after

89.3 mm at which point the sample height had decreased by 0.3 mm. This decrease in

sample height should be attributed to both soil loss and particle reorientation.

However, if one assumes that the rate at which the soil was being lost through the

gap of the ring was constant, one could argue that the major cause of this 0.3 mm of

decrease in sample height is particle reorientation, since only an additional 0.02 mm

decrease in sample height was recorded after the particle reorientation had ceased and

before the slow shearing part of this test was terminated at 142.5 mm.

The rate of displacement was suddenly increased to 1.25 cm/sec and the

measured strength reached its threshold value of 40.4° at zero associated

displacement. Further shearing led to a continuous decrease in measured strength

while the sample appeared to be dilating. After 20 cm of shearing at 1.25 cm/sec, the

sample height had increased by 0.175 mm above its level at the end of the slow

shearing part of this test and the measured sample strength had already dropped to its

slow residual value of 31.4°. Furthermore, after 40 cm of shearing at the same rate of
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G SEAR TEST DATA
-- IJCA-c TO 20r.T-WMI. (v2)
00WWVE 51 - IS	 DA1! 03-CS-ISO	 FIL	 JO2O0
PEAK ST	 PAll - 130

0 50 200 300 400 500 000 700 500 laO 500 1130 1300 1300 1100 500

PEAK SCM !T25 - 235

200 300400 500 500 700 500 000 IX 10 1300 1300 1100 100

PEAK TC*	 .AClT - 0.1 i,vn

F-

Ji
0 50 300 300 400 500 100 700 500 500 500 1100 1300 1300 1100 500

N	 T11( (mm)	 - rwa Caqs

Fig. V.3.1	 Slow shearing test on normally consolidated, non-submerged
pure silica (200 kPa)
RING S€AR TEST DATA

SLIA-4C TO 200.-M037-rAsT (V2)
XIPWVt ST - IS kPU	 BAit 03-v-iso	 ftE	 l4JC$.200
PEAK STPE25 PAII - 130

0	 25	 50	 75	 130	 135	 50	 175	 200	 335	 250	 275	 300	 325

PEN SCAR STE51 - 255 .

01
0 25 50 75 10

_	 2-	
'.l.0131Y - 155 a11/..c

II
135	 50	 115	 225 -- 275

PEN V1tA. .A4T - -0.7

0	 25	 50	 75	 130	 135	 50	 115	 200	 225	 250	 275	 300	 325
D5PLACEI€NT (cm)	 -	 ,

Fig. %'.3.2	 Fast shearing test on normally consolidated, non-submerged
pure silica ( 200 kPa)
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of the sample had decreased to 10.50 after 62 cm of shearing and fluctuated between

730 and 10.5° before the rate of displacement was suddenly decreased to 0.06

cm/sec. It is important to note at this point that the measured sample strength

appeared to be increasing from 7•30 to 11.3° while the sample was being sheared at

0.06 cm/sec as it was the case for all the slow stages of this fast shearing part of the

test. Between 220.4 cm and 232.1 cm of cumulative shear displacement the sample

was sheared at 0.08 cm/sec and its fast residual strength again increased from 9.5° to

12.7°, and between 256.3 cm and 271.4 cm it increased from 12.7° to 15.4°. It was

suggested at that point that these increases in the measured fast residual strength of

the sample may be attributed to pore pressure dissipation. The rate of displacement

was increased and decreased gradually from 0.06 cm/sec to 1.71 cm/sec, but these

changes clear effect on the measured strength. The test was terminated after 300 cm

of shearing at which point the sample height had decreased by 1.8 mm. This decrease

in sample height should be attributed to soil loss.
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'4G SEAR TEST DATA
R CA-C11.I (5-12WD-	 (VU

VE !T	 - 50 I.	 Wil! 03-11-1253	 FIL	 iL0C50
-- PC* r	 RAil - t47

o	 200	 400	 IX	 500	 1200	 1200	 1400	 1200

P14K ICAR SiPEIS - 73 I.

20

0..
o	 200	 400	 500	 100	 1200	 1200	 1400	 100

PEAK %'UTCAI. 0LA4? - 03 iv,,.
.- ni	 -fl-	 -

.....

0	 200	 400	 500	 500	 1200	 1200	 1400	 100
ThE (mfri)	 (SEE - 4'isd Ccl.qu

Fig. V.8.1

	

	 Slow shearing test on over-consolidated, submerged
pure silica (50 kPa - OCR= 8)

RPJG S€AR TEST DATA
.P1 JCA-C-e (5 o)-*.WD-cAsT (Vi)

00YE STSE51 - 50 kPa	 DA1t 03-12-1253	 ?IL	 M.00g.50
PEAK ST	 RAil - t47

401 JcA	 :

0	 50	 120	 10	 200	 250	 300	 350	 400	 450	 500	 550 500	 550

PEAK lEAR STPESS - 73 1a

I
PE* C.0a1y - 12.51 an/s.c	 PEAK VTCAL 0LACOCJT - -03 vvvn

I	 ,fJ
m

__; Li	 Af4'	 _____ -

%..J

0	 50	 120	 120	 200 250	 300	 350	 400	 450	 550 500	 650
D6PLA.CNT (cm)	 - rpr Cg.

Fig. V.8.2

	

	 Fast shearing test on over-consolidated, submerged
pure silica ( 50 kPa - OCR 8)



CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

7.1	 Conclusions

7.1.1 The Apparatus

The ring shear apparatus is the only device which can produce large

unidirectional shear displacements and estimate the residual strength of soils by

uninterrupted shearing. Because of its ability to produce large shear displacements at

varying rates of displacement, this apparatus has been widely used to investigate the

behaviour of soils under fast shearing. However, the loss of soil through the gap of the

confining rings of the apparatus limits the duration for which high rates of displacement

can be sustained, and thus inevitably affects the experimental results. To minimise the

loss of soil, and thus prolong the duration of fast shear testing, a new set of confining

rings was designed and manufactured.

The new confining rings were evaluated for their efficiency in minimising the soil

loss and their compatibility with the original rings in measuring the slow residual strength

of soils. It is has been shown that the residual strength measured with the new design

varies by 0 to 2 % from the residual strength measured using the original apparatus.

Moreover, the new design results in as little as seven times less soil loss than the original

apparatus. The reproducibility of the test results and the repeatable behaviour of the

samples tested indicate the effectiveness of the new design. It is concluded that the new

confining rings improve substantially the capabilities of the ICINGI ring shear apparatus,

particularly to investigate the behaviour of soils under fast rates of displacement.

In analysing the variation of the residual strength at increasing rates of

displacement, the fasi residual strength (i.e. the steady residual strength measured at

high rates of displacement ) is compared with the slow residual strength (i.e. the residual

strength measured at 0.09 mm/mm). It has been suggested (Lemos, 1986; Tika, 1989)
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G SHEAR TEST DATA
I %.50 O..AY - IC TO !O. -	 J*L (IVI)

CVt S1	 - 50 s	 DAIT 01-21-113	 FIL	 P..QC#P..SO

PlAit 5T	 ATI - 032
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PlAit 1C*R 5121 - 27 1

-.------ --.----

:	

------- -

0	 •...
o	 to xo xo 400 500 500 700	 900 100 ItO 100 1300 1400
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I.-
.1

-0.55--

-
-	 __
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-.
0	 10 200 300 400 000 500 700 500 500 tOO TIC 1300 1300 140C

TilE (mm)	 LICE - rvv . Coq.

Fig. IV.5.1 Slow shearing test on normally consolidated, non-submerged brown
London clay (50 kPa - second sample)

RPIG SHEAR TEST DATA
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- 50 kPo	 DA1L C1-29.-1S3	 FIL	 .00CVV32
PEAK 5TPl21 Mit • 0.53

	

-	 £

C	 50	 tO	 10	 200	 250	 300	 350	 400	 450

PENt tEAK ST21 • 32 s
30	-	 .•	 *..f'.	 -'	 ..'.	 p
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\?._j	 /	 1	 kJ	 !ir	 •..	 ...	 •J

I
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_______________________

i

9
Fig. JV.5.2
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Fast shearing test on normally consolidated, non-submerged brown
London clay (50 kPa - second sample)
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RING SHEAR TEST DATA
&VCY .T-C TO 22s-T-JAI. (V2)

IYE $?!5 - N Iu	 DATL Q3-5-1S3	 P%L
PEN	 RA - 134

i

0	 20 200	 400 500 ISO 700 SOD	 500 000 200 3O0 1400

PEAK 2CR 51S - 22 frfs

501

0
w --	 PJ qW W 5W 1W 5W 5W 200 120 200 1300 1400

PEAK	 .	 - 0.1 ir

1:1
0

Fig. V.13.1

0	 50	 20	 50	 200	 250	 300	 350	 400	 450

PEAK SCAR STPEN - 53 liPs

20

50

50 200 300 400 500 500 700 500 500 200 000 200 1300 1400
TIC ()	 - w.. csisg,

I Slow shearing test on normally consolidated, non-submerged
artificial sandy-silt (100 kPa)

RING SHEAR TEST DATA
SNSY 2.742 TO 52,-MOD1-fl3T (V2)
CCWC STPEN - N liPs	 DATO 03-2-253	 fl.E	 WXO
PEAK STPESS PATO • ¶25

0	 50	 50

•-1 2-	
- 157	 .c

n

__	 WJ	 3U	 350	 400	 450

PEAK V1tAl.	 j4T - -0.7 win

0	 50	 20	 50	 200	 250	 300	 350	 400	 450
DPLACaCNT (cm)	 -

Fig. V.13.2 Fast shearing test on normally consolidated, non-submerged
artificial sandy-silt (100 kPa)
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G SEAR TEST DATA
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Fig. IV.1O.1 Slow shearing test on over-consolidated, submerged brown London
clay (IOOkPa-OCR=4)
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Fig. IV.10.2 Fast shearing test on over-consolidated, submerged brown London
clay (100 kPa - OCR=4)
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Cowden till:

Test VI.3

ae= 100 kPa

•midual 30.7°

4=41.0°

(Figures VI.3.1-3)

The sample was sheared at 0.09 mm/mm and its measured strength reached its

slow residual value of 30.7° after 110.2 mm of shearing. When this slow shearing part

of the test was terminated after a displacement of 127.3 mm, the sample height had

decreased by 0.4 mm.

The rate of displacement was increased suddenly to 1.39 cm/sec while the

measured strength reached its threshold value of 41.0° at zero associated

displacement. While shearing continued at the same rate of displacement, the

measured strength appeared to be decreasing and the sample height to be increasing.

After 31.1 cm of shearing the sample height had increased by 0.89 mm, and the

measured strength had decreased to 27.0°. Further shearing led to further decrease in

measured strength while the shape of the sample height curve indicated the formation

of an undulating shear surface with a wave-length of 40 cm and an initial amplitude of

0.33 mm. After the sample had been sheared for 108.3 cm its strength had decreased

to 15.9°. The rate of displacement was decreased suddenly from 1.39 cm/sec to 0.11

cm/sec, after the sample had been sheared for 200.4 cm, and for the following 24.6

cm of displacement it remained at that level while the strength appeared to be

increasing from 16.3° to 21.9°. At that point the rate of displacement was increased

again to 1.39 cm/sec. The measured strength stabilised within a range between 15.0°

and 18.4° until the rate of displacement was decreased again to 0.11 cm/sec. The

sample was sheared at 0.11 cm/sec between 295.7 cm and 303.8 cm of cumulative

displacement while its strength appeared to be increasing from 16.3° to 21.9°.

Subsequently, the rate of displacement was increased to 1.95 cm/sec and then to 8.20

cm/sec. The rate of displacement was changed, suddenly or gradually, from 1.95

cm/sec to 8.20 cm/sec and to 9.78 cm/sec before this fast shearing part of the test

was terminated at 610 cm of cumulative displacement. However, no effect on the

strength of the sample was observed. The latter had stabilised within a range between

15.0° and 18.4°. Meanwhile, the sample height curve gave evidence of the existence
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However, as shearing at 1.15 cm/sec continued, the sample height appeared to

increase while the measured strength decreased. After the sample had been sheared

for 114.9 cm its strength stabilised within a range between 38.00 and 41.5°. The rate

of displacement was changed, suddenly and gradually, from 1.15 cm/sec, to 0.125

cm/sec, to 1.68 cm/sec, to 10.0 cm/sec and to 2.5 cm/sec before the test was

terminated, but no effect on the strength of the sample was observed.

Cowden till:

Normally Consolidated

Test VI.9

a = 100 kPa

A	 -41°
reudusI

48.0°

(Figures V1.9.l-2)

The sample was sheared at 0.09 mm/mm, and the measured strength reached

its slow peak value of 45.8° after 4.88 mm of shearing while the sample height had

decreased by 0.27 mm. Shearing continued at the same rate of displacement and the

measured strength reached its slow residual value of 42.0° after the sample had been

sheared for 78.7 mm. Meanwhile, the sample height had decreased by 0.49 mm. This

part of the test was terminated after 9.95 mm of shearing.

The rate of displacement was increased suddenly to 1.72 cm/sec and the

measured strength reached immediately its threshold value of 48.0°. Further shearing

at the same rate of displacement led to an immediate decrease in strength which, after

the sample had been sheared for 13.0 cm, stabilised within a range between 40.5° and

42.8°. The rate of displacement was decreased from 1.72 cm/sec to 0.09 cm/sec after

the sample had been sheared for 126.1 cm and remained at that level for the following

21.5 cm while the strength of the sample fluctuated between 39.9° and 42.0°. After

the sample had been sheared for 147.6 cm the rate of displacement was suddenly

increased back to 1.72 cm/sec. This increase of the rate of displacement had initially

no effect on the strength of the sample but after 36.3 cm of shearing at 1.72 cm/sec

that strength decreased, and stabilised within a range between 36.9° and 42.0°. The

rate of displacement varied between 1.72 cm/sec and 0.09 cm/sec before the test was

terminated, but no effect on the measured strength was observed.
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undulating shear surface which was reflected on the stress ratio/displacement curve

and on the sample height curve. The undulating shear surface had an amplitude of

0.13 mm and a wave-length of 40.1 cm. The measured sample strength also oscillated

around a mean value of 25.9° with an amplitude of 11.6°. It should be noted,

however, that, as the rate of displacement was increased, the strength of the sample

increased, and vice versa. When the rate of displacement was decreased to 0.083

cm/mm, towards the end of the test, the strength dropped to 19.2° only to increase

again when the rate was suddenly increased to 1.33 cm/mm.

Normally Consolidated. Submerged

The soil which was tested in this series of tests was prepared identically with

the soil which was tested in the previously described series of tests except for the fact

that after the sample had been placed into the rings the assembly was submerged in

water.

TEST IV. 6

a = 50 kPa

14.5°

a	 ='98°'YihoId -

(Figures IV.6. 1-2)

The sample was sheared for the first time to residual at the constant rate of

displacement of 0.09 mm/mm and after 1.99 mm of shearing it reached its slow peak

strength of 29.7° as its height decreased by 0.075 mm. Continued shearing at the

same rate of displacement led to a decrease in strength until it reached its slow

residual value of 14.5° after a displacement of 70.2 mm and a further decrease in

sample height by 0.04 mm. This slow shearing part of the test was terminated after

129.2 mm of shearing and an overall decrease in sample height of 0.125 mm below its

level at the end of the consolidation stage.

The rate of displacement was increased to 0.63 cm/sec and the measured

sample strength reached its threshold value of 29.8° while the sample height

decreased by 0.067 mm below its level at the end of the slow shearing part of this

test. After 17.6 cm of shearing at 0.63 cm/sec the sample had dilated by 0.15 mm and

its strength had dropped to 13.1°. Nevertheless, further shearing led to a decrease in

sample height probably because of contraction of the soil matrix within the shear zone
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0.085 cm/sec and then back to 1.43 cm/sec until the sample had been sheared for a

cumulative 280 cm but no effect on the strength of the sample was observed. Some

internal ring friction continued to influence the shape of the stress ratio curve, but this

should not be taken into account upon assessing the behaviour of the sample. After

280 cm of shearing, the rate of displacement was increased to 1.79 cm/sec and then

gradually to 10.0 cm/sec and the measured strength reached the level of 47.10 at zero

associated displacement before it stabilised at a range between 38.7° and 40.4°. Any

change of the rate of displacement, sudden or gradual, from 1.79 cm/sec to 10 cm/sec

had no effect on the strength of the sample. The test was terminated after 640 cm of

shearing.

Test V.10

a,= 200 kPa

OCR= 2

"	 —458°

•= 55.0°

(Figures V.10.1-2)

The sample was sheared at 0.09 mm/mm and the measured strength reached

its slow peak value of 48.2° while the sample height appeared to be increasing.

Further shearing led to a decrease in strength which reached its slow residual value of

45.8° after a displacement of 11.4 mm. This part of the test was terminated after 133

mm of shearing.

The rate of displacement was increased suddenly to 0.59 cm/sec and the

measured strength reached its threshold value of 55.0° at zero associated

displacement. After 6.5 cm of shearing the strength had dropped to 45.8° and, while

the rate of displacement was being increased to 1.32 cm/sec, it stabilised between

41.4° and 44.6°. The rate of displacement was varied between 1.32 cm/sec and 0.059

cm/sec before the sample reached a cumulative shear displacement of 223 cm, but

this had no effect on the strength of the sample. The same was the case for the

second stage of this fast shearing part of the test. The rate of displacement was

increased suddenly to 1.76 cm/sec and the strength reached the value of 48.3° at zero

associated displacement before it stabilised within a range between 41.40 and 44.6°.

Any fi.irther changes of the rate of displacement, sudden or gradual, from 1.76
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shearing at the same rate led to further decrease in strength to 12.6° after a shear

displacement of 23.8 cm while the sample height increased by 0.25 mm. After 34.4

cm of shearing at 1.76 cm/sec the sample height had increased by 0.88 mm and its

strength to 18.4°. While shearing was continued, an undulating shear surface

appeared to be forming with an initial amplitude of 0.85 mm and a wave-length of

41.3 cm. The amplitude of this undulating shear surface gradually decreased and after

431.2 cm of shearing it reached its minimum value of 0.18 mm while its wave-length

remained constant throughout the test. The strength of the sample was not affected

when the rate of displacement was increased gradually to 3.55 cm/sec and stabilised

around 16.7° until it dropped below its slow residual value after 130.2 cm of

cumulative shearing. Continued shearing at rates of displacement which varied

between 1.76 cm/sec and 5.5 cm/sec led to further decrease in sample strength which

oscillated between 9.7° and 1.7°. After 450 cm of shearing, while the amplitude of the

undulating shear surface decreased, the measured strength of the sample appeared to

increase and the measured strength varied between 12.8° and 6.2°. The test was

terminated after 670 cm of shearing and it should be emphasised at this point that any

increase in the rate of displacement above 1.76 cm/sec did not influence the measured

strength. Furthermore, any change in the rate of displacement had no effect on the

measured strength after it had dropped below its slow residual value. As far as the

new ring design is concerned, it should be pointed out that the soil loss associated

with only 0.9 mm decrease in the sample height after 670 cm of fast shearing was

considered a major improvement on the apparatus.

TEST IV.11

a = 200 kPa

OCR= 2

A	 —114°
'Vtijdu.I

4 = 24.7°

(Figures IV. 11.1-2)

The sample was sheared to residual at 0.09 mm/mm and reached its slow peak

strength of 14.6° after 0.55 mm of shearing. After 42.2 mm of shearing at the same

rate of displacement the sample had reached its slow residual strength of 11.4° while

its height had decreased by 0.107 mm. This decrease in sample height should be

attributed to particle orientation and soil loss through the gap of the rings. Further
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shearing continued at the same rate of displacement, the sample height increased to

0.09 mm, and, after a displacement of 9.4 cm, the measured strength decreased to

47.7°. Further shearing at the same rate of displacement led to a continuous decrease

of the strength of the sample which stabiised within a range between 39.10 and 4390

after the sample had been sheared for 51.4 cm. Any further change of the rate of

displacement, sudden or gradual, from 1.69 cm/sec to 0.09 cm/sec had no effect on

the strength of the sample. By the time this test was terminated, after a displacement

of 480 cm, the sample height had decreased by 1.4 mm because of excessive soil loss.

Test V.17

a= 100

A — 480°'Ymjd,,iI

A.	 —529°

(Figures V.17.1-2)

The sample exhibited again the same behaviour with the non-submerged

sample under the same normal stress and dilated upon shearing at 0.09 mm/mm. After

1.9 mm of shearing the measured strength had reached its slow peak value of 51.8°

while the sample height increased by 0.06 mm. Further shearing was associated with

an additional 0.025 mm increase in sample height and the measured strength reached

its slow residual value of 48.0° after a displacement of 32.3 mm. This part of the test

was terminated after 115.9 mm of shearing and the decrease in sample height which

was observed after the residual state had been established was attributed to soil loss.

The rate of displacement was increased suddenly to 1.68 cm/sec and the

measured strength reached immediately its threshold value of 52.9°. Shearing

continued at the same rate of displacement and the sample height increased by 0.11

mm while the strength of the sample decreased and stabilised within a range between

42.0° and 46.7°. The rate of displacement was decreased suddenly to 0.11 cm/sec

after the sample had been sheared for a cumulative 210.7 cm and after a further 18.3

cm it was increased gradually back to 1.68 cm/sec. However, these changes in the

rate of displacement had no effect on the strength of the sample. The test was

terminated after 379.8 cm of shearing because the sample height had decreased by 1.1

mm, due to excessive soil loss, and there was danger of damaging the load cells.
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strength decreased gradually and exhibited viscous characteristics. At 0.24 cm/sec the

measured strength was 3940 and at 0.09 cm/sec it was 38.3°. It should be noted at

this point that the fast residual of this sample was not affected by any change in the

rate of displacement between 0.9 cm/sec and 1.64 cm/sec. The final sequence of

increasing/decreasing of the rate of displacement in this test gave similar results with

the previous sequences. When sheared at 1.64 cm/sec the fast residual strength of this

sample varied between 42.7° and 41.8° while when sheared at 0.09 cm/sec it stabilised

around 3990 The test was terminated after 340 cm of shearing.

Test IV.15

a = 200 kPa

•IrcsidILIsI= 31.4°

•= 39.5°

(Figures IV. 15.1-2)

The sample was sheared at 0.09 mm/mm and reached its slow residual

strength of 31.4° after 123.5 mm of shearing, at which point its height had decreased

by 0.138 mm.

After 251.8 mm of shearing at 0.09 mm/mm the rate of displacement was

increased suddenly to 1.78 cm/sec and the sample reached its threshold strength of

39.5° at zero associated shear displacement. Further shearing led to a decrease in

measured strength to 32.90 while the sample height increased by 0.011 mm. As

shearing continued at the same rate of displacement the sample appeared to be

contracting and its strength increased to 38.5° after 75 cm of shear displacement. At

that point the rate of displacement was decreased gradually to 0.114 cm/sec and the

measured strength decreased to 36.3°. However, the measured strength began to

respond to the decrease in the rate of displacement only after the latter had dropped

below 1.2 cm/sec. The rate of displacement was increased to 1.78 cm/sec for the

following 20.3 cm of shearing and the strength increased to 38.5°. The rate of

displacement was subsequently dropped to 0.06 1 cm/sec and the measured strength

decreased to 34.3°. The remainder of the test was targeted to investigate the rate of

displacement above which the measured sample strength remains constant. The rate

of displacement was increased gradually and the sample exhibited positive rate

effects. At 0.25 cm/sec the measured strength was 36.2° and at 0.72 cm/sec it was

37.4°. The same values were measured upon decreasing the rate of displacement.
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cm/sec after 101.1 cm of shearing and then decreased, in the same manner, to 0.1

cm/sec but these changes had no effect on the measured strength.

Normally Consolidated. Moist

Test V.24

;= 50 kPa

4 = 36.9°

35.8°

(Figure V.24.1)

The sample was sheared at 0.075 cm/sec for the first 26 cm of this test and

the measured strength reached immediately a threshold value of 36.9°. Further

shearing was associated with a decrease in measured strength which reached its

residual value of 3 5.8° after 2.2 cm of shear displacement while the sample height had

increased by 0.43 mm. As shearing continued, the sample height decreased due to

particle crushing and at the end of the test it had dropped 0.07 mm below its initial

level. The rate of displacement was increased gradually to 1.60 cm/sec after the

sample had been sheared for 70.7 cm and then decreased, in the same manner, to 0.11

cm/sec. but no effect on the strength of the sample was observed.

Test V.25

100 kPa

A	 —'fl°
Vth,cshold

4i = 25.0°

(Figure V.25.1)

The same testing procedure which was used in the previously described tests

was followed in this test as well. However, contrary to what has been the case for all

the previously described tests on sand, the sample height decreased from the

beginning of the test, and, after the sample had been sheared for 165.4 cm, it had

dropped by 0.125 mm. The sample was sheared at 0.078 cm/sec for the first 26.6 cm

of the test while the measured strength reached its residual value of 25.0°. The rate of

displacement was increased gradually to 1.54 cm/sec and then decreased, in the same

manner, to 0.094 cm/sec but no effect on the measured strength was observed.
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displacement, the sample height had increased by a further 0.117 mm and the

measured strength had dropped to 23.2°. The measured strength continued to

decrease while it appeared from the shape of the sample height curve that an

undulating shear surface with an initial amplitude of 0.525 mm and a wave-length of

40 cm had been formed. After 70 cm of shearing the measured strength had dropped

to 13.6° and stabilised at 7.02°. During the first 180.8 cm of shearing of this test the

rate of displacement varied from 0.07 cm/sec to 1.25 cm/sec but this had no profound

effect on the fast residual strength of the sample which, from the early stages of this

test, had dropped below its slow residual value. During the second part of this test,

between 196 cm and 570 cm of shearing, the rates of displacement which were

applied on the sample varied between 2.0 cm/sec and 10 cm/sec. From 196 cm to

311.6 cm of shear displacement the fast residual strength of the sample varied

between 4.9° and 9.03°, from 311.6 cm to 432.5 cm it varied between 9.03° and 12°

and during the last 137.5 cm of this test it varied between 12° and 15.5°. Again it

should be noted that no rate of displacement effect was observed on the measured

sample strength once it had stabilised below its slow residual value.

Test IV.20

a = 300 kPa

A	 —317°
rciiduaI

•= 52.0°

(Figures IV.20. 1-2)

The residual state of this sample was established after 83.6 cm of shearing at

0.09 mm/mm, at which point the sample height had decreased by 0.08 mm. Further

shearing led to an additional decrease in sample height by 0.02 mm before this slow

shearing part of the test was terminated after 126 mm of shear displacement.

The rate of displacement was suddenly increased to 1.35 cm/sec and the

sample reached its threshold strength of 52.0° at zero associated displacement.

Further shearing at the same rate of displacement was associated with a substantial

decrease in measured strength, while the sample appeared to be dilating. After 16.6

cm of shearing, the measured strength had dropped to its slow residual value of 31.7°

as the sample height had increased by 0.5 mm. The strength continued to decrease

until it reached its minimum value of 10.2° after 68.2 cm of shearing. From the shape

of the sample height curve it was concluded that an undulating shear surface with an
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Fig. 6.4.27	 Rate dependent characteristics of normally consolidated, submerged,
sandy-silt sample (100 kPa)
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Fig. 6.4.28 Rate dependent characteristics of over-consolidated, submerged,
sandy-silt sample (100 kPa)



AnDendix IV	 scrlp1ion of Tests on Plastic Soils 	 276

JC SIEAR TEST DATA
	0N LW4 Q.AY - IY2 NC	 - NC TO 5s -4*1.

	

Cv( 5?20 - 50 s	 0Al2 02-04-13	 FIL
Pf.Ak 5T20 41 - 0.54

0	 ___	 -
	

2000	 2500	 2000	 2000	 4000

M 3CAR 5T55 • 27 s
1

20

0	 300	 X	 00	 2000	 2500	 30003500	 4000

PCAX	 TCA4. 0.IIT - -02 "vn

-0.1-.

0	 500	 NC0	 00	 2000	 2500	 3000	 3000	 4000

	

T1& (mm )	- i,_ c.i.3.

Fig. IV.I.I Slow shearing test on normally consolidated, non-submerged brown
London clay (50 kPa)

RUG SI{AR TEST DATA
030I LCI O.AY - PV2 NC FLAICC - NC TO SouPs - FAST

CWVE 3T25 - 50 liPs	 0A1E C3-07-NC3	 FIL	 CC2F.50
PCMC S1	 M1V • 0.30

FlAil CA !T	 - 25 liPs

	

q,	 /	 /	 Ii	 .	 ' A 	'

	

. .,ull.Ii ",, Lp '\A/	 / ..'. .

io4 '/ '

at.
0	 50	 NC	 NC	 200	 250	 300	 350	 400	 450	 500	 550

ii

	
Flail .0aTY - II .'/..c	 FlAk VTCAI.	 .Alt - -u

—'4..	
O•

D5PLAcDWT (cm) 	 csa -	 coi.q.

Fig. IV.1.2 Fast shearing test on normally consolidated, non-submerged brown
London clay (50 kPa)
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Fig. V.9.2	 Fast shearing test on over-consolidated, submerged
pure silica (100 kPa - OCR 4)
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that there are five types of variation of the residual strength with increasing rates of

displacement depending on whether the fast residual strength stabilises above, below, or

at, the slow residual strength. However, the present work suggests that the shear

displacements in fast tests conducted with the original confining rings are not sufficient

for a steady residual strength to be achieved, and that only in fast tests conducted with

the new confining rings is the displacement sufficient for the fast residual strength of soils

to be established.

7.1.2 Test Results

Two principal types of soil behaviour during fast shearing are identified [Fig.

6.5.1] from the results of this investigation. These are defined as positive and negative

rate effects, depending on whether the fast residual strength stabilises above or below

the slow residual strength, respectively. Also, both the threshold strength and the post-

threshold streigth decrease (defined as the decrease in measured strength below its

threshold value and observed immediately after the threshold strength has been achieved)

are observed. The post-threshold strength decrease is associated with an increase in

sample height and may be related to the dilation or increase in porosity of the shearing

matrix (Lemos, 1986; Tika, 1989), the development of a gap (or void) between the

rotating and stationary parts of the sample, and an increase in pore pressure immediately

after the application of the fast rates of displacement (Yagi eta!, 1991).

The behaviour of soils during fast shearing is controlled by their plasticity, the

shape of their shear surface, and the presence of water in their environment.

The positive rate effect [lype I behaviour] occurs with plastic soils (P1>12 %,

LL>27 %, and CF>30 %) which are not submerged in water, regardless of the shape of

their shear surface, and with plastic soil samples which are submerged in water and have

a nearly planar shear surface. In these cases, the fast residual strength stabilises above the

slow residual strength, increases with increasing rate of displacement, and reaches its

maximum value when the rate of displacement approaches 1.5 cm/sec. The results from

this investigation indicate that the fast residual strength of plastic soil samples which

exhibit a positive rate effect may be 150 to 250 % higber than their slow residual

strength. Any increase in the rate of displacement above 1.5 cm/sec does not appear to
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Fig. V.14.1 Slow shearing test on normally consolidated, non-submerged
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Fig. V.14.2 Fast shearing test on normally consolidated, non-submerged
artificial sandy-silt ( 200 kPa)
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Fig. V.27.1 Fast shearing test on normally consolidated, wet, non-submerged
medium-coarse sand (400 kPa)
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of an undulating shear surface whose amplitude did not seem to decrease substantially

with shearing.

The third part of this test consisted of shearing the sample at 0.09 mm/mm

until the measured strength stabilised at its slow residual value of 30. 70

Teat S'I.4

a = 200 kPa

A	 —2 0°
'Yycijduil

47.1°

(Figures Vl.4.1-3)

The sample was sheared at 0.09 mm/mm and the measured strength reached

its slow residual value of 30.9° after 25.2 mm of shear displacement while the sample

height had decreased by 0.1 1 mm. This slow shearing part of the test was terminated

after the sample had been sheared for 40.9 mm and while the sample height had

decreased by an additional 0.02 mm due to soil loss.

The rate of displacement was suddenly increased to 1.29 cmlsec, and the

measured strength reached immediately its threshold value of 47.1°. Further shearing

at the same rate of displacement led to a continuous decrease in measured strength

while the sample height curve revealed the formation of an undulating shear surface.

After the sample had been sheared for 24.9 cm at the same rate of displacement, its

strength had dropped to 30.8° and its height had increased by 0.11 mm. Further

shearing was associated with flirther decrease in strength while the sample height

increased by an additional 0.17 mm. As shearing at 1.29 cm/sec continued, the sample

height curve suggested the existence of an undulating shear surface which had an

initial amplitude of 0.29 mm and a wave-length around 40 cm. The measured strength

stabilised within a range between 13.8° and 19.4° until the rate of displacement was

decreased to 0.09 cm/sec after 176 cm of shearing. The rate of displacement

remained at that level for a further 33.6 cm of shearing, during which, the measured

strength increased from 18.4° to 26.0°. The rate of displacement was again increased

to 1.29 cm/sec while the strength of the sample dropped and stabilised within a range

between 10.8° and 18.5° until the sample had been sheared for a cumulative 277.7 cm.

At that point, the rate of displacement was again decreased to 0.09 cm/sec, and the

strength of the sample increased from 14.0° to 23.0°. This fast shearing part of the

test was terminated after a displacement of 292.3 cm and throughout its duration the
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Test YLIO

a 200 kPa

Ld.= 
41.40

42.0°

(Figures VI. 10.1-2)

The measured strength reached its slow residual value of 41.40 after the

sample had been sheared for only 8.4 mm, and the slow shearing part of the test was

terminated after the sample had been sheared for 125.4 mm.

The rate of displacement was increased suddenly to 1.69 cm/sec and the

measured strength reached immediately its threshold value of 42.0°. Further shearing

led to a decrease in strength which, from the early stages of this part of the test,

stabilised within a range between 38.0° and 41.4°. Furthermore, the sample height

appeared to be increasing slightly at the beginning of the test but, as shearing

progressed, it decreased continually due to sample loss. The rate of displacement

varied between 1.69 cm/sec and 0.11 cm/sec before the test was terminated at 480

cm of shear displacement, but no effect on the strength of the sample was observed.

Overconsolidated

Test V1.Il

100 kPa

OCR= 4

A	 =4'6°'maduiI	 -.

eibod 443°

(Figures VI. 11.1-2)

The same sample which was used in the previous test was consolidated to 400

kPa, unloaded to 100 kPa, and sheared at 0.09 mm/mm. The measured strength

reached its slow peak value of 52.4° while the sample height increased as the

overconsolidated structure relaxed. Further shearing led to a decrease in the

measured strength which reached its slow residual value of 42.6° when the sample

had been sheared for 122.5 mm and while the sample height had increased by 0.055

mm. This part of the test was terminated after 167.2 mm of shearing.

The rate of displacement was increased suddenly to 1.71 cm/sec and the

measured strength reached immediately its threshold value of 44.3°. While shearing at

the same rate of displacement continued, the sample appeared to dilate and its
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and continuing loss of soil through the gap of the confining rings. After 500 cm of

displacement, at the end of the test, the sample height had decreased, overall, by I . I

mm. Furthermore, as the sample height started to decrease and while the rate of

shearing was still 0.63 cm/sec, the strength increased to 26.4° after 36 cm of sheanng

before it stabilised at 21.40. The rate of displacement was once again increased

suddenly to 1.68 cm/sec and the strength of the sample increased immediately to 26°.

After 11.7 cm of shearing at the same rate, the strength decreased and stabilised at

25.5°. For the remainder of the test any decrease in the rate of displacement was

followed by a decrease in the strength of the sample and vice versa.

TEST IV.7

a 400 kPa

A	 —113°'Yijduaj

20.3°

(Figures IV. 7.1-2)

The sample was sheared at 0.09 mm/mm and reached its slow peak strength

of 17.2° after 3.11 mm of shear displacement while its height dropped 0.066 mm

below its level at the end of the consolidation stage. Continued shearing at the same

rate of displacement led to a decrease in strength until it reached its slow residual

value of 11.30 after 24.7 mm of shearing and a further 0.264 mm decrease in height.

This part of the test was terminated after 129.2 mm of shearing and a further 0.27

mm decrease in sample height.

The rate of displacement was increased suddenly to 1.31 cm/sec and the

strength reached its threshold value of 20.3° at zero associated displacement. After 15

cm of shearing the strength had decreased to 14°, and the sample had dilated by 0.05

mm. As shearing continued at the same rate of displacement, the sample height

decreased, and the strength stabilised around 16.3°. Any decrease in the rate of

displacement was followed by a decrease in the measured strength, and the sample

exhibited viscous characteristics. When the rate of shearing was increased or

decreased gradually, the strength of the sample increased or decreased gradually as

well. When the rate of shearing was changed suddenly, the strength of the sample

also increased or decreased immediately. At the lowest rate of displacement of 0.07 5

cm/sec the strength of the sample decreased below its residual value at 10.10 but this

decrease was not persistent every time the rate approached its lowest value. The
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cm/sec, to 8.64 cm/sec, to 7.9 cm/sec and to 10.0 cm/sec had no effect on the

strength of the sample. The test was terminated after 670 cm of shearing.

Test V.11

o= 300 kPa

OCR= 1.5

4ftIiduaI= 47.7°

•= 62.8°

(Figures V. 11. 1-2)

The irregular shape of the stress ratio curve of the slow shearing part of this

test indicated the effect of the contamination of the rings. However, the measured

sample strength apparently reached its slow residual value of 47.7° after 87.7 mm of

shearing while the sample appeared to dilate. This part of the test was terminated

after 117.8 cm of shearing.

The rate of displacement was increased suddenly to 1.69 cm/sec and the

measured sample strength reached its threshold value of 62.8° at zero associated

displacement. Further shearing at the same rate of displacement led to a decrease in

strength to 43.5°. The rate of displacement was changed, suddenly and gradually,

from 1.69 cm/sec, to 6.18 cm/sec and to 3.9 cm/sec before the test was terminated

after 1,000 cm of shearing but this had no effect on the strength of the sample.

Tests on Artificially Mixed Sandy-Silt

General:

The samples which were used for this set of tests were artificial mixtures of

fine clean sand and pure silica and were prepared at the Soil Mechanics laboratory of

Imperial College. The mixtures, in their dry state, consisted of 25 % sand and 75 %

silica.

Normally Consolidated. Non-Submerged

Test V.12

;= 50 kPa

A	 -cfl('.°
'('rcsiduil
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shearing at the same rate of displacement led to additional decrease in sample height

while the measured strength remained around its slow residual value. Shearing at 0.09

mm/mm was terminated after 131.1 mm of displacement at which point the sample

height had dropped by an additional 0.063 mm, probably because of sample loss

through the gap of the rings. The apparent increase in measured strength towards the

end of this slow stage should be attributed to contamination of the rings.

The rate of displacement was immediately increased to 3.77 cm/sec and the

sample reached its threshold strength of 24.7°. Further shearing at the same rate of

displacement was associated with a dramatic decrease in strength below its slow

residual value while the sample height increased by 0.56 mm. As shearing continued

at 3.77 cm/sec. the sample continued to dilate and its strength to decrease. After 27.3

cm of shearing the sample height had increased by a further 0.29 mm and the strength

had dropped to 5.1°. For the following 230 cm of shearing the rate of displacement

varied between 2.11 cm/sec and 4.13 cm/sec, the strength of the sample stabilised

around 4.1° and the undulating shear surface which had been established (as it was

concluded from the shape of the sample height curve) had an amplitude of 0.29 mm

after the first full rotation was completed which steadily decreased and after 230 cm

of shearing it measured only 0.077 mm. The rate of displacement remained at 2.11

cm/sec until 248 cm of shearing but the measured strength of the sample appeared to

be increasing while the amplitude of the undulating shear zone decreased. The rate of

displacement was increased to 7 cm/sec after 300 cm of cumulative shearing but no

profound effect on the measured strength was observed. Similarly, no profound effect

on the measured strength was observed when the rate of displacement was increased

to 9.41 cm/sec or 8.0 cm/sec. After 447.5 cm of shearing, the measured strength of

the sample had increased to its slow residual value of 11.4° and at the end of the test,

after 560 cm of shearing. it had reached the value of 12.1°.

TEST IV.12

;= 300 kPa

OCR= 1.5

•	 =133°rcsidu.1

•	 =246°thicibold

26.6°

(Figures IV. 12.1-2)



Airnendix V	 Description of 7's1s oii Non-Plastic Soils	 312

Overconsolidated. Submerged

Test V.18

cN = 100 kPa

OCR= 4

A —4&°

•U.mboId497

(Figures V.18.1-2)

The sample dilated on shearing at 0.09 mm/mm and the measured strength

reached its slow peak value of 47.9° after a shear displacement of 5.7 mm while the

sample height had increased by 0.04 mm. As shearing progressed, the sample height

continued to increase and the measured strength to decrease. The sample reached its

slow residual strength of 46.4° after 19.5 mm of shearing while its height increased by

an additional 0.027 mm. This part of the test was terminated after 129.2 mm of

shearing.

The rate of displacement was increased suddenly to 1.25 cm/sec and the

measured strength reached immediately its threshold value of 4970 Further shearing

at the same rate of displacement led to a decrease in strength while the sample height

increased by 0.14 mm. The rate of displacement was decreased from 1.25 cm/sec to

0.07 cm/sec after 160 cm of shearing while the strength of the sample had stabilised

within a range between 42.0° and 45.9°. It should be noted at this point that the actual

variation of the measured strength was indeed smaller and that same internal ring

friction, which could not be taken into account, must have influenced the test results.

After 277.2 cm of shearing the motor was stalled, the slow gear was disengaged and

the rate of displacement was suddenly increased to 1.8 cm/sec while the measured

strength reached the level of 49.4° at zero associated displacement. As shearing

continued at the same rate of displacement the measured strength decreased and

stabilised within a range between 42.0° and 45.9° until the test was terminated after a

shear displacement of 670 cm. Any changes of the rate of displacement, sudden or

gradual, from 1.8 cm/sec. to 10.0 cm/sec and to 7.65 cm/sec had no effect on the

strength of the sample.

Test V.19

;= 200 kPa
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Again it was observed that the measured sample strength remained constant when the

rate of displacement increased above 1.2 cm/sec. This fast shearing part of the test

was terminated after 265 cm of cumulative displacement.

Test IV.16

a1= 400 kPa

3 1.4°

38.7°

(Figure IV. 16.1-2)

The sample was sheared at the drained rate of displacement of 0.09 mm/mm

and reached its state of residual after 75 mm of shearing. At that point the sample

height had dropped by 0.196 mm below its level at the end of the consolidation stage

and this should be attributed to both particle reorientation and sample loss. The

sample was sheared for a cumulative 140.6 mm at the same rate of displacement

before the test was terminated.

The rate of displacement was suddenly increased to 1.69 cm/sec and remained

at that level for the first 190.8 cm of the fast shearing stage. The measured strength

reached immediately its threshold value of 38.7° and further shearing led to a its

decrease while the sample appeared to be dilating. After 16.1 cm of shearing at 1.69

cm/sec the sample height had increased by 0.34 mm and the measured strength had

dropped to 27.1°. After 21.1 cm of shearing at the same rate of displacement the

sample height was still 0.31 mm above its level at the end of the slow shearing part of

this test and the measured strength had dropped further to 25.6°. As shearing

continued at the same rate of displacement the sample appeared to be contracting and

its strength increased to 36.2°. From the irregularities of the sample height curve it

can be argued that the shear surface was not planar. Furthermore, the measured

sample strength varied between 3 3.8° and 36.2°, always above the sample's slow

residual value. After 190.8 cm of shearing, the rate of displacement was suddenly

decreased to 0.02 3 cm/sec, however, the effect of this change on the measured

strength was not clear because it was influenced by a 0.32 mm decrease of the sample

height. The remainder of this test was aimed to investigate the viscous characteristics

of the sample, the existence of a critical rate of displacement above which the fast

residual strength of the sample remains constant, and whether the fast residual

strength of this sample depended on shear displacement. The rate of displacement
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Test V.26

a = 200 kPa

4 = 28.8°

A —QQ°
'Ymifiuil

(Figure V.26.1)

Apart from the fact that the decrease of the sample height along the duration

of this test had almost doubled in comparison with that of the previously described

test, this procedure gave no new evidence on the behaviour of the sample on fast

shearing. The rate of displacement was gradually increased to 0.084 cm/sec and

remained at that level until the sample had been sheared for 26.6 cm when the rate

was increased, again gradually, to 1.54 cm/sec. Before the test was terminated, after

a displacement of 161 cm, the rate was decreased to 0.077 cm/sec. The measured

strength reached from the beginning of the test its residual value of 28.8° and was not

affected by any further changes of the rate of displacement.

Test V.27

a = 400 kPa

•= 20.3°

A	 — 23°rcsiduiI

(Figure V.27.1)

The sample was sheared at 0.082 cm/sec for the first 24 cm of this test while

the measured strength reached its residual value of 20.3°. This test was terminated

after the sample had been sheared for 144 cm and its height had decreased by 0.82

mm because of particle crushing. The rate of displacement was increased gradually to

1.54 cm/sec and then decreased back to its initial value, but no effect on the measured

strength was observed.



Aoøendix IV	 Descriplion of Tests on Plastic Soils	 272

initial amplitude of 0.5 mm and a wave-length of 40 cm had formed. Continued

shearing at rates of displacement which varied between 1.35 cm/sec and 0.08 cm/sec

gave no profound evidence about the effect of the changes in the rate of displacement

on the fast residual strength of this sample as the measured sample strength fluctuated

between 11.3° and 18°. The second stage of this fast shearing part of the test -from

106.8 cm of shearing to 265 cm of shearing- was associated with sudden or gradual

increases and decreases of the rate of displacement. There was no clear evidence

about the effects of changing rates of displacement on the fast residual strength of the

sample.

Overconsolidated. Submerged

Test IV.21

a0= 100 kPa

OCR= 4

•= 33.8°

40.6°

(Figure IV.21 .1-2)

The sample had been consolidated under 400 kPa and then unloaded to 100

kPa before it was sheared at 0.09 mm/mm for a cumulative displacement of 261.25

mm. The measured strength reached its "slow" peak value of 50.4° after 2.79 mm of

shearing while the sample height increased by 0.13 mm above its level at the end of

the consolidation stage because of the relaxation of the overconsolidated structure.

Further shearing led to a decrease in strength while the structure continued to relax.

After 55.8 mm of shearing the sample height had increased by 0.193 mm and the

strength had decreased to 41.9°. The sample reached its residual state after 247.0 mm

of shearing.

The rate of displacement was suddenly increased to 1.68 cm/sec but the

threshold value was not as evident as in previous tests. After 3.33 cm of shearing the

measured strength reached a "threshold" value of 40.6°, the sample appeared to be

dilating, and after 20.3 cm of shearing its height had increased by 0.27 mm and the

measured strength had decreased to 35.2°. After that point, the sample height started

to decrease the measured strength increased. After 70.3 cm of shearing at 1.68

cm/sec the rate of displacement was suddenly decreased to 0.096 cm/sec and the

measured strength dropped from 40.9° to 37.7°, but, nevertheless, it remained above
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JG SHEAR TEST DATA
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Fig. V.5.1	 Slow shearing test on normally consolidated, submerged
pure silica (50 kPa)

RIIG SHEAR TEST DATA
P.PE 12JCA-4C TO 3CP.-.WG-rA3T (v

5T55 - 30 kPs	 DATE 03-04-1293	 tE	 MJW.50
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B
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r	 I:

_____ ____

0	 30120	 120	 200	 250	 300	 360	 400	 450	 500	 550
DSPLAD.CNT (cm)	 EStt - rvs Colugs

Fig. V.5.2	 Fast shearing test on normally consolidated, submerged
pure silica ( 50 kPa)
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RPJG Sk€AR TEST DATA
mi %.GCGI Q.AY - IC TO 12O. -	 (IPVI)
CCYE ST35 - N	 0A11 10-01-513	 FSL	 L17Ci.I00
PIN !? M112 • 038
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Fig. IV.2.I Slow shearing test on normally consolidated, non-submerged brown
London clay (100 kPa)

RI'JG SIE AR TEST DATA
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Fig. IV.2.2 Fast shearing test on normally consolidated, non-submerged brown
London clay (100 kPa)
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G SIEAR TEST DATA
R W-C2	 -1WG-IML (VO

- 11	 DA1! 03-5-113	 FLL M.0.200
*K 21S 2*11 - 1.24

0	 50 200	 400 500 200 700 200 200 503 ISO 500 UOO 1400

Pr*x SCM 51	 - 243 kPs

0 50 200	 400 500 200 700 200	 200 500 300 1400

AX V1ICN.	 AIT - I

OW0oO130o0o
TIC (mm)	 — ssr ccg.

Fig. V.10.1 Slow shearing test on over-consolidated, submerged
pure silica (200 kPa - OCR= 2)

Rt4G SI-CAR TEST DATA
1XA--2 (2coi)-1.W-csT (v

CC5Vt 31 - kP	 0A1t 03-8-593	 fl.E	 14.00V.200
PEN $5 2*15 - 1.43

o	 10 10 300 350300 350 .400450 500 550 600250

PCAIC SCAR S1EIS - 279 I.

-- -

0	 50	 11 50 200 250	 350 400 450 500 550	 550

-	 b50aTY - 1.1$ .v/..c	 PEAK VT5M	 LAiT - -0.1 nv,i

0	 50	 50	 50	 200 250 300	 --	 400	 450	 550	 900	 250
06PLAaCWT (cm)	 ESCE —	 c.

Fig. V.10.2 Fast shearing test on over-consolidated, submerged
pure silica ( 200 kPa - OCR= 2)
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lG 9€AR TEST DATA
00 L0000 QAY - IC TO 40 - ICT - 50. ØV

m -	 5*110 00-00-153	 lL QOT.4CD
M( ST 5*110 • 030

I
0 00	 300 400 500 500 700	 110 000 000

m ocm r - 00 IPs

.. .... ...

SiC	 TCM.	 - -01 u,r

0
	

100 200 300 400 500 500 700 500 500 1000 110 000 1000
TIE (rt*)	 - Iy rid C.s

Fig. IV.7.1 Slow shearing test on normally consolidated, submerged brown
London clay (400 kPa)

G SlEAR TEST DATA

	

l LQWI QAY - IC TO 415 -	 - FIST V1)
________	 - -	 0A110 00-10-103	 ItE	 LD.40O
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100-
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Fig. IV.7.2 Fast shearing test on normally consolidated, submerged brown
London clay (400 kPa)
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1G S€AR TEST DATA
INCY T-aC TO 25Os-T-J.*4. (V2)

IVE 51	 - 244 ,	 DA1T 03--S3	 FIL	 tCP.250
P5.11 St10 M1V - 127
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30400	 I0O	 700100100	 tOO
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Fig. V.15.1 Slow shearing test on normally consolidated, non-submerged
artificial sandy-silt (250 kPa)

RING SI€AR TEST DATA
5ACv T-C TO 20Ou-t.CeT-cAST (V2)
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_________________
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'	 I

9	 0	 50	 tO	 tO	 200	 250	 300	 350	 400	 450
O5PLACEJ.CNT (cm)	 -	 c.

Fast shearing test on normally consolidated, non-submergedFig. V.15.2
artificial sandy-silt ( 250 kPa)
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4G SHEAR TEST DATA
$NCY T-O.tS	 (V
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Fig. V.20.1 Slow shearing test on over-consolidated, submerged
artificial sandy-silt (250 kPa – OCR= 1.6)

RuG €AR TEST DATA
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Fig. V.20.2 Fast shearing test on over-consolidated, submerged
artificial sandy-silt ( 250 kPa - OCR= 1.6)



APPENDIX VI

DESCRIPTION OF ADDITIONAL TESTS ON PLASTIC SOILS

Tests to Investigate the Decrease of Fast Residual Strength Below Slow

Residual

Brown London clay:

Test VI.1

0 = 100 kPa

OCR= 4

•midual 10.9°

A.	 -7fl°

(Figures VI.1.1-3)

The sample was consolidated to 400 kPa, unloaded to 100 kPa. and sheared

at 0.09 mm/mm. After 1.8 mm of shear displacement the measured strength reached

its slow peak value of 37.6°, and the sample height had increased by 0.037 mm.

Continued shearing led to flirther in sample height and decrease in the measured

sample strength. After 107.4 mm of shearing the sample height had increased by 0.44

mm, and the measured strength had reached its slow residual value of 10.9°. This part

of the test was terminated after 243 mm of shearing.

The rate of displacement was suddenly increased to 1.5 cm/sec and the

measured strength reached immediately its threshold value of 27.0°. Further shearing

was associated with a decrease in measured strength while the sample appeared to

dilate. After 29.1 cm of shearing at the same rate of displacement the measured

strength had decreased to 11.7° and the sample height had increased by 0.25 mm.

Continued shearing at 1.5 cm/sec led to an increase in measured strength while the

sample height appeared to be decreasing. After the sample had been sheared for 43.3

cm its height had dropped back to its level at the end of the slow shearing part of this

test and the measured strength had increased to 15.3°. The strength of the sample

fluctuated between 14.1° and 19.3° until the rate of displacement was decreased to
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undulating (but declining due to sample loss) character of the sample height curve

remained steady.

Subsequently, the sample was sheared at 0.09 mm/mm and the pore pressures

which had increased during the previous part of this test were allowed to dissipate.

The measured strength continued to increase during this part of the test, and reached

its slow residual value of 30.9° after 8.7 mm of shearing.

Tests on Completely Dry Samples

Brown London clay:

Normally Consolidated

Test VI.5

;= 100
A	 —7A°
'Y,c,jdual

•thrcshold 43°

(Figures V1.5.1-2)

The sample was sheared at 0.09 mm/mm in order to avoid any structural

changes which may have been induced by shearing at larger rates of displacement and

also to form a basis for comparison between the remoulded and the dry samples. The

measured strength reached its slow peak value of 42.9° after 9 mm of shearing while

the sample height decreased by 0.54 mm. Subsequently, the measured strength began

to decrease and reached its slow residual value of 37.4° after the sample had been

sheared for 140.6 mm. Meanwhile the sample height had decreased by an additional

0.41 mm because of particle reorientation.

The rate of displacement was suddenly increased to 0.15 cm/sec and then,

gradually, to 1.08 cm/sec before it was stabilised at 1.26 cm/sec. The measured

strength reached immediately its threshold value of 43°, and, as shearing continued,

decreased and reached the value of 30.3° after a shear displacement of 12 cm. Further

shearing at the same rate of displacement led to an apparent increase in strength

which had stabilised within a range between 34.0° and 37.4° before the rate of

displacement was decreased to 0.85 cm/sec and then to 0.11 cm/sec. The decrease in

the rate of displacement had no effect on the measured strength which remained

within the same range. When the rate of displacement was increased again to 1.26
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measured strength decreased before it stabilised within a range between 3 5.5° and

38.5°. After the sample had been sheared for 103.8 cm at 1.71 cm/sec, a periodic

increase in the measured strength started to appear with wave-length of almost two

flill rotations and continually increasing magnitude. It was concluded that these

increases of the measured strength were due to contamination of the rings from soil

which had been progressively extruded through the gap during the previous two tests.

Meanwhile, the rate of displacement varied from 1.71 cmlsec, to 0.2 cm/sec, to 0.08

cm/sec before the test was terminated after 590 of shearing, no effect on the strength

of the sample was observed. The latter fluctuated between 35.5° and 42.6° during the

final 140 cm of shearing in this test.

Test VL12

a = 200 kPa

OCR= 2

A	 -218°
fC%idU1I

A	 =49°
'YthfchoId	 -.

(Figures VI.12.1-2)

The sample was sheared at 0.09 mm/mm, and the measured strength reached

its slow residual value of 3 7.8° after 2.7 mm of shear displacement. This part of the

test was terminated after the sample had been sheared for 115.0 mm.

The rate of displacement was increased suddenly to 1.70 cm/sec and the

measured strength reached immediately its threshold value of 42.9°. The rate of

displacement was decreased suddenly from 1.70 cm/sec to 0.073 cm/sec after the

sample had been sheared for 294.6 cm, increased back to its former level after the

sample had been sheared for 339.5 cm, and decreased again to 0.073 cm/sec just

before the test was terminated after 560 cm of shearing. Meanwhile, the periodic

increase in measured strength, encountered during the previously described test, was

observed during this test as well, and was again attributed to internal ring friction

caused by soil contamination. Besides these increases of the measured strength, the

strength of the sample appeared to have stabilised within a range between 37.8° and

41.8° throughout the duration of this test and it was not affected by any variations of

the rate of displacement.
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monotonic and smooth sample height curve indicated the absence of an undulating

shear surface and this was also reflected on the non-undulating shape of the stress

ratio curve. The test was terminated after 360 cm of shearing and four cycles of

increasing/decreasing the rate of displacement between 0.075 cm/sec and 1.31

cm/sec.

TEST P1.8

a,= 100 kPa

A	 1130
'Yrciidual

•thmbokl= 22.8°

(Figures IV.8. 1-2)

Another sample was put together and tested under 100 and 200 kPa in order

to complete this series of tests on normally consolidated, submerged brown London

clay. This sample was sheared at 0.09 mm/mm and it reached its slow peak strength

of 24.7° after 2.28 mm of shearing while its height decreased by 0.115 mm.

Continued shearing at the same rate led to a decrease in strength until the latter

reached its slow residual value of 11.3° after a displacement of 92.5 mm. As the

sample reached its residual state, its height decreased by 0.23 5 mm and this should be

attributed to particle orientation and sample loss through the gap of the rings. The

additional 0.015 mm decrease in sample height from the point at which the sample

had reached its residual state until the end of this slow part of the test, after 112.1

mm of shearing at 0.09 mm/mm, should be attributed solely to soil lost through the

gap.

The rate of displacement was increased to 0.35 cm/sec for the following 6.87

cm of shearing and the strength increased immediately to 19.8° before it stabilised at

18.5°. The increase in the rate of displacement was associated with an apparent

contraction of the sample or the material which was involved in shearing. After 6.87

cm of shearing, and while the rate of displacement was increased further to 1.71

cm/sec. the sample had contracted by 0.05 mm and its strength increased further to

22.8°. Continued shearing at 1.71 cm/sec led to dilation of the sample and an

associated decrease in measured strength. After 31.6 cm of shearing the sample had

dilated by 0.21 mm and its strength had dropped to 13.3°. Shearing at a constant 1.71

cm/sec was continued for 180 cm at which point the rate of displacement was

decreased to 0.12 cm/sec. It was observed that an undulating shear surface had
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dthmbolI 55.6°

(Figures V.12.1-2)

After 1.6 mm of shearing at 0.09 mm/mm the sample height had decreased by

0.075 mm and the measured strength had reached the level of 3750 After 9.5 mm of

shearing the sample height had rebounded to 0.02 mm above its initial level and the

measured strength had reached its slow peak value of 51.8°. The measured strength

reached its slow residual value of 50.6° after 45.6 mm of shearing. This part of the

test was terminated after a displacement of 108.3 mm.

The rate of displacement was increased suddenly to 1.70 cm/sec and the

measured strength reached its threshold value of 55.6° at zero associated

displacement. Continued shearing at the same rate of displacement led to a decrease

in strength while the sample appeared to dilate. After 5 cm of shearing the sample

height had increased by 0.135 mm and the measured strength had dropped to 50.6°.

The strength of the sample stabilised between 44.9° and 48.1° after 60 cm of

cumulative displacement and it remained within this range until the test was

terminated after 425 cm of shearing. Before the test was terminated, the rate of

displacement was changed from 1.70 cm/sec to 0.11 cm/sec and back to 1.70 cm/sec.

suddenly and gradually, but no effect on the strength of the sample was observed.

Trst V.13

100 kPa

A	 —Acfl°

•Id= 51.3°

(Figures V.13.1-2)

After 2.09 mm of shearing at 0.09 mm/sec the sample height had increased by

0.06 mm while the measured strength had reached its slow peak value of 51.1°. The

sample reached its slow residual strength of 45.0° after 113.1 mm of shearing while

its height had increased by 0.102 mm. This slow shearing part of the test was

terminated after a displacement of 133.0 mm.

The rate of displacement was increased suddenly to 0.2 cm/sc and the

measured strength reached immediately its threshold value of 51.3°. After 7.1 cm of

shearing at the same rate of displacement, the strength had decreased to 45.0° while

the sample height had increased by 0.105 mm. The rate of displacement was

increased again to 1.69 cm/sec and the strength of the sample continued to decrease
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The sample was sheared at 0.09 mm/mm and reached its slow peak strength

of 19.3° after only 0.8 mm of shearing. From the shape of the stress

ratio/displacement curve it could be argued that the residual structure had already

been established, however, it was concluded that the sample reached its slow residual

strength of 13.3° after 117.8 mm of shearing while the height of the sample had

decreased by 0.2 mm.

The rate of displacement was immediately increased to 1.2 cm/sec and the

sample reached its threshold strength of 24.6° at zero associated shear displacement.

The rate of displacement was continuously increased until it reached 7.8 cm/sec after

19.8 cm of shear displacement. At that point the shear strength of the sample had

reached its fast peak value of 26.6° and the height of the sample had increased by

0.38 mm. The rate of displacement was suddenly decreased to 2.0 cm/sec and the

measured strength dropped to its slow residual value after 46 cm of cumulative

shearing. The measured strength continued to decrease with further shearing and

oscillated between 4.4° and 11.3° after 90 cm of shearing. From the sample height

curve it can be concluded that ring contamination was mainly responsible for the

undulating shape of the stress ratio/displacement curve. As it was expected at this

stage of the experiment a significant amount of soil must have been lost through the

gap contaminating the rings and partially influencing the results. Any change of the

rate of shearing between 2.0 and 10.0 cm/sec did not influence the measured soil

strength after the latter had dropped below its slow residual level. The test was

terminated after 480 cm of shear displacement at which point the sample height had

decreased by 0.8 mm.

Tests on Cowden Till:

Normally Consolidated. Non-Submerged

Test IV.13

;= 50 kPa

3 5.4°

•	 47.3°

(Figures IV. 13.1-2)

The sample was sheared at 0.09 mm/mm and after 7.22 mm of shear

displacement it reached its slow peak strength of 36.5° while its height decreased by
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OCR= 2

A	 —eiO°
WmiduiI

•thriboli 
50.40

(Figures V.19.1-2)

The sample was sheared at 0.09 mm/mm and the measured strength reached

its slow peak value of 49.2° after 1.9 mm of shearing while the sample height had

increased by 0.065 mm. The latter had increased by a further 0.01 mm when the

measured strength reached its slow residual value of 46.9° after 70.3 cm of shearing.

This part of the test was terminated after the sample had been sheared for 115.9 mm.

The rate of displacement was suddenly increased to 1.5 cm/sec and the

measured strength reached immediately its threshold value of 50.4°. Further shearing

was associated with a decrease in measured strength while the sample appeared to

dilate. After 29.2 cm of shearing, the sample height had increased by 0.075 mm, and

the measured strength had stabilised within a range between 43.7° and 45.9°. As it

was the case for the previously described test, some internal ring friction must have

been responsible for the magnitude of the variation of the measured strength. After

245.5 cm of shearing the rate of displacement was suddenly increased to 3.15 cm/sec

and the measured strength reached immediately the value of 49.3°. The rate of

displacement was changed from 3.15 cm/sec. to 1.83 cm/sec. to 5.3 cm/sec and to 10

cm/sec, suddenly and gradually, but no effect on the measured strength was observed.

The test was terminated after 650 cm of shearing.

Test V.20

o,= 250 kPa

OCR= 1.6

A —A90°fCSIdUII

•thircihold= 
55.2°

(Figures V.20.1-2)

The sample reached its slow peak strength of 51.1° after 1.28 cm of shearing

while its height had increased by 0.08 mm and its slow residual strength of 49.0° after

23.8 cm of shearing.

The rate of displacement was suddenly increased to 1.44 cm/sec and the

measured strength reached immediately its threshold value of 5 5.2°. Further shearing

at the same rate of displacement was associated with an increase in sample height by
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was increased steadily from 0.023 cm/sec to 1.65 cm/sec and then decreased

accordingly to 0.08 cm/sec. At 0.023 cm/sec the measured strength of this sample

was 32.10, at 0.83 cm/sec it was 3540, at 1.1 cm/sec it was 36.0°, at 1.26 cm/sec it

was 36.3° and at 1.4 cm/sec and above it remained constant at 37.3°. Upon

decreasing the rate of displacement the measured strength of the sample was not

affected until the rate of displacement had dropped below 0.49 cm/sec. This test was

terminated after 418 cm of cumulative shearing.

Normally Consolidated. Submerged:

Test IV.17

a= 50 kPa

4rcsii1uii 3 1.8°

4thie,boid=

(Figures IV. 17.1-2)

The sample was sheared at 0.09 mm/mm and reached its slow residual

strength of 3 1.8° after 192.9 mm of displacement. This was the first time that this

particular sample was sheared and it was expected that the residual state would

involve shearing at a large displacement. The 0.282 mm of decrease in sample height

as the sample approached its residual state should be attributed to particle

reorientation and sample loss through the gap. Any further decrease in sample height

should be solely attributed to sample loss. The increase in measured strength toward

the end of this part of the test should be attributed to either ring contamination or

formation of an undulating shear surface. Shearing at 0.09 mm/mm was terminated

after 2,650 mm.

The rate of displacement was increased instantly to 1.29 cm/sec and the

measured strength reached its threshold value of 45.3° at zero associated

displacement. While shearing continued at the same rate of displacement the sample

appeared to be dilating and its measured strength decreased. After 26.9 cm of

shearing, the sample height had increased by 1.08 mm and the measured strength had

dropped to 32.0°. After the sample had been sheared for 42.3 cm, its height had

increased to 1.8 mm above its level at the end of the slow shearing part of this test

and its measured strength had decreased to 28.3°. Further shearing was associated

with a decrease in sample height as the material which was involved in shearing might

have been contracting. This decrease in sample height was accompanied by an
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4G SIAR TEST DATA
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Fig. V.1.1	 Slow shearing test on normally consolidated, non-submerged

I

pure silica (50kPa)
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Fast shearing test on normally consolidated, non-submerged
pure silica ( 50 kPa)
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its slow residual value. The shape of the sample height curve suggested the existence

of an irregular shear surface which was also reflected on the measured shear strength.

After 82.5 cm of shearing the rate of displacement was increased to 1.68 cm/sec and

it was kept at that level for the next 214.7 cm of shearing. The strength fluctuated

between 33.8° and 43.5° probably because of the irregularities of the shear surface.

After 300 cm of cumulative shearing the rate of displacement was decreased

gradually, at 1.68 cm/sec the measured strength was 40.9°, at 0.5 cm/sec it was 38.4°,

at 0.23 cm/sec it was 36.8° and at 0.096 cm/sec it was 35.9°. This fast shearing part

of the test was terminated after 480 cm of cumulative shearing.

Test IV.22

o = 200 kPa

OCR= 2

A	 —211°
rgjduaI

4= 3470

(Figures IV.22. 1-2)

The measured strength reached its slow residual value of 31.10 after 101.7

mm of shearing at 0.09 mm/mm at which point the sample height had decreased by

0.224 mm. The decrease in sample height during the early stages of this slow shearing

part of the test suggested that the structural relaxation associated with the previous

test must have been completed. This slow shearing part of the test was terminated

after 158.7 mm of shearing at which point the sample height had decreased by a

further 0.044 mm.

The rate of displacement was suddenly increased to 1.7 cm/sec and the

measured strength reached immediately its threshold value of 3470 Further shearing

at the same rate of displacement led to a decrease in measured strength while the

sample appeared to be dilating. After 10.5 cm of shearing the sample height had

increased by 0.26 mm, and the strength had decreased to 31.1°, while, after 14.2 cm

of shearing the sample height had increased by a further 0.04 mm and the measured

strength had decreased to 25.9°. However, as shearing continued, the sample

appeared to be contracting and its measured strength increased. After 52 cm of

shearing the measured strength had increased to 33.3°. Shearing at 1.7 cm/sec

continued for 130 cm of cumulative displacement while the fast residual strength of

the sample fluctuated between 35.5° and 37.2° and an undulating shear surface with
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4G SHEAR TEST DATA
P 5.CA-IC TO 5,-5.WD-PE20JAL (Vip
C	 $1	 - (0	 WiTE 03-05-1S3	 PIL	 ILN100
PEN 5T60 1I0 - 120

0	 20	 200 400 500 (00 700	 (00 1000 1100 200 1000 1400

PEN SCM S?	 20 Iu

£50

30

50 200 300 400 500 (00 700 600	 1000 1100 200 1000	 C0

T1CAI.	 JT - 01 un

.
0	 50	 200 300 400 500 600 700 600 600 1000 1100 200 1000 1400

TIC (mm)	 ESEE - 'o.'d Coisg.

Fig. V.6.1	 Slow shearing test on normally consolidated, submerged
pure silica (100 kPa)
RP1G SHEAR TEST DATA

P.PE SJCA-4C TO 10P.-$W -457 (VI)
WYt 5T(0 - N	 DA1L 03-06-293	 P1Z	 t6J.2O

PEN STPESS M110 -

t0

p0.5

0	 50	 100 50 200250 300 350 400 450 500 550 600 (50 700

_PCN SCM STEN - 20 s

_,

o	 50 50 50 200 250 300 350 400 450 500 550 50 650 700

PEN 0dTY - 11.52 an/.uc	 PEN V1t*I. 0LAT - -0.7 un

10	 r

:	
'ft/J //

0	 50 50 50 200 250 300 200 400 450 500 550 50 650 700
D5PLA)LNT (cm)	 E - rvr Cc(sg.

Fig. V.6.2 Fast shearing test on normally consolidated, submerged
pure silica (100 kPa)
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RIG SHEAR TEST DATA
_..• LGCON Q.AY - IC TO 100 -	 J*i. QiPV

10VE 51	 - W	 DA1E -03-W3	 FLE	 10.OICV?.200
AK 51I A110 • 025

P

O 50 200 200 400 500 1W 700 500 1W 1000 1100 500 1300 1400 1000 1000

PEAK C*R 51	 - 57 I.

12

O 100 200 50 400 500 500 700 500 1W 1000 1100 1000 1300 IO0 1000 1000

PEM TCAL	 JIT - -0.4 u,un

O 50 200 200 400 500 ISO 700 500 500 1000 1100 1000 1300 1100 1000 1000

	

TIE (mm)	 -

Fig. !V.3.l Slow shearing test on normally consolidated, non-submerged brown
London clay (200 kPa)

RIG SHEAR TEST DATA
OWW LOCGI AY - IC TO 20OiP - PAST PV1)

	

WVE S1IC20 - SI Ia	 OA1t 02-04-1053	 fl.E	 SDCVV.200
PEAK S1PE50 MiS • 0.35

:I""''	

.T1O
PEAK 10CA STPE50 - 75 a

I
-	 . -	 . -	 .-	 .-.	 ..	 .	 ..

.1	 . 	 . 	 . 	 -..	 . .	 --

2	 50	 I

t.
v	 U	 1	 50	 50	 175	 200	 229	 230	 275	 300

PEAK ftOOTV - US .,/..c	 PEAK VTSAI. DLAT - -0.4 Mv,

I -	. 	 -.
II	 i•__	 1

25	 50	 75	 100	 135	 100	 173	 200	 225	 250	 273	 300
013P1.ACELENT (cm)	 - ru,a ccl..

Fast shearing test on normally consolidated, non-submerged brown
London clay (200 kPa)

I

:1
9 0

Fig. IV.3.2
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4G S1EAR TEST DATA
R W-O-3	 -3WG-	 (V

._. ST - 230 s	 DAtL 03-47-S3	 FtE	 M0J00
PEAk ST	 M1E •

I
0	 0	 200	 200	 400	 300	 300	 700	 100	 300	 00 mc	 oo

PEAK cm !T - 301 IP.

....Pcm	 -

...
12.€ (mm)	 - '- Coq.

Fig. V.11.1 Slow shearing test on over-consolidated, submerged
pure silica (300 kPa - OCR= 1.5)

RING SICAR TEST DATA
P	 JCA-0-t5 25OP.)-.W-cA5T (VIa

WvE ST	 - 244 kFs	 DA1E 03.-*-1S3	 F1±	 .0c230
P1* ST!3 uim.

I
0	 0	 200
	

200	 400	 300	 300	 700	 800
	

900	 00

PEAk C*	 -

I
0	 0	 200	 mc	 400	 300	 900	 700	 800	 900	 tOO

PEAK m.00ir - 118 s'/	 PEAK vvc. o*i, - -ii

ii

0	 tO	 200	 300	 400	 300	 900	 700	 900	 900	 tOO

	

D6PLAcDNT (cm)	 - ,r-_uru ccgs

Fig. V.11.2 Fast shearing test on over-consolidated, submerged
pure silica ( 300 kPa - OCR 1.5)
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lG SCAR TEST DATA
I IDCON Q.AY - IC 70 15g. - _____ - 2W (V2)

_______ r -. w.	 DM = -3	 ftL 2DCICT.20
-- m m • 246

0	 15	 300 400 500	 350 500 100 200 100

2cm SI	 - 46 I

0.
_ _

-0\

Th (i,*i)	 - b,wd Ca.

Fig. IV.8.1 Slow shearing test on normally consolidated, submerged brown
London clay (100 kPa)

JG S1E:AR TEST DATA

P0I 1.2201 a.AY - IC 70 2s - 	 - rAST Qv2)
2VE 5T1 - 50 #1	 1E 02-2-153	 PLC	 maCgb

* 1T5 IAl2 • 042

0	 25	 50 75 20 15 10 115 300 235 250 275 300 325 300

sm 2Cm 5T - 41

'.

0 25 10 75 15 15 20 115	 250 275 300 325 300

ii
	 - lii	 m iicai.	 *iT - -to

0 25 30 75 20 25 20 175 10 10 230 279 300 320 300
LACO4T (all)	 - ...- ---

Fig. IV.8.2 Fast shearing test on normally consolidated, submerged brown
London clay (100 kPa)



AnDendil V	 Description of Tests on Non-Plastic Soils 	 333

JG S1€AR TEST DATA
5NY T-C TO 5,-.W-UAi. (V2)

4C 5T	 - 30 .	 DA1E 03-20-I3
M !T5 M1 - 130

I

pt	 co

I
0	 W 200 300 400 500 300 700 laO 100 coo mo coo 1300

AK acm 5T10 - 33 1
-S	 •	 _

2SM

W 200	 400 500 300 700 300 100 coo mo	 0 1300

AX VTCIL	 JT • 0.1 ,mi

TI (m)	 - i,vs Colsgs

Fig. V.16.1 Slow shearing test on normally consolidated, submerged
artificial sandy-silt (50 kPa)

Rt'JG SICAR TEST DATA
5NY T-C TO 5.-0..W-cA5T (V2)
C0	 S710 - 50 10	 DAlt 03-21-193	 FIL	 C.50

ST30 3ATI0 • t42

I 0

0.01.
0	 50	 cc	 co	 200	 250	 300	 350	 400	 400

___PAIC1CAR5T30• 70 1a

50-
.1
	 .

0	 50	 00	 10	 200	 250	 300	 330
	

400	 450

ii 

2 
P(M C.0aTY - 117 an/usc	 CMC VTC4. 0LAT - -14 n,.i

	
-

0	 50	 cc	 cc	 200	 250	 .	 _50
D6PLACDENT (cm)	 —

Fig. V.16.2 Fast shearing test on normally consolidated, submerged
artificial sandy-silt ( 50 kPa)
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JC SIEAR TEST DATA

0	 Y INC (t..t t50) D 5050
WC	 - 50 s	 0A70 5-25-552	 FSL	 WV.30

PEAK I1	 PAlS • 0.35

o 5 20 30 40 50 SO 70 50 50 50 15 120 ¶30 ¶40 50 50 170

PEAK SCAR I1 - N Io

5 20 30 40 50 SO 70 50 50 50 15 120 00 140 50 50 170

PEAK t.0dYY - 145 n/..c	 PEAK TCAI. DLAfl - 15 iii,

I	 1

0 12 30 30 40 50 10 70 SO 50 120 112 120 130 140 120 50 170
DGPLAfl€WT (cm) 	 - rvs,id CCNg5

Fig. V.21.1 Fast shearing test on normally consolidated, dry
medium-coarse sand ( 50 kPa)

RPJG SIAR TEST DATA

AR II	 V INC (list 1120) .D NCS
10IVE STN - N Is	 DA1E 5-25-552	 FU.	 W12120

PEAK S?	 MIlD - 0.33

0	 12	 20 30 40 50 SO 70 50	 50 120 112 ¶20 130 ¶40 120

PEAK SCAR 5l - SO Ic

12 20 30 40 50 50 70 50 50 120 112 130 ¶30 ¶40 120

PEAK 50.00t - 134 n/uuc	 PEAK 50M. 0LA4T - 0.1 i

Fig. V.22.1

0 12	 20	 30	 40	 10	 50	 70	 50	 50	 ISO 15 120 130 ¶10 50
D12PLAPIT (cm)	 - WVs'd Cows

Fast shearing test on normally consolidated, dry
medium-coarse sand (100 kPa)
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G SEAR TEST DATA
-_• 1SJ.-IC TO	 .-T-itg. OV2

- N Ws	 N-N-1S3
	

Pu cn,_,C0
PEMI 57 5A1 - CM

o	 400 I	 O0	 000 100

FlAK ICAR I1S • 53 Ws

0	 00	 400	 700

I	 PEM( TC.*4.	 - -0.1 .un

.1

-1 	 ..-------
°	 °° °° .....oo .

7E (n*)	 -	 --

Fig. IV.14.1 Slow shearing test on normally consolidated, non-submerged
Cowden till (100 kPa)

4G SEAR TEST DATA
c	 ILL-C TO Pv.4T-FA3T Y2)

I STN - N IF.	 DAIE N-*-S3	 PIL CflW.00
- FlAK ST MTo • CM

0	 25	 50	 75 00 00 lEO 175	 225 250 275 250 325

PEAK lEC*2 5135 - 57 IF.
.-

I-
	50

ii

0	 25 50 75 lEO 00 lEO 175 250 225 250

- %N /..c	 PEAK 1CL .A(T - -03 iui

l	
/\

275	 323

0	 25 50 75 00 lEE lEO 175 000 225 220 275 320 325
OLANT (cm)	 -

Fig. IV.14.2 Fast shearing test on normally consolidated, non-submerged
Cowden till (100 kPa)
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0.12 cm/sec -after the sample had been sheared for 188.4 cm- and the strength

dropped to 12.5°. The rate of displacement was again increased to 1.25 cm/sec for

the next 111.6 cm and the strength of the sample fluctuated between 15.6° and 21.90.

After the sample had been sheared for 300 cm the rate of displacement was decreased

to 0.4 cm/sec and then to 0.12 cm/sec and its strength decreased to 13.5° and 12.7°,

respectively. After 311.6 cm of cumulative shearing the rate of displacement was

increased to 1.72 cm/sec while the strength of the sample fluctuated between 21.0°

and 24.5°. Further gradual increase of the rate of displacement to 7.38 cm/sec had no

effect on the strength of the sample. After the sample had been sheared for 387.4 cm

the rate of displacement was decreased to 1.72 cm/sec and its strength dropped to

18.3°. The rate of displacement was increased again gradually to 8.28 cm/sec but no

effect was observed -above 1.88 cm/see- on the strength of the sample which had

stabilised within a range between 21.3° and 23.40. This fast shearing part of the test

was terminated at a cumulative shear displacement of 670 cm. It should be noted at

this point that throughout the duration of the test no evidence of an undulating shear

surface were observed.

Subsequently, the sample was sheared at 0.09 mm/mm and its measured

strength decreased from its initial value of 16.7° until it reached its slow residual

value after 20.8 mm of shearing. The strength stabilised at 10.9° until the test was

terminated after 133 mm of shearing.

Test VI.2

a = 200 kPa

OCR= 2

•rcsidual 
11.00

4 = 21.5°

(Figures VL2.1-3)

The same sample was loaded to 200 kPa, and sheared at 0.09 mm/mm. The

measured strength stabilised at its residual value of 11.0° from the beginning of this

slow shearing part of the test until the latter was terminated after a displacement of

133 mm. By then, the sample height had decreased by 0.2 mm due to sample loss.

The rate of displacement was increased suddenly to 0.31 cm/see and the

measured strength reached its immediately threshold value of 21.5°. While the rate of

displacement continued to increase -it reached 1.04 cm/sec after 7.37 cm of shearing
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00000)	 0000)	 0001	 0 DI	 0 I	 10	 100	 1000

5iiisun ISIS, mmI miii ii P .1) 1mm)

Fig. AI.3.2 Calibration of Motor M2-Ring Shear 2 (Tika, 1989)
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RING SHEAR TEST DATA
CDI TL-4C TO 20P.-S.WG-ML lvi)

St St5S - IS 1	 DATE 00-25-553
M 51SS IATO - 0.17

:i
025-

In

VL	 C0O

	

0	 50 200	 400 500 500 700 500	 500 500 500 1300 400 500

AX SaC*R STSS - 132 Ps

--- —

-UI	 so--

O	 50 200 300 400 500 500 700500 SO	 U00 1400 500

PEAX VTOAL .AI15IT - — ri
00.

-2

0	 50 200 300 400 500 100 700500 ..01500 13001400 500
TIL (mm)	 — p,	 c.

Fig. IV.19.1 Slow shearing test on normally consolidated, submerged
Cowden till (200 kPa)
RING S€AR TEST DATA

COW00 1LI.-NC TO 200cPD-0WGCD-4A5T (vi)
00I5VE ST15 - IS liPs	 ME 02-25-553	 FSL	 CTN.20O
P(N( 5T10 lAflo - 0.15

0.74.

O.5

0.25

0	 10	 50	 50	 200	 250	 300	 300	 400	 450	 500	 550

514*1 51'10 - 57 @

6 50-

I.-
In
	 -----

50	 50	 50	 200	 250	 300	 300	 40040500500

I	 P5*11 L.00Tv - fllS ,i/•sc	 PEM VERTC*L 0I.AIT - .43 us"

.	 :
-	 fl

0	 -	 _____

0	 00	 50	 50	 200	 25.0	 300	 350	 400450	 500	 550
DGPLAcD.CNT (cm)	 — rwus Ca.5.

Fig. IV.19.2 Fast shearing test on normally consolidated, submerged
Cowden till (200 kPa)
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cm/sec. the fast residual strength of the sample appeared to increase slightly and

varied between 36.50 and 39.7°. The subsequent decrease of the rate of displacement

to 0.9 cm/sec again had no significant effect on the measured strength. After the

sample had been sheared for 272.4 cm the rate of displacement was increased to 1.70

cm/sec. The rate of displacement was varied, suddenly or gradually, from 1.70

cm/see, to 7.8 cm/sec and to 9.66 cm/sec before the test was terminated at 580 cm of

cumulative displacement. However, no effect on the measured strength was

observed.

Test VI.6

a = 200 kPa

A	 -27°

42.3°

(Figures VI.6. 1-2)

The sample was sheared at 0.09 mm/mm, and the measured strength reached

its slow residual value of 37.6° after 34.2 mm. This slow shearing part of the test was

terminated after the sample had been sheared for 131 .1 mm.

The rate of displacement was increased suddenly to 1.27 cm/sec and the

measured strength reached immediately its threshold value of 42.3°. The sample was

sheared at the same rate of displacement for a cumulative 111.7 cm of shear

displacement while the its strength stabilised within a range between 41.2° and 43.8°.

After the sample had been sheared for 111.7 cm at 1.27 cm/sec the rate of

displacement was decreased gradually to 0.1 cm/sec and then increased back to 1.27

cm/sec but no effect on the fast residual strength of the sample was observed. After

228 cm of cumulative shearing the rate of displacement was changed from 1.77

cm/see, to 8.65 cm/see, to 9.02 cm/sec and to 3.47 cm/sec until the test was

terminated after 660 cm of shearing. However, the strength of the sample stabilised

within a range between 4 1.2° and 43.8°, and no effect of the varying rate of

displacement was observed.

Overconsolidated

Test TI.7

100 kPa

OCR= 4
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Therefore, the error in the stress ratio which is introduced by the inaccuracies in shear

stress measurement can be calculated by the following equation:
- Cr/a).1 - (da) - FA-F	 AllI 4E	

(t/a)	 - F

This error was calculated for several loads which were applied on the load cells of Ring 2

[Fig. All!. 1-2] and it was observed that, while at veiy low loads the error may be as high

as 10 %, it drops rapidly to about I % when the load increases above 200 N. It was

concluded that this error would have an insignificant effect on the test results in the

present investigation.



APPENDIX V

DESCRIPTION OF TESTS ON NON-PLASTIC SOILS

Tests On Pure Silica:

General:

The soil which was used in this series of tests was a commercially available

pure silica which was available at the Soil Mechanics Laboratory of Imperial College.

Normally Consolidated. Non-Submerged

Test V.1

01 50 kPa

A -AAA°

•thrc-hold 
5430

(Figures V.1.1-2)

The sample was sheared at 0.09 mm/mm and after 13.3 mm of shearing the

strength had reached its slow peak value of 45.6°, and the sample height had

decreased by 0.41 mm. Further shearing was associated with an additional 0.01 mm

decrease in sample height as the measured sample strength reached its as residual

value of 4440 after 30.4 mm of displacement. This slow shearing part of the test was

terminated after 136.8 mm of shearing while the sample height had decreased by an

additional 0.02 mm indicating minimal soil loss.

The rate of displacement was suddenly increased to 1.7 cm/sec and the

measured strength reached its threshold value of 54.3° at zero associated

displacement. Further shearing at the same rate of displacement led to a decrease in

strength as the sample appeared to dilate. After 20.2 cm of shearing the sample height

had increased by 0.06 mm, and the measured sample strength decreased to 45.03°.

The fast residual strength of the sample stabilised around 46.1° between 20.2 cm and

58.5 cm of cumulative displacement while the sample height appeared to be

decreasing due to soil loss. The rate of displacement was suddenly decreased to 0.1

cm/sec after 124.1 cm of shearing but this had no effect on the strength which varied
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G SEAR TEST DATA
=_ L-tC TO	 w4T-iAI. GV2

- - .	 DA1 00-50-253	 P!J CflO.2X
PEAK ST M12 • Oil

Vi ..

0	 250	 -	 750	 200

PEAK bTC?.	 - - uvn

I5h1...
0	 250	 500	 750	 200	 210	 200	 1750 7500 200 2500

IlL ()	 -

Fig. IV.15.1 Slow shearing test on normally consolidated, non-submerged
Cowden till (200 kPa)

4G SLAR TEST DATA
005001 TLL-C TO 2OO.Ps)-T-fl5T (V2)
C,Wvt IYPESS -	 DA1! 00-22-253	 PIL CTN.200
PEAK ST50 RfliflO • 0.54

0.5

0	 25	 50	 75	 20	 21	 20	 175	 300	 250

PEAK 2CAR 5T5 - 24 I.

50L

0 •	•.
0	 25	 50	 75	 20	 21	 20	 175	 200	 255	 300

2 
••PEAK OO - _ un/c	 PEAK TCAL 0IT - .42

9
.ALNT (av)	 - wii c.s,

Fig. IV.15.2 Fast shearing test on normally consolidated, non-submerged
Cowden till (200 kPa)

210 100 1750 3000 200 3000



APPENDIX II

COMPUTER PROGRAM FOR DATA ACQUISITION,

CALCULATION, AND PRESENTATION OF RESULTS

AILI Introduction

The computer program called "Ringtest" enables the operator to calibrate all the

transducers of the system, conduct consolidation and/or shearing procedures

simultaneously in both ring shear devices, collect and store the readings from each

transducer, and calculate and display the results from each test on the PC screen while

the tests are in progress. The program is written in Quick Basic and it comprises the

following six sub-routines:

1) "Opencommunication"

2) "Calibration"

3) "Consolidation"

4) "Shearing"

5) "Graphdisplay"

6) "Printing"

In the remainder of this Appendix the basic functions of these sub-routines will be

described and brief guidelines for their operation will be presented.

A.1L2 "Opencommunication"

This is the first sub-routine which is activated and establishes the connection

between the PC and the transducers of both ring shear devices through the data

measurement processor which has been described in Chapter 3. This sub-routine opens

all communication channels automatically and it does not require any interaction with the

operator.
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RING SHEAR TEST DATA
CooVDI TLL-IC TO XO.-$W0-Eu*j. (VI)
CSVE 5TE - 213 .	 DAlL O3-OI-S3	 FLC	 C12cXO

M ST55 A117 - DII

O	 to	 400 500 100 700	 100	 itO tOO 1300 1400

PEN cm !1PE - 202

200-	 -'

-S--------,.---_•''•	 -.-

130 200 300 400 500 laO 700 100 100 too ito too too 1400

PEN V11C*1. 0LAT - -0.1 nm
aol...

--

-

-

	

-0.1-	 S.

	

0	 130 200 300 400 500 $00 700 P00 P00 1300 ito too toø 1400
TIC (,mn)	 - Iwi Cgs

Fig. IV.20.1 Slow shearing test on normally consolidated, submerged
Cowden till (300 kPa)
RING SICAR TEST DATA

C0W4 YL-IC TO 300'.-t.W020-flST (VI)
ccPssivE S1P0 - 213 hPa	 DA% 03-02-1393	 FIL	 eVif.3O0
PEN STPE50 RAlt - tie

toi,

PEAK 13CAR ST30 - 377 Ia

250 - .	 -

-----.
	 - -.------

0	 255075	 130135	 .175	 200	 225	 250

PEAK Vt.00TY - 1355 a'i/uuc 	 PEN VTCAI. LACD108T - 04 uv,i

25..
D6PLAcO.CNT (cm)	 - 'wd

Fig. IV.20.2 Fast shearing test on normally consolidated, submerged
Cowden till (300 kPa)
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Fig. A11l.1 Error due to Shear Stress Measurement by Load Cell I (Ring 2).

Tika (1989)

Fig. A1II.2 Error due to Shear Stress Measurement by Load Cell 2 (Ring 2).

Tika (1989)
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between 43.10 and 45.5°. Before this test was terminated at 380 cm of cumulative

shearing, the rate of displacement was varied between 0.1 cm/sec and 1.7 cm/sec.

suddenly and gradually, but no effect of those changes on the strength of the sample

was observed.

Test V.2

a = 100 kPa

A —444°
'I'mjduil

•uir.' oiii= 51.3°

(Figures V.2.1-2)

The sample was sheared at 0.09 mmlmin and its strength reached its slow

peak value of 49.0° after a displacement of 1.9 mm. Further shearing led to a decrease

in strength which reached its slow residual value of 44.4° after 74.1 mm of

displacement. This slow shearing part of the test was terminated after 119.7 mm of

displacement. It should be mentioned that the sample height curve should not be

taken into consideration since it was probably affected by a malfunction of the

transducer.

The rate of displacement was suddenly increased to 1.69 cm/sec and the

strength reached its threshold value of 51.3° at zero associated displacement. Further

shearing at the same rate of displacement led to a decrease in strength as the sample

appeared to dilate. After 25 cm of shearing the sample height had increased by 0.064

mm, and the strength had decreased to 44.4°. Shearing at the same rate of

displacement was continued until a cumulative displacement of 142.5 cm while the

strength of the sample fluctuated between 41.7° and 43.10. The rate of displacement

was then decreased suddenly to 0.11 cm/sec but this had no effect on the strength of

the sample. Further changes of the rate of displacement, gradual or sudden, did not

appear to affect the strength until the test was terminated after 440 cm of cumulative

shearing.

Test V.3

a= 200 kPa

A	 —Acd°

A	 —cin°

(Figures V.3.1-2)
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1G SHEAR TEST DATA
__. LGCGi O..AY-C-2	 (VO
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25
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—	 0	 10 200 300 400 500 100 700 __	 -	 100 ItO tOO 100
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..	 . .
TI€ (mn)	 — wd CsIsgs

Fig. IV.1 1.1 Slow shearing test on over-consolidated, submerged brown London
clay (200 kPa — OCR= 2)

RtIG SHEAR TEST DATA
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	 /\ rr\

	

-	 ..	
V

VI o- . .............
0	 50	 tO	 150	 210	 300	 350	 400	 450	 500	 550
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Fig. IV.1 1.2 Fast shearing test on over-consolidated, submerged brown London
clay (200 kPa - OCR=2)



APPENDIX I

SYSTEM CALIBRATION

ALl Calibration of the Instrumentation

The load cells, proving rings, and displacement transducers of the ring shear

devices were calibrated using the procedure which has been adopted as standard in

laboratory research. The physical parameters measured by each transducer were varied

systematically and the output readings were recorded for the determination of the

calibration constants. The calibration procedure involved 30 increase/decrease cycles of

each physical parameter in order to ensure the steady response of each transducer.

Subsequently, the calibration constants were calculated from the relationships between

the physical parameters and the output readings. The calibration procedure was repeated

every three months during the period of the laboratory research.

The load cells were calibrated in compression by means of the Budenberg dead-

weigilt calibrator and in tension by directly applying tensile load. Since the minimum load

which can be applied through the Budenberg calibrator is 108.5 N, smaller compressive

loads were also applied directly to the load cells. After the end of each test each load cell

was zeroed in order to observe any substantial drift in the output which would have

indicated malfunction of the measuring device.

The proving rings were calibrated by applying directly on them a sequence of

compressive and tensile loads.

The vertical displacement transducers were calibrated by means of a vernier

calibrator with 0.01 mm/div resolution.

The horizontal displacement transducer, for reasons which have been explained in

Chapter 3, was not calibrated.
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G 9EAR TEST DATA
1l.L-$C TO 40T-WL (v23

CWE V - 310 s	 W.1! 00-25-103	 PIL CIT1flO
m no -

I
o tO 10 350 440 10 ISO 750 ISO 10 150 ItO 100 050 1100

__	 PEAK OCAS ST	 - 240 Is

£	 -b'--------'----v—	 - -

is..

o 10 10 10 400 10 100 750 10 100 100 ItO 150 050 tOO

1	 PEAK YCAL .AKD40T - -02 .un

............................liii,
0 10 IX 300 400 400 ISO V0 lOb ISO 100 100 100 050 tOO

TVi (nvi)	 - _l c

Fig. JV.16.1 Slow shearing test on normally consolidated, non-submerged
Cowden till (400 kPa)

G SICAR TEST DATA
OO10 TSL-1C TO 4,-405T-fA5T (v2)
CWvt S1 - 340 I.	 DATO 02-24-103 	 fl.1	 CflWAOO
,PEAI( ST25 SAilS • 0.00

o as 50 75 10 10 10 175 10 10 10 275 300 ss me s o
__	 PEAK ICAS S15 - 30 .

..

E3Oo..

o 25 50 75 10 10 00 115 200 10 250 215 10 325 350 375 400

-1	 .carv - 1.03 ./.c	 PEAK	 IA.	 - -oo i

ft	 c
—-\-----

0 25 50 75 10 10 00 115 200 10 250 275 300	 350 375 400
.A1LNT (cm)	 -

Fig. IV.16.2 Fast shearing test on normally consolidated, non-submerged
Cowden till (400 kPa)
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and Presentation of Results

A.11.3 "Calibration"

This sub-routine enables the operator to conduct the calibration of all channels

which are connected to transducers. The operator has to input the number of channels

which will be calibrated and the number of different readings from each channel which

will be taken for the calculation of the calibration constants. After all channels have been

calibrated, the constants are saved in a file and are recalled each time the data

measurement processor is activated. Subsequently, each time the program is initiated, the

operator is prompted to choose which calibration file will be used and whether any

channel has to be re-calibrated or its calibration checked. Therefore, before a new test is

conducted, the zero drift or possible malfunctions of each transducer may be checked

and corrected.

A.1L4 "Consolidation" & "Shearing"

These sub-routines form the core of the program since they are associated with

the testing procedures. The operator has to indicate which procedure and what type of

test will be conducted in each apparatus, what the approximate duration of the test will

be (mins), whether the sample will be sheared "slow" or "fast", what is the normal load

(kN) which is applied on the hanger, whether there will be pore pressure and temperature

measurements, and at what frequency will readings from the transducers will be

recorded. Furthermore, the operator is able to interrupt the scanning of the transducers

at any point during a test and alter the frequency when it is required. After all the

preliminary information is provided, the program prompts the operator to specify a name

for the file in which the test results will be saved, takes the initial readings from all

transducers involved in the previously specified testing procedure and records the initial

time and date along with one line of information serving as the title of the file. The

operator may interrupt and terminate the test conducted in one of the ring shear devices

without affecting the procedure which involves the other device. Furthermore, the

program enables the operator to view on the PC screen the results from a previously

conducted test while another test is still in progress in one of the ring shear devices.
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JG SIEAR TEST DATA

c050(N TL-0-4	 u)-WGCD-	 (Y2)
C0IrVt ST99 - II kPo	 DATE: 02-29-293	 FU	 CTOC99.20
PEAK S199 PAl2 - %21

t0

I05

0	 250	 750	 200	 1730	 1700	 1750	 2000	 2250	 2500	 2750

PEAK 17CAR 37PE99 - 117 s
:

0	 250	 500	 750	 1700	 1750	 800	 1750	 2000	 2250	 2500	 2750

VERTCAI. 0LA&NT -

0I.

	

.	 ...
0	 250	 500	 750	 1700	 1750	 1700	 1750	 2000	 2250	 2500	 2750

T1.€ (mm)	 - , urii CeNgu

Fig. IV.21.l Slow shearing test on over-consolidated, submerged
Cowden till (100 kPa - OCR= 4)

RI4G SHEAR TEST DATA
COWOD. TL-O4 (I0O.Pa)-.5.MR-FA5T (v2)

	

Cc55ivE S25 - 95 Pa	 DATE: 02-25-293	 FU	 CT0C.2O
to_AK $TPESS AT2 - 0.95

: TTTTTTTI
_PEAK 17(AR 5T55 - 94 1a

:,	 -	 S. -.	 -

0
0	 50	 170	 80	 250	 300	 350	 400	 450

1	 VQTy -	 PEAK VTCaL CLAlT - 04 "!n

D5PLANT (cm)	 - 'ri Cu.

Fig. IV.21.2 Fast shearing test on over-consolidated, submerged
Cowden till (100 kPa - OCR= 4)



APPENDIX IV

DESCRIPTION OF TESTS ON PLASTIC SOILS

Tests on brown London clay:

Normally Consolidated. Non-Submersed

The soil was left to hydrate overnight after it had been remoulded, it was

placed in the confining rings at a water content around its plastic limit and it was not

submerged in water. After the apparatus had been assembled, the sample was loaded

to the lowest normal stress level of 50 kPa. The multistage testing technique was

followed unless otherwise stated.

TEST IV.1

a, = 50 kPa

4 = 15.6°

•thiediokl 25.8°

(Figures IVI.l-2)

The sample was sheared until it had reached its residual state at the constant

rate of displacement of 0.09 mm/mm for a total time of shearing of 4300 mins and a

shear displacement of 38.7 cm. It was observed that after the first 4.5 cm of

displacement the shear strength of the sample had already stabilised at its residual

value of 15.6°, however, the shearing at the slow rate of displacement was continued

in order to veriFy that the sample had reached its residual state and also to check the

behaviour of the new rings in slow shearing for a fiji1 rotation. After a shear

displacement of 1.64 mm the sample had reached its slow peak strength of 28.4° and

at 29.3 mm of shear displacement the sample had reached its residual state. The first

0.14 mm of decrease in sample height must be attributed to particle reorientation and

sample loss, where as the additional 0.082 mm must be attributed solely to sample

lost through the gap.

The rate of displacement was increased suddenly to 0.72 cm/sec and the

strength of the sample reached its threshold value of 25.8° at zero shear displacement.
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The sample was sheared at 0.09 mm/mm and the strength reached its slow

peak value of 48.5° after a displacement of 1.9 mm. Further shearing led to a gradual

decrease in measured strength which reached its slow residual value of 45.4° after

89.3 mm of shearing. The slow shearing part of this test was terminated after 143.6

mm of displacement. It should be noted at this point that the sample height curve of

this part of the test should not be taken into consideration because it has probably

been affected by a malfunction of the vertical displacement transducer.

The rate of displacement was suddenly increased to 1.69 cm/sec and the

measured strength reached immediately its threshold value of 52.0°. As shearing

continued at the same rate of displacement, the sample dilated, and the strength

decreased. After 7 cm of shearing the sample height had increased by 0.08 mm and

the strength had decreased to its slow residual level. Further shearing at 1.69 cm/sec

led to further decrease in strength which fluctuated between 41.9° and 44.4°. After

114 cm of shearing the rate of displacement was decreased suddenly to 0.082 cm/sec,

gradually increased to 1.69 cm/sec, and decreased again in similar manner. However,

neither these nor any other changes of the rate of displacement had any effect on the

strength of this sample. This testing procedure was terminated after 335 cm of

cumulative shearing, by which point the sample height had decreased by 0.7 mm

mainly because of soil lost through the gap of the rings.

Test V.4

300 kPa

A	 —42°

•thrchoid 52.0°

(Figure V.4.1-2)

The sample was consolidated under 300 kPa normal stress and sheared at

0.09 mm/mm. The measured sample strength reached its slow peak value of 50.7°

after 5.5 mm of shearing and its residual value of 45.2° after 115.9 mm. The dilation

of the sample indicated by the sample height curve may have been due to malfunction

of the vertical displacement transducers or may, indeed, have been due to the nature

of the sample. This slow shearing part of the test was terminated after 135 mm of

displacement.

The rate of displacement was increased suddenly to 1.63 cm/sec and the

strength reached immediately its threshold value of 52.0°. The strength decreased
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Fig. 6.3.47	 Rate dependent characteristics of over-consolidated, non-presheared,
brown London clay (100 kPa)
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Rate of Displacement (cm/set)

Fig. 6.3.48	 Rate dependent characteristics of over-consolidated, non-presheared.
brown London clay (200 kPa)
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Fig. 6.3.57	 Rate dependent characteristics of over-consolidated, completely dry,
Cowden till (100 kPa)

Rate of Displacement (cm/see)

Fig. 6.3.58	 Rate dependent characteristics of over-consolidated, completely dry,
Cowden till (200 kPa)
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Immediate sample dilation (mm)

Fig. 6.4.9	 Immediate sample dilation versous post-threshold strength decrease
for pure silica samples

0	 0.05	 0.1	 0.15	 0.2

Immediate sample dilation (mm)

Fig. 6.4.10 Immediate sample dilation versous post-threshold strength decrease
for sandy-silt samples
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Fig. 6.4.19	 Rate dependent characteristics of over-consolidated, submerged
pure silica sample (100 kPa)

Rate of Displacement (cm/see)

Fig. 6.4.20 Rate dependent characteristics of over-consolidated, submerged
pure silica sample (200 kPa)
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Fig. 6.4.29	 Rate dependent characteristics of over-consolidated, submerged,
sandy-silt sample (200 kPa)

Rate of Displacement (cm/icc)

Fig. 6.4.30 Rate dependent characteristics of over-consolidated, submerged,
sandy-silt sample (250 kPa)
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influence the fast residual strength of samples which exhibit positive rate effects.

Moreover, the fast residual strength of plastic soil samples which exhibit a positive rate

effect decreases with increasing nonnal stress [Figs. 6.3.27-6.3.30]. Finally, when the

rate of displacement increases from 0.2 to 2.0 cm/sec, the increase in fast residual

strength becomes less significant at higher normal stresses, i.e. soils become less rate

dependent at higher normal stresses. No relation between the magnitude of the increase

in fast residual strength and the plasticity index of soils is observed from the present

results.

The negative rate effect [Tjpe Ii behaviour] occurs with all non-plastic soils used

in this investigation (P1=0 %, 5 %<CF<9 %), except the sands, and with plastic soil

samples which are submerged in water and which develop an undulating or non-planar

shear surface.

In the case of the non-plastic soils the negative rate effect is attributed to an

increase in the porosity of the shearing matrix resulting from the interparticle movements

upon the application of fast rates of displacement. This is in agreement with the

conclusions of previous researchers (Lemos, 1986; Tika, 1989). The results from this

investigation indicate that the fast residual strength of non-plastic soils may be 4 to 12 %

lower than their slow residual strength, is not rate dependent, and does not appear to be

influenced by the increasing normal stress.

In the case of the plastic soils, the negative rate effect is consistent with the

development of pore pressures induced by a mechanism of shearing involving an

undulating shear surface. It has been shown that, if the rate of displacement is decreased

to a rate which would allow for the dissipation of pore pressures, the shear strength of

the sample gradually increases and returns to its slow residual level. Visual inspection of

the material within the shear zone of plastic soil samples which exhibit a negative rate

effect shows a soft texture, while the increased water content within this zone provides

evidence of a liquefied structure. This suggests that the undulating shape of the shear

surface induces a "pumping action" which, combined with the presence of water around

the sample, causes the pore pressures within the shearing matrix to increase. If the

amplitude of the undulating shear surface decreases during shearing, the "pumping

action" diminishes, the pore pressures begin to dissipate, and the shear strength gradually

increases.
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JG SHEAR TEST DATA
0W LCGI QAY-O-t5 (Xi)-9.W9D-1C90UAi. (VI)
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Fig. IV.12.l Slow shearing test on over-consolidated, submerged brown London
clay (300 kPa - OCR= 1.5)

RItJG SHEAR TEST DATA
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Fig. IV.12.2 Fast shearing test on over-consolidated, submerged brown London
clay (300 kPa - OCR=1.5)
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AI.2 Vertical Deformation of the Ring Shear Apparatus

It has been reported by previous researchers (Lupini, 1981, and Tika, 1989) that

the ring shear apparatus deforms on the application of vertical load. Although this was

thought to have insignificant effects on the quantities measured during a test, the results

from measurements which were conducted by Garga (1970), Lupini (1981), and Tika

(1989) are presented for reference purposes [Fig. AI.2.1].

AL3 Calibration of the Motor Drive Units

The constant speed AC motors were calibrated by measuring, by means of the

angular vernier scale, the displacement which the rotating part of the apparatus travels in

one time unit. This procedure was repeated at several settings of the semi-automatic

controlled motors and a set of curves was produced for each motor which enable the

estimation of the rate of displacement [Fig. A1.3. 1].
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G S1CAR TEST DATA
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Fig. IV.17.1 Slow shearing test on normally consolidated, submerged
Cowden till (50 kPa)

1G S1EAR TEST DATA
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5T30 - 30	 D,.lt 00-35-S3	 flL Cfl30
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to:?..
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0 25 50 75 lDO 05 00 175	 250 275 350	 350 375 400 425

AX 0C.*R STE% - 50 Is
50-,.

/\_
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V.WTY - 041 avi/.c	 PCMC VTC.	 -

i1 ID

.

o 25 50 75 00	 00 115 200 225 250 275 X0300 375 400 425
LALNT (cm)	 -	 cs.

Fig. 1V.17.2 Fast shearing test on normally consolidated, submerged
Cowden till (50 kPa)
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All.5 "Graphdisplay" & "Printing"

These sub-routines are associated with the calculation and presentation of the

results while the testing procedure is in progress. The program collects the signals

transmitted by the transducers, converts them to physical parameters with the use of the

calibration constants, and calculates the horizontal and vertical displacements, the rate of

displacement, the shear and normal stresses, and the stress ratio using equations

presented in Chapter 3. All results are saved into an ASCII file corresponding to each

particular test. Simultaneously, the results are plotted on the PC screen so that the

operator can have a better control of the rate of displacement and develop an immediate

view regarding the behaviour of the sample which is being tested.

AIL6 Complementary Programs

Three more computer programs were written in order to provide a better

management of the files containing the results from each test and apply the side and gap

friction corrections. The file which contains the results from each test is retrieved, the

operator is prompted to choose whether a correction should be applied, and if the answer

is "yes" which correction file should be used. Subsequently the test results, corrected or

not as the case may be, are transferred into a floppy disk and may be plotted. The

program "Ringdata" deals with the "slow" tests and provides graphs in which the

results are plotted versus "Time of testing", whilst the program "Ringlile" deals with

the "fast" tests and provides graphs in which the results are plotted versus the "Shear

displacement". Finally, the program "Ringplot" deals with all tests and enables the

operator to view on the PC screen the test results, corrected or not, plotted in various

ways i.e. stress ratio vs. velocity vs. displacement (three dimensional graph), stress ratio

vs. velocity, stress ratio vs. displacement, or velocity vs. displacement.
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JG €AR TEST DATA

C4 1I.L-Q2 c30.)-,a D-J,i. (v2
C	 S1	 - CO	 W1 03-01-153	 PU; CfOC.2D0
PCMC ST	 5*117 • OSS

0	 400	 000
	

800
	

ISO

NC ICAR SI • CS

0	 400
	

WOO
	

COO

I	 PM( T17*I.	 - -0.3 ri

I
	

--

-0.2

0	 400	 lOS	 500	 1700	 COO	 1700	 100
TI (u*)	 - vd Cu

Fig. IV.22.1 Slow shearing test on over-consolidated, submerged
Cowden till (200 kPa - OCR= 2)

G 9EAR TEST DATA

CO	 1t.-O0S-2 (2crP.)-8.WGD-cA3T (V2)
OOSvt ST50 - CO	 DA1E 03-02-153	 PU; CtOC.200
PEAK 5J5 5*117 • 077

0a5

00

0 25 50 75 170 175 170 175 200 223 250 275 300 325 350 375 400 425

PEAK WCAR ST50 - 82

-. ...—.- -

00-

0	 -. ....................................................
0 25 30 75 CO 175 80 175 200	 250 275 300 325 390 375 400 425

_PCM t.OaTv - Ill .'/..c	 PEAK VTCI.	 - 03 u,n

: :

-

0 23 50 75 CO 175 50 175 200	 250 275	 375 400 425
C8PIADCNT (cm)	 - .,	 c.

Fig. W.22.2 Fast shearing test on over-consolidated, submerged
Cowden till ( 200 kPa - OCR= 2)



Aopendix IV	 I)escription of Tests on Plastic Soils 	 252

On the first application of fast shearing, the sample contracted to 0.093 mm below its

original height causing a decrease in shear strength to 17.9°. As shearing continued,

the sample dilated to 0.71 mm above its original height and the strength dropped to

10.10 after a shear displacement of 40 cm (full sample rotation). The rate of

displacement was consequently increased to 1.7 cm/sec and the undulating shear

surface which developed had an amplitude of 0.62 mm after 70 cm of shear

displacement, which decreased to 0.13 mm after 580 cm of shear displacement, and a

wave-length of 40 cm. After the shear strength dropped below its residual value at

the beginning of the fast shearing stage, it increased above that value and oscillated

around 19.3° for the remainder of the test. No further effect of any change in the rate

of displacement was observed after the first 45 cm of shear displacement. It should be

noted that the periodic sharp increases of the measured strength observed in the

stress ratio/displacement curve may be partly due to contamination of the rings which

became more apparent at the lower normal stress levels.

TEST IV. 2

o 100 kPa

11.7°

k	 —14°
'Vtbieshold '

(Figures IV.2. 1-2)

The sample was sheared at 0.09 mm/mm for 1360 mins to a displacement of

12.3 cm. After 0.2 mm of shearing it had reached its slow peak strength of 20.8°

while continued shearing was associated with a decrease in the measured sample

strength which reached its slow residual value of 11.4° after 3.6 cm of displacement.

The 0.16 mm decrease in sample height associated with the first 3.6 cm of shearing

should be attributed to a combination of particle reorientation and sample loss, where

as the further 0.14 mm decrease in sample height before this slow shearing part of the

test was terminated should be attributed solely on sample loss.

The rate of displacement was increased gradually in order to observe the

effect which the rate of displacement gradient has on the response of the sample

under fast shearing conditions. The rate of displacement was increased from 0.09

mm/mm to 0.1 cm/sec during the first 7.5 cm of shearing and the strength of the

sample remained constant at 14.0° without exhibiting a pronounced threshold

strength. As the rate of displacement was increased gradually to 1.4 cm/sec during
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with continued shearing while the sample appeared to be dilating. After 13.6 cm of

shearing the sample height had increased by 0.094 mm, and the strength had

decreased to its slow residual value. Further shearing at the same rate of displacement

led to a decrease of the sample height due to soil loss. The measured strength had

stabilised between 42.2° and 45.2° when the rate of displacement was decreased

suddenly to 0.11 cm/sec after 152.2 cm of shearing. The sample was sheared at 0.11

cm/sec for a fi.irther 20 cm and then the rate of displacement was increased gradually

to 1.63 cm/sec. However, any change in the rate of displacement, sudden or gradual,

had no effect on the strength of the sample which varied between 42.2° and 45.2°

until the test was terminated after 415 cm of shearing.

Normally Consolidated. Submerged

Test V.5

a= 50 kPa

•= 49.2°

4 = 49.2°

(Figures V.5.1-2)

The sample was sheared at 0.09 mm/mm and its strength reached its slow

peak value of 50.2° after 9.9 mm of shearing. The sample height curve indicates that

the sample initially contracted by 0.1, and then dilated by the same amount. The

measured strength reached its slow residual value of 49.2° after 22.8 mm of shearing

and this part of the test was terminated after a cumulative displacement of 165.3 mm.

The rate of displacement was increased suddenly to 1.2 cm/sec and the

strength reached its threshold value of 49.2° at zero associated displacement. Further

shearing at the same rate of displacement led to a continuous decrease in strength

which appeared to stabilise between 41.7° and 46.3° while the sample appeared to be

dilating by 0.1 mm. The rate of displacement was decreased to 0.14 cm/sec after 76.5

cm of shearing and the measured strength dropped to 40.4°. Further changes in the

rate of displacement had no profound effect on the strength which remained

fluctuating between 4 1.7° and 46.3°. However, after 161.6 cm of shearing, the rate of

displacement was suddenly increased to 1.67 cm/sec and the measured strength

increased immediately to 5 1.3°. Continuous shearing led to a decrease in strength

which again stabilised between 40.4° and 46.3° and any further change of the rate of
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Fig. 6.3.49	 Rate dependent characteristics of normally consolidated, non
presheared, Cowden till (100 kPa)

Rate of Displacement (cm/see)

Fig. 6.3.50 Rate dependent characteristics of normally consolidated, non
presheared, Cowden till (200 kPa)
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Normal trem (kPa)

Fig. 6.4.1	 Normal stress effect on threshold strength of pure silica samples
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Fig. 6.4.2	 Rate of displacement effect on threshold strength of pure silica
samples
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Rate of Di3placement (emlsec)

Fig. 6.4.11	 Rate dependent characteristics of normally consolidated,
non-submerged, pure silica sample(5O kPa)

Rate of Displacement (cm/see)

Fig. 6.4.12	 Rate dependent characteristics of normally consolidated,
non-submerged, pure silica sample(lOO kPa)
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Fig. 6.4.21	 Rate dependent characteristics of over-consolidated, submerged
pure silica sample (250 kPa)

Rate of Displacement (cm/set)

Fig. 6.4.22 Rate dependent characteristics of normally consolidated,
non-submerged, sandy-silt sample (50 kPa)
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Fig. 6.4.3 1	 Rate dependent characteristics of normally consolidated, dry,
clean-coarse sand sample (50-200kPa)
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Fig. 6.4.32 Rate dependent characteristics of normally consolidated, moist,
clean-coarse sand sample (50-400kPa)
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In the case of plastic soil samples which exhibit a negative rate effect the fast

residual strength is not rate dependent, is not affected by the increase in normal stress,

and may be as little as 78 % lower than the slow residual strength. Furthermore, the drop

in strength from slow to fast residual levels appears to be directly related to the

amplitude of the undulating shear surface. It is postulated that in cases where the

negative rate effect is associated with increased pore pressures it should be viewed as a

result of the shearing mechanism involved and not as a intrinsic soil property.

Two hybrid types of behaviour are also observed. Type ía behaviour [Fig.

6.5.1 .b] occurs with plastic soils which exhibit a positive rate effect and their post

threshold strength falls below slow residual. This behaviour is associated with the

magnitude of the immediate dilation of the sample observed upon the first application of

fast rates of displacement. 7pe JIb behaviour [Fig. 6.5.1 .b] occurs with submerged

plastic soils, is a combination of behaviour types Ia and II, and is observed when the

amplitude of the undulating shear surface increases as a fast test progresses. Both hybrid

types of behaviour are considered to depend on the circumstances involved in ring shear

testing.

Finally, it is demonstrated that the reversing of the shearing direction does not

appear to have a significant effect on the behaviour of plastic soils nor on their fast

residual strength.

It is concluded that, in the absence of an undulating shear surface, the fast

residual strength of all remoulded plastic soils may be as much as 250 % higher than their

slow residual strength, and the fast residual strength of all non-plastic soils may be as

little as 10 % lower than their slow residual strength. In the presence of an undulating

shear surface, the fast residual strength of all submerged plastic soils may be as little as

78 % lower than their slow residual strength. Due to the fact that the behaviour of plastic

soils during fast shearing is related to the shape of the shear surface, it is difficult to

speculate, using the existing results, on the response of a landslide upon earthquake

loading. Although further research on this subject is required, it is believed that the

results from this investigation provide a better understanding of the factors which control

the behaviour of soils during fast shearing and a more comprehensive picture of that

behaviour.
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G SlEAR TEST DATA
C	 iLL-IC 114 5.-T-d. QY2)
Cvt ST - 50 s	 iL 50-50-1413	 PU	 C1)50

M $T	 SA1V - 074
-	 -,__._r------ ...r—	 ._.r—,_r-	 -

0	 300 400 500 500 700 500 100 1400	 0 000 1.00

40_P!Akacm11l- 37 U

-- 1	 -

0 00	 lCD 500	 750	 1400 1140 1400 000 1400

- vI14ag.	 - -0.3 "in
0.0.,

_01

0 00	 300 400 500	 700 100 500 1400 1140 1400 1400 1.00
TIi (irk)	 -

Fig. IV.13.1 Slow shearing test on normally consolidated, non-submerged
Cowden till (50 kPa)

1G SFEAR TEST DATA
__ iLL-IC TO 5P.-IT-fA5T (114V2)
CO14Vt Si	 - 30 s	 00-17-1553	 PLL	 CflW.50
PEN( 5T50 !A114 -
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3_PCMC 0aTY • 155 an/c	 - 05 nun

\ :n
- U____ ________- —
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OLALNT (cm)	 -

Fig. IV.13.2 Fast shearing test on normally consolidated, non-submerged
Cowden till (50 kPa )
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C SCAR TEST DATA
__• ILL-IC TO	 -0-Qjø (v

WC ST35 - 00	 TE	 p

PEAK STII 5*10 • Oil

0 00 000 500 400	 000 700 000 500 1100 lOS 1100 000
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0 110 200	 400	 ISO 700 ISO	 1100 1110 1100 000 1100

TCN.	 - -0.4 nun

0 110	 300 400 500 ISO 700 000	 1100 lOS 1100 1100 1100
72.0 (wI1)	 - Iprd Cusp

Fig. IV.18.1 Slow shearing test on normally consolidated, submerged
Cowden till (100 kPa)

JG SEAR TEST DATA
001001 ILL-AC TO 11SOP,-0-r45T (VI)
COVE 5T50 - N	 DA1T 52-24-153	 FI.	 Cfl.110
PEAK 5I 5*111 • 0.53

0L75

0.5. A

025	 -

0	 50	 00 00

PEAK ICAR STPEN - 52 a

i	 75..'
6	 :p
,n	 I
(A	 Ii50.

IA	 -

I

200	 250	 300	 350	 400	 450	 500	 550

•	 0	 .	
...

0	 50	 00	 110 200 250 300 350 ...

PEM IC.00TY - 1150 .n/..c	 PEAK V01TG*.	 IT - 2.1 nun

ft-!

O	 00 00 110 250 250 30 700 ....
O5PI.ANT (cm)	 - -..-

Fig. IV.18.2 Fast shearing test on normally consolidated, submerged
Cowden till (100 kpa)



APPENDIX III

CALCULATIONS AND MEASUREMENT ERRORS

ALH.I Introduction

The equations which have been employed for the calculation of the results of ring

shear tests have been presented in Chapter 3. Furthermore, the side and gap friction

corrections which may be applied to these results, when the new rings are used, have also

been addressed in Chapter 4. Tika (1989) presented a thorough investigation on the

errors which may be associated with the results of ring shear tests and indicated that,

apart from the two previously mentioned sources of error (gap and side friction),

inaccuracies of the measurements should also be considered. The following arguments

are presented for reference purposes.

AIII.2 Shear Stress Measurement Accuracy

Tika (1989) suggested that the difference between the apparent shear stress

measured by the load cells (F) and the true shear stress applied on them (F) may

introduce an error (c) in the calculations of the stress ratio which has to be considered. It

was suggested in Chapter 3 that the stress ratio in ring shear tests can be calculated using

the following equation:

(t/a,)=3.7298 Fi+F2	 (AIII.1).

Furthermore, if one assumes that the shear stresses which are measured by the two load

cells are, for all practical purposes, equal, the previous equation may be re-written as

follows:

(t/a,), = 7.4596	 for the apparent stress ratio 	 (AIII.2)

and	 t/a = 7.4596	 for the true stress ratio	 (AIll.3).
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G SEAR TEST DATA
tL-000%5	 (V21

IYC S1	 - a3 ,	 00--WS3	 P3L	 CT0.X0
$T 1A10 • OhS

0	 00	 400 500 200 700 200	 X Ito tOO 1300

tCAR 37!5 - - s

-----.-----.--.------------------.-------.-.--------------.-.-----------------

130 200 -	 400 300	 700 500	 1300 1130 1300 1300

TC*I.	 - -0.4 nun

0	 130 200 300 400	 •	 700 200 500 1300 1130 1300 1300
Tj (")	 - S'W Ciku

Fig. IV.23.1 Slow shearing test on over-consolidated, submerged
Cowden till (300 kPa - OCR= 1.5)

RPIG SHEAR TEST DATA
OOW0D T1.L-O-t5 (Xods)-$w-nST (V2)
CFSSVE ST55 - 253 o	 DME 03-04-1353	 FiX:	 CTCJ00

-. 5T50 AT13 • 017

O•St \

.

M CIR 5T5S - tO2Xs

1'.. 

.T:r

__PtM V13.OaTY - iJO a,,/s	 V113A1.	 -

:11

9-	 U	 15	 130	 135	 130	 00	 200	 100 275
0LACT (ai)	 - ...- ©

Fig. IV.23.2 Fast shearing test on over-consolidated, submerged
Cowden till (300 kPa - OCR= 1.5)
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the next 10 cm of shearing, the strength increased to 22.9°. While the rate of

displacement remained at 1.4 cm/sec. the fast residual strength of the sample

stabilised above its slow residual value of 22.5°. When the rate of displacement was

decreased to 0.12 cm/sec, the fast residual strength of the sample dropped to 16.10.

The sample exhibited positive rate characteristics when the rate of displacement was

increased or decreased gradually. When the rate of displacement was increased

suddenly, the fast residual strength of the sample also increased suddenly. Also, it

should be noted that from the shape of the sample height curve and the stress

ratio/displacement curve it could be concluded that the shear surface was planar and

that the contamination of the rings due to soil lost through the gap did not influence

the measured strength of the sample.

TEST IV.3

a = 200 kPa

A	 -11V

4, = 20.8°

(Figures IV.3. 1-2)

The sample was sheared at 0.09 mm/mm for 1660 mins and reached its slow

residual strength after a displacement of 13.3 cm. After 0.45 mm of slow shearing the

sample had reached its slow peak value of 16.2° and the observed 0.4 mm decrease in

sample height was attributed to combination of particle reorientation and soil loss.

After the residual state had been established, the rate of displacement was

increased to 0.07 cm/sec for the first 3.2 cm of fast shearing and the strength of the

sample increased to 11.2°, just above its slow residual value. Subsequently, the rate of

displacement was increased suddenly to 1.29 cm/sec, and the shear strength of the

sample reached its threshold value of 20.8° at zero associated shear displacement.

Continued shearing at 1.3 cm/sec lead to a decrease in measured strength to 11.50, as

the sample dilated 0.42 mm above its height at the end of the slow shearing stage of

this test. After 40 cm of shearing, while the rate of displacement was 1.3 cm/sec, the

fast residual strength of the sample stabilised at 15.3°. The shape of the sample height

curve suggested the existence of an irregular rather than an undulating shear surface

which flattened-out after 158 cm of shear displacement. Furthermore, the shape of

the stress ratio/displacement curve suggested some contamination of the rings which

did not, however, seem to influence the measured strength of the sample. Positive
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displacement between 1.67 cm/sec and 10 cm/sec. gradual or sudden, had no effect

on it. The test was terminated after 590 cm of shearing.

Test V.6

a, lOOkPa

A
Ymjd.l

•tbr.uhold 50.7°

(Figure V.6.1-2)

The sample appeared to be dilating when sheared at 0.09 mm/mm. After 3.4

cm of shearing the strength had reached its slow peak value of 51.30 and the sample

height had increased by 0.043 mm. Further shearing led to a continuous decrease in

measured sample strength until it reached its slow residual value of 47.2° after 119.7

mm. At that point the sample height had increased by a further 0.012 mm. This slow

shearing part of the test was terminated after a displacement of 134.9 mm.

The rate of displacement was suddenly increased to 1.35 cm/sec and the

measured strength immediately reached its threshold value of 50.7°. The sample

appeared to be dilating while shearing continued at the same rate of displacement and

the measured strength decreased to 45.8° after 6.1 cm. Due to soil loss the sample

height decreased while the strength of the sample fluctuated between 40.4° and 34 5°.

The rate of displacement was decreased to 0.135 cm/sec after 126 cm of shearing and

then gradually increased to 1.35 cm/sec but those changes had no effect on the

strength of the sample. After 235.9 cm of shearing the rate of displacement was

increased suddenly to 1.81 cm/sec and the measured sample strength reached the

value of 49.0° at zero associated displacement before it stabilised again within a range

between 40.4° and 34.5°. The rate of displacement was varied between 1.81 cm/sec

and 8.73 cm/sec. 10.0 cm/sec and 7.43 cm/sec. gradually and suddenly, before the

test was terminated, but none of these changes had any effect on the strength of the

sample. The test was terminated after 730 cm of shearing.

Test V.7

a = 200 kPa
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Kaolin:

Normally Consolidated. Submerged

Test VL13

a1= 200 kPa

4 = 15.7°

4= 25.50

(Figures VLI3.1-2)

The sample was sheared at 0.09 mm/mm, and the measured strength reached

its slow peak value of 23.7° after 3.8 mm of shearing while the sample height had

decreased by 0.3 mm. Further shearing was associated with a decrease in measured

strength which reached its slow residual value of 15.7° after 28.5 mm of shearing and

while the sample height had decreased by an additional 0.12 mm. This slow shearing

part of the test was terminated after the sample had been sheared for 140.6 mm and

the increase in measured strength which was observed towards the end of this part

should be attributed to the development of an undulating shear surface.

The rate of displacement was increased suddenly to 1.28 cm/sec and the

measured strength reached immediately its threshold value of 25.5°. Further shearing

at the same rate of displacement was associated with an immediate drop in strength to

14.6°. While shearing at 1.28 cm/sec continued, the shape of the sample height curve

indicated that an undulating shear surface was developing with an initial amplitude of

0.48 mm. After the sample had been sheared for 40.7 cm its measured strength had

reached the level of 24.3° but this was be partly attributed to internal ring friction.

Nevertheless, the strength of the sample continued its increasing trend until the

sample had been sheared for 234 cm, when the rate of displacement was decreased

from 1.28 cm/sec to 0.174 cm/sec, and then to 0.087 cm/sec. At that point the

measured strength had increased to 23.4° while the shape of the sample height curve

indicated that the undulating shear surface had been flattened with shearing. The

sample exhibited positive rate characteristics as the rate of displacement was

decreased and the strength dropped from 23.4° at 1.28 cm/sec, to 18.6° at 0.174

cm/sec. and to 17.1° at 0.087 cm/sec. After the sample had been sheared for 250.5

cm the rate of displacement was increased to 1.28 cm/sec and the strength of the

sample initially increased to 25.2°, and then stabilised at 21.6°. After 451.7 cm of

shearing the rate of displacement was increased suddenly to 1.74 cm/sec and the
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