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Foreword

I am pleased to write a foreword for this unique reference on the residual shear strength
of artificial soil mixtures and the composite soils of three large landslides in the Three
Gorges Reservoir area. The book starts with an extensive and in-depth coverage of
published literature on the relevant aspects of soils’ shear behavior and strength. The
experimental methods of determining residual shear strength of granular and cohesive
soils are summarized together with the supporting classification tests and particle
shape quantification methods. The results of tests on artificial soils and the specific
test conditions adopted are presented and systematically discussed to construct a
conceptual framework to discuss the behavior of natural composite soils from landslide
slip zones. This leads to a number of important observations and concrete conclusions
about the factors influencing the shear behavior. The results of tests on the slip zone
soils are then presented and analyzed with reference to those of the controlled soil
mixtures. This study also represents one of the largest experimental campaigns in terms
of the ranges of soil and test conditions under which tests were carried out. One of
the most novel aspects of this study is the introduction of signal analysis methodology
to investigate the fluctuations during the residual shear of granular and composite
soils. These aspects make this book an indispensible reference in graduate teaching
and research and particularly in the practice of stabilizing dormant landslides.

The research results presented in this book are partially based on a project carried
out by the author initially under my supervision during my tenure at the University
of Hong Kong. The author, Professor Li, has continued to work on the topic in past
years and published most components of his research in a variety of journals. This
book successfully combines these research outputs making it a one-stop reference on
residual shear strength of granular and composite soils.

Adnan Aydin PhD, PE
Professor of Geology and Geological Engineering
University MS, USA
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Preface

In the area of the Three Gorges Project (TGP), more than two thousand ancient
landslide masses of various scales have been identified in earlier field investigations.
The failure potential of these landslides poses a tremendous threat to navigation in
the reservoir and normal operation of the TGP dam. For mitigating the landslide
disasters in this area, much attention should be devoted to the study of the fundamental
mechanical properties, especially the residual shear behavior, of these slip zones.
However, unlike cohesive soils which have been widely investigated for decades, slip
zone soils in these landslides have not been well studied and documented due to their
distinct properties, in particular: large range of particle size; abundant coarse fraction;
and diverse properties of coarse particles. This type of soil is called composite soil in
this book.

This book has the purpose of developing an understanding of the factors
determining and influencing the shear behavior of soils, with emphasis on composite
soils, as they are the most encountered materials in geological and geotechnical
engineering in mountainous areas. This objective is reached by examining the soil
compressibility, structure of shear zone and its evolution, and water content of shear
zone and shear mode of soils together with analyses of the influences of intrinsic
properties, e.g. Atterberg limits, particle size distribution, particle shape, and testing
conditions, e.g. normal stress and shearing rate.

An in-depth review is presented in an approximately chronological order and
covers almost all the factors that are believed to influence the mechanical behavior
of soils. The equipment and test techniques for shear strength of soils are detailed.
The residual shear behavior of composite soil is investigated by means of a systematic
laboratory testing program using a large ring shear apparatus and an intermediate
direct shear box. The Fast Fourier Transform is employed for the first time to analyze
the fluctuations of measured shear stress and discovers the close relationships with
both intrinsic properties of soils and testing conditions.

Although the book is aimed primarily at researchers in geological and geotechnical
engineering, it contains material of interest to students of geology and soil science and
also should be a useful reference for practicing engineers faced with composite soils.

Yanrong Li
Taiyuan University of Technology, Taiyuan, China
July 2016
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Chapter |

Introduction

1. BACKGROUND

Landslides are the most common type of geohazards in mountainous areas. They
have tremendous socio-economic impact, especially in developing countries (Brabb &
Harrod, 1989; Wang, 1992; Schuster, 1994). In a broad sense, landslide is a general
term applied to all modes of downslope movement of a mass of soil and rock material,
such as slides, debris flows, rockfalls, topples, etc. (Varnes, 1978; Hutchinson, 1988;
Cruden & Varnes, 1996). In a narrow sense, landslide usually refers to the slide mode
of soil and/or rock mass movement, in which there is a distinct surface or zone at
the contact between the moving mass and the underlying stable materials (Zaruba &
Mencl, 1982; Wen & Aydin, 2003; Cornforth, 2005). In this book, the term landslide
is used only in this narrow sense.

China, with its mountainous terrain and high population density, is one of the
countries, which suffers most from landslides (Leroueil, 2001). Li and Wang (1992)
conservatively estimated that during the period from 1951 to 1989, landslides have
caused more than 5000 deaths and about US$20 billion in economic losses in China.
In the TGP (Three Gorges Project) area, approximately 2,490 ancient/old landslides
of various scales and 90 gullies created by mud-rock flows have been identified, and
more than 70 landslide failures occurred since 1982, causing at least 363 fatalities
(Li, 2002; Dai et al., 2004; Liu et al., 2004; Wen et al., 2007). With the reservoir
water level rising up to its maximum operational level of 175 m after the completion
of the dam construction, some of these existing landslide masses were reactivated and
new landslides were triggered. A vivid example of this is the Qiangjianping landslide,
which occurred just 40 days after the first phase of the impoundment raised the water
level from 95 m to 135 m, though no pre-existing landslide trace on this slope had
been identified during the earlier field investigations in the TGP area (Dai et al., 2004;
Wang et al., 2004).

It is well known that slip zones develop along the weakest parts in soil masses.
Slip zones of ancient/old landslides often appear to have undergone stronger physical
and chemical deterioration than the host soils, making their mechanical properties
special (Cornforth, 2005). Although it has long been recognized that investigations
of slip zones are of great importance for better understanding and mitigating land-
slide disasters, this goal has not yet been achieved fully due to the following three
reasons (Hutchinson, 1988; Cruden & Varnes, 1996; Dikau et al., 1996; Wen &
Aydin, 2003).
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2 Residual Shear Behavior of Composite Soils

Soils forming slip zones significantly differ from common soils, such as alluvium,
colluviums and saprolite, etc., in terms of its heterogeneity, origin and structure. The
diverse nature of slip zone soils largely originates from geological aspects of the host
soil or rock mass, including mineralogy, lithology, structural geology, hydrogeology
and active superficial geological process (weathering, deposition, and erosion, etc.).

It is extremely difficult to locate and to sample slip zones during site investiga-
tions. In practice, slip zones usually cannot be determined or detected with certainty,
even when the site investigation has sufficient budget and advanced technology. This
difficulty increases with the landslide volume and the complexity of original geo-
morphology. In addition, sampling of slip zones to obtain undisturbed samples for
sophisticated laboratory tests also presents practical difficulties, even when there are
exploratory adits/tunnels or test pits in which slip zones may partly be exposed.

Conducting laboratory and in-situ tests on slip zone soils is usually time-consuming
and costly. The adverse location of slip zones makes it difficult to conduct in-situ tests,
and it commonly takes several days before samples are brought to the laboratory for
sequential tests.

Among all properties of slip zone soils, their residual strength has been recognized
as the most important mechanical property associated with the stability and reacti-
vation of ancient landslides (Skempton, 1964; Lupini, 1980). Since the 1960s, both
drained and undrained residual strength were extensively studied in the laboratory,
using a variety of experimental techniques, with the assumption that large displace-
ments lead to the residual condition (Skempton, 1964; Kenney, 1967, 1977; La Gatta,
1970; Garga, 1970; Bishop et al., 1971; Vaughan et al., 1976; Bucher, 1975; Lupini
et al., 1981; Lemos, 1986; Tika, 1989). Bishop (1971) reported the development of
a small ring shear apparatus for measuring residual strength of cohesive soils, which
allows displacements large enough to reach residual conditions. Besides this, torsional
shear, hollow cylinder, reversal direct shear and ring shear apparatuses have also com-
monly been used to examine the residual strength. La Gatta (1970) and Lupini et al.
(1981) presented extensive reviews of the facilities used for this purpose. By the aid
of these apparatuses, cohesive soils were widely investigated and profound results and
findings were achieved. Many influential factors were recognized, such as Atterberg
limits, particle size distribution and clay mineralogy, etc., and relationships between
residual strength and these factors were primarily expressed in the forms of empirical
formulas and trend lines with domain boundaries (Lupini et al., 1981; Cancelli, 1977,
Kenny, 1977; Skempton, 1985; Sharma & Bore, 2003).

Field investigations suggest that slip zones of 50% of the currently identified land-
slides in TGP area are located at the colluvium-bedrock contact, while around 40% of
the slip zones are along the bedding planes of weak rocks and the remaining 10% are
characterized by the slip zones along the joints or faults across bedding planes of layered
rocks (Wen et al., 2007). Soils forming slip zones in the TGP area are mainly charac-
terized by: (1) a large range of particle size (from clay to cobble); (2) abundant coarse
fraction (>0.06 mm, 20-40%); (3) a wide range of Atterberg limits (wp: 10-25%,
wr: 20-60%); (4) diversity of clay mineralogy (illite, smectite, kaolinite, chlorite);
and (5) diversified properties of coarse particles (stiffness and shape). Hereinafter, we
call the soil with above characteristics as composite soil. These inherent properties
make such soils different from cohesive soils, which have been largely investigated
for decades, and pose difficulties in investigating their residual strength, creating a
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gap in our understating of their mechanical behavior. This may partly be because of
the difficulties in laboratory tests on such soils, which requires both a large specimen
chamber and long shear distance that are not possible with common test apparatuses,
and partly because of the difficulties to interpret the extremely complex and variable
patterns of shearing of these soils.

For mitigating the threat of landslide failure to navigation in the TGP reservoir and
to operation of the TGP dam, a better understanding of the shear behavior of these
composite soils is essential and urgently needed. This can be achieved by a system-
atic laboratory testing and developing non-traditional analysis methods. The findings
of such a study will have a much wider relevance in many applications involving
composite soils.

1.2 SCOPE AND OBJECTIVES

This book presents a systematic and encompassing study of the shear behavior of slip
zone soils with abundant coarse particles. The specific aim was to contribute to the
understanding of the residual shear behavior of natural slip zone soils of landslides in
the TGP area. This aim was pursued through developing a clear understanding of the
influences of the following five predefined aspects/factors on the shear behavior and
shear strength: (1) particle size distribution and relative percentages of each fraction;
(2) Atterberg limits; (3) particle shape; (4) shearing rate; and (5) stress history and
normal stress. In particular, the emphasis was put on the mechanism and process of
mobilization of residual strength. In order to develop a quantitative and qualitative
model for the shearing characteristics of composite soils, much effort was made to
(1) interpret characteristics of residual strength, shear dilatancy and shear pattern,
particularly nature of the fluctuations of measured shear stress; and (2) define the
contribution of each factor and the influence of the combination of the factors, such as
Atterberg limits, particle size distribution, particle shape, shearing rate, stress history
and normal stress.

This book involves a set of systematic tests on artificial mixtures composed of one
or more components of ideal materials, including glass sand, glass beads and clay, to
establish a reference for the shear pattern of natural composite soils. A total of 138 lab
tests were carried out using large ring shear apparatus and intermediate direct shear
box. The normal stress ranged from 50 to 400 kPa and the shearing rate from 0.06 to
600 mm/min.

1.3 ORGANIZATION OF THE BOOK

The present chapter gives a brief description of the problem motivating this study
and the scope and objectives of the book. An outline of the following five chapters is
provided below.

Chapter 2 presents a review of relevant literatures on the mechanical behavior of
soils. The review is presented in an approximately chronological order and covers all
the factors that are believed to influence the mechanical behavior of soils and will be
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systematically investigated in this book. This chapter ends with a critical summary
categorizing and briefly interpreting the main factors.

Chapter 3 is on the equipments and test techniques employed for determining
the shear strength (both peak and residual) of soils. More emphasis is given to the
large ring shear apparatus since it is less frequently used in the literature than the
other common apparatus (e.g. direct shear box). The procedures and specifications
followed for testing soil index properties and particle shape parameters are also briefly
described.

Chapter 4 describes a systematical series of tests by an intermediate direct shear
box (100 x 100 x 44 mm). The test materials were artificially mixed by taking one (e.g.
pure glass sand or pure clay), two (e.g. glass sand + clay, glass beads + clay) or three
(e.g. glass sand + glass beads + clay) components of the basic fractions (clay, glass sand
and glass beads) at different weight contents. The tests produced the shear patterns
of ideal materials (clay, rounded and smooth glass sand/beads) and revealed the main
factors influencing the shear strength. A preliminary model for residual shear modes
of composite soils was proposed based on these results. A set of artificial mixtures
composed of various contents of natural materials were tested under the same condi-
tions as the ideal samples. The results from this set of tests reinforced and expanded
the model derived from the tests on ideal samples.

Chapter 5 describes the results of tests by a large ring shear apparatus (outer diame-
ter: 310 mm, inner diameter: 210 mm and thickness: 90 mm) on samples collected from
the slip zones of three landslides in TGP area. The tested samples differ from each other
in terms of Atterberg limits, particle size distribution and particle shape. Each sam-
ple was tested at different shearing rates. The goal of these tests was to investigate
the shear mechanisms of composite soils when they mobilize to residual condition
in the large ring shear apparatus through the analysis of the influence of above factors.
The model developed in Chapter 4 was improved by taking into account the ring shear
testing results.

Chapter 6 presents the major conclusions of the entire investigation. Limitations
and suggestions for further work on this topic are also presented on the basis of the
achievements of this book.



Chapter 2

Achievements in this field

2.1 INTRODUCTION

The need to understand the basic mechanisms of landslide behavior and other problems
involved in the movement of soil mass in geotechnical engineering has been pushing
forward the development of the knowledge of residual strength of soils. This chapter
focuses on previous achievements related to the subject of the shear behavior of soils.
In the first section, researches on the residual shear strength of fine-grained soils are
reviewed. Following this is a detailed review of the shear behavior of soil mixtures
composed of fine matrix and coarse fractions. From the point of view of the historical
development of this research field, a comprehensive review of different aspects of
past work is presented in an approximately chronological order within each section.
In the last section of this chapter, main points emerging from previous researches
are summarized by categorizing in accordance with main factors influencing shear
behavior of soils.

The previous investigations on fine soils, especially clays, mainly focused on the
effects caused by intrinsic properties of soils, such as Atterberg limits (liquid limit, wy,
and plasticity index, Ip), particle shape (platy or angular), stress history and by testing
conditions, such as test method (triaxial, ring shear or direct shear), normal stress level
and shearing rate. This review dates back to the first investigator, Collin (1846), who
formally used the shear strength of clay specimens for the analysis of slope stability, to
the first researcher, Terzaghi (1925), who laid down the foundation of soil mechanics,
and to the first investigators, Gruner and Haefeli (1934), who developed the ring shear
apparatus. The famous researchers worthy to mention in the early stage of this field
are Collin (1846), Hvorslev (1936, 1939, 1952, 1960), Skempton (1956, 1964, 19835),
De Beer (1967), Kenney (1967), Townsend (1973) and so forth.

A review of the published literature reveals that majority of research has been con-
centrated on pure clays or sands, however, for composite soils (gravelly soils, sandy
soils or even gravel-sand-silt-clay mixtures, for instance), although the physical prop-
erties, e.g. consistency limits, compaction characteristics, dry density, and permeability
have been well studied (Seed et al., 1964; Day, 1989; Hsu & Saxena, 1991; Shelly &
Daniel, 1993), the mechanical properties (e.g. residual strength) of such soils have
received less attention. The relevant researches are reviewed and main achievements
are also summarized in this chapter.
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2.2 PREVIOUS INVESTIGATIONS

2.2.1 Cohesive soils

Collin’s great work “Landslides in Clays” (1946) was translated into English in 1956
with an introduction “Alexandre Collin (1808-1890) and his Pioneer Work in Soil
Mechanics” by Skempton (1956). In this introduction, Skempton (1956) stated that it
is Collin (1846), who perhaps, is the first investigator, formally describing the charac-
teristic rotational slip and using the shear strength of clay samples for the analysis of
slope stability (Skempton, 1956). In this work, Collin (1846) in turn stated that a slip
zone was, probably for the first time, reported by Vauban in 1699. From then on, the
understanding of the mechanism of landslides was slowly moving forward and getting
mature with the help of Coulomb’s theoretical approach (Coulomb, 1773) to stability
problems and the recognition of the importance of cohesion.

It is commonly known that it was Terzaghi (1925) who founded the soil mechanics
as a recognized discipline, however, Hvorslev (1936), probably is the first person who
put forward the concept of residual strength in the literature, following the develop-
ment of shear test apparatus adopted for measuring shear strength at large displace-
ment. It is again Hvorslev (1939) who for the first time gave a comprehensive review of
early apparatus for the measurement of soil strength. In the paper “Torsion shear tests
and their place in determination of the shearing resistance of soils”, Hvorslev (1939)
described the objectives of different shear apparatuses in detail. He illustrated that tri-
axial compression is the best method for determination of the maximum shearing resis-
tance and for obtaining the stress-strain relationship and volume changes before failure,
but not suitable for determination of the decrease of shearing resistance after failure.
He recognized that ring shear test is the best method for determination of the decrease
of shear resistance after failure for its capability allowing samples to be sheared at a
large displacement and that reversal direct shear can be an alternative for this purpose.

In his Rankin Lecture, Skempton (1964) presented the results from slow, drained
shear box tests indicating the post-peak decrease of shear resistance of soils. He pro-
posed that the residual strength of a sample can be expressed by the equation S, =o' x
tan ¢y, considering that the cohesion intercept of the strength envelope decreases to a
value close to zero. He also introduced the residual factor R = (S — S)/(Sf — S,), which
was used to measure the proportion of the slip zone in a clay slope along which the
strength has mobilized to its residual value. Skempton suggested that the decrease of
shear strength from peak to its residual value is partly because of an increase in water
content within the soil matrix caused by shearing, and partly because of the orientation
of clay particles which takes place upon unidirectional shearing. Another important
point that emerges from the lecture is the statement that residual strength of a certain
clay is unique for a particular normal effective stress level, independent of previous
consolidation history. In the case where the particles involved cannot become orien-
tated, the residual friction angle ¢, can be given by the equation: tan ¢ =7 tang,,
where ¢, is the interparticle friction of clay minerals. Finally he concluded that in
the general case where the soil consists of a mixture of platy and spherical particles,
the residual strength would be above ¢, because the presence of spherical particles
would interfere in the orientation of platy particles, thus causing an increase in shear
resistance.
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Petley (1966) presented the results from strain-controlled reversal direct shear
tests on London clay. He may be the first one to present a systematic investigation
of the effects of shearing rate on residual shear. He varied the shearing rate from
4 x 10° mm/min to 1.0 mm/min, as soon as the residual conditions were reached. He
concluded that the influence due to changing of shearing rate was ignorable since
varying shearing rate within this range caused an increase in residual shear strength
by about 4%.

Skempton and Petley (1967) described the study on the strength of overconsoli-
dated clays along structural discontinuities. They firstly classified the discontinuities
in stiff clays into three types, bedding surface, minor shear and principal displace-
ment shear, according to the structural type and the amount of relative movement.
They found that for “principal displacement shear”, which had moved more than
10 cm, the residual state is easily reached at relatively small shear displacement, while
in the case of “minor shear surface”, which had a relative movement less than 1cm,
the strength was somewhat above the residual strength. Based on the tests on brown
London clay, they indicated that the envelope of residual strength appears non-linear
when under low normal stress.

De Beer (1967) presented strain controlled ring shear tests on remoulded and
pre-cut specimens of Boom clay at two shearing rates of 0.0066 and 0.035 mm/min.
He emphasized the influence of shearing rate on residual strength, the slower the
shearing rate, the higher the residual friction angle. He explained this increase in
residual strength as due to the recovery of strength in the shear zone when the soil is
sheared at a significantly slow shearing rate. By comparing with the tests on specimens
without pre-cut, De Beer indicated that pre-cutting specimen before consolidation leads
to a reduction in residual friction angle for both of the rates used.

Kenney (1967) reported the influence of mineral composition of soils on their
residual strengths, by employing reversal shear tests on natural soils and mineral mix-
tures. He mainly tested the influence of mineralogy, normal effective stress, pore water
chemistry and shearing rate on residual friction angle. Kenney concluded that the resid-
ual friction angle of mineral mixture does not depend on plasticity, clay fraction and
water content, but mainly on mineral shape. He found that rounded particles have
smaller values of ¢} than aggregates of angular particles and that the residual coeffi-
cient of friction for natural soils is more dependent on mineral composition than on
normal effective stress level and pore water chemistry. Kenney also indicated that the
residual coefficient of friction for montmorillonite and hydrous mica is influenced by
pore water chemistry. High concentration of cation of high valence in the pore water
may cause increase in residual strength. He attributed this increase in strength to a net
increase of attraction between clay particles in parallel arrangement.

Ramiah et al. (1970), working on a similar line of Kenney (1967), reported the
results from reversal direct shear tests on a silty clay. They treated the specimens by
using flocculant and dispersant, respectively before shearing. The results led them to
conclude that a change from flocculative to dispersive condition of the soil causes a
decrease in residual friction angle of approximately 2 to 5 degrees. The reason for
this, as Ramiah et al. (1970) stated, is due to the higher ion concentration in the pore
water and the higher interparticle contacts in flocculating condition than in dispersive
state. They also mentioned that stress history and initial water content have no effect
on the residual strength of tested soils. Moreover, they found that the residual stress
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ratio (tr/o’) for tested samples increases only slightly within a range of shearing rates
between 0.025 and 10.2 mm/min.

Cullen and Donald (1971) performed reversal direct shear tests on clays to inves-
tigate influences of various parameters on residual shear strength. According to the
results, they indicated that, under a given normal stress, the residual stress ratio is a
function of water content at residual state. They also found that the residual strength
is independent of initial placement conditions, in good agreement with what has been
found by Skempton (1964), Petley (1966), La Gatta (1970), etc. Furthermore, they
argued that the cohesion intercept may not always be zero.

Townsend and Gilbert (1973) measured the residual strength of various clay shales
by means of reversal direct shear and ring shear. It is found that these two test methods
gave the similar results in the case of hard, highly consolidated clay shales. They also
concluded that stress history, initial placement conditions (intact or remoulded), initial
specimen density and even normal effective stress larger than 150 kPa have no influence
on residual strength of clay shales.

Morgenstern and Tchalenko (1976a) carried out microscopic observations on fea-
tures at progressive stages (pre-peak, at peak and post-peak) within the shear zones of
kaolin subjected to direct shear. The tests results suggested that there is no disconti-
nuity appearing at or before peak strength; as shearing progresses, the discontinuities
develop at high angles to the horizontal and extend through the middle of the sam-
ple until they eventually joint to form a wavy surface. This wavy surface would be
mobilized to be planar if enough shear displacement is allowed. They also concluded
that the shear-induced fabric can be explained in terms of combination of basal-plane
gliding producing translation and rotation. They also mentioned the probability of a
non-homogenous strength distribution on shear surface due to high stress concen-
trations at the loading sides of shear box. In another paper by Morgenstern and
Tchalenko (1976b), they presented the results of microstructural observations on shear
zones in different natural clay slips. They found that the shear zones, in general, are
between 10w and 100 w in thickness, but occasionally several millimeters to several
centimeters.

Kenney (1977) conducted tests on mineral mixtures of massive minerals (quartz)
and platy clay minerals, following his previous study in 1967. He emphasized that the
residual strength of such mineral mixture depends on its composition and the chemistry
of the clay mineral. The volume ratio, which is the volume of clay minerals and water
divided by the total volume of sample, is found to be inversely proportional to the
residual strength of whole sample.

Lemos (1986) presented a detailed investigation on the effects of shearing rate on
residual shear strength of pre-established shear zones in a wide range of soils including
non-cohesive sands and kinds of clays. By adopting the concept of shear modes pro-
posed by Lupini et al. (1981), Lemos (1986) concluded that the residual strength of
soils having low clay fraction and exhibiting turbulent shear mode is not affected by
varying shearing rate; soils with high clay fraction and turbulent or transitional mode
gain a decrease in residual strength with increasing shearing rate; the soils with sliding
shear mode gain increase in residual strength with increasing shearing rate. In his later
research, Lemos (1991) put further arguments on the behavior of soils subjected to
fast shear. He noted that soils with 5% clay fraction or less are independent of rate
changing; soils with 50% clay fraction or more show positive rate effect (strength
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increases with shearing rate); and soils with clay fraction between 5-40% exhibit neg-
ative rate effect (strength decreases with increasing shearing rate). Lemos (1991) owed
the positive rate effect to the disturbance of the shear zone by massive particles and
the negative rate effect to the lifted porosity and water content of shear zone.

Tika (1989) described strain-controlled ring shear tests on both natural and arti-
ficial soils with various gradations to discover the effect of shearing rate on residual
strength. A shear zone was formed at slow shear and then continuously sheared at
fast and slow shearing rates alternately. Tika (1989) defined three effects of fast shear-
ing as neutral, positive and negative depending on whether the fast strength remains
equal to, greater than, or less than its slow residual strength respectively. She found
that all soils exhibit an increase in peak strength when resheared at fast rates. Tika
(1989) argued that the positive rate effect may be attributed to viscous effects in soils
exhibiting transitional or turbulent shear mode. Another possibility for this may be
the disorientation of particles in soils with sliding or transitional shear mode. She took
the increased porosity of shear zone and decreased viscosity of soils within shear zone
as the reason causing the reduction of residual strength.

Parathiras (1994) conducted a thorough investigation of ring shear tests on both
plastic and non-plastic soils to examine the influence of shearing rate on residual shear
strength. Based on the comparison of fast residual strength with slow residual strength,
he concluded that in the absence of an undulating shear surface, all plastic soils could
gain fast residual strengths 250% higher than their slow residual strengths and all
non-plastic soils could gain the fast residual strengths up to 10% lower than their
slow residual strengths. When an undulating shear surface appears, all plastic soils
exhibit a decrease of about 22% in fast residual strength compared to slow residual
strength. The testing results indicated that the residual strength is independent of stress
history and the direction of shearing, and plasticity index shows no correlation with
the magnitude of the change (increase/decrease) of residual strength due to varying
shearing rate.

Suzuki et al. (2000) suggested a linear correlation between residual strength and
shearing rate in logarithm scale. Suzuki ez al. (2001) also used Bishop-type ring shear
apparatus to test clay (kaolin) and mudstone at shearing rates varying from 0.02 to
2.0 mm/min and found that the shearing rate influenced the residual strength of these
materials.

Wan and Kwong (2002) conducted direct shear and ring shear tests on soils. The
soils contain 55-74% amorphous materials in its clay fraction, from a slowly moving
landslide in eastern Honolulu, Hawaii. The direct shear tests indicated that undisturbed
soil samples have a peak cohesion of approximately 50 kPa, and internal friction angle
of about 10°. They concluded that it is the amorphous clay-size material that provides
strong interparticle bonds for the soils and the drop from peak strength to residual
strength is mainly attributed to the breaking of these bonds and redistribution of amor-
phous clay-size materials. They also argued that the drained residual failure envelope
is tress dependent. They owe this to the interaction of amorphous clay-size materi-
als with slit and sand size particles: amorphous clay-size materials act as contacts
between crystalline particles and therefore the contact increases with consolidation
stress.

Mesri and Shahien (2003) presented an analysis of 99 cases of landslide failure in
36 types of soft clays, stiff clays and clay shales. They found that for reactivated slip
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zones in stiff clays and clay shales, the residual condition has been established in-situ
and the mobilized shear strength is equal to the residual strength from laboratory tests
(reversal direct shear and ring shear). For the first-time landslide failure in unstratified
stiff clays of low plasticity, the mobilized strength is equal to the intact strength from
laboratory tests. They argued that the correlation between shear strength and effective
normal strength seems to be curved and there appears to be no shear strength induced
at zero effective normal stress. They suggested to use the secant friction angle [¢/];,
secant fully softened friction angle [‘/),/fs]s and secant residual friction angle [¢}]; to fit
the strength envelope since these angles were found to be function of effective normal
stress.

Wesley (2003) observed that, for soils with liquid limit, @z, below 50, there was
no relationship between residual friction angle and the position on the plasticity chart.
However, for soils with liquid limit values above 50, residual friction angle was highly
dependent on the position in relation to the A-line on the plasticity chart. Most of
the soils above the A-line have the ¢ < 10°, while those below the A-line have much
higher ¢y . He found that for soils with w; > 50 there was a good relationship between
the drained residual friction angle, ¢}, and the distance from the A-line, calculated
from AlIp=1Ip—0.73 x (wr, — 20).

Yoshida and Hosokawa (2004) presented staged compression-immersion-direct
shear tests on crushed aggregates of mudstone. They found that immersing samples
into water during compression and shear stages led to an additional compression, a
reduction in mobilized shear strength and a reduction in the dilatancy during shear-
ing at low normal stresses. Furthermore, immersion causes a significant reduction in
the peak cohesion ¢ and a little change of peak friction angle ¢. The fitted lines for
compression at immersed condition in the plane of void ratio versus applied verti-
cal pressure seems to parallel to those at non-immersed condition. So do the lines at
critical state. They indicated that there is a gap between the parallel lines of shear
stress versus void ratio, and owed this gap to the appearance of combined effect of
cementation retained in a crushed mudstone aggregate itself and interlocking effect of
aggregates.

Suzuki et al. (2005) conducted ring shear tests and reversal shear box tests on
different types of cohesive soils. Together with the results reported in the literature,
they produced a series of plots taking tan ¢ and the ratio of tan gg to tan ¢p (suffixes
R and P denoting residual and peak state, respectively) as y-coordinates, and clay
fraction, sand fraction, liquid limit, plasticity index, the ratio of plastic limit to liquid
limit, activity and the molality of Na®™ and Ca?* as x-coordinates. They proposed
the following relationships between residual shear strength and common soil index
properties, such as clay fraction (<2pum), F,y, the pH value and salinity of pore
water, liquid limit, wy, and plasticity index, Ip.

tan gy = 3.4491,%7% (2.1)
tan g = 3.449w; 0 (2.2)

tan ¢}, = 1.045(wp/w;) — 0.077 (2.3)
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Finally, they postulated a multi-regression formula by using F.,, and Ip as the
main factors:

tan @ = 101.143FCl;)yA5821P 0.531 (2.4)

Tiwari and Marui (2004) presented results of ring shear tests on 5 specimens.
They employed three test strategies, i.e. individual specimen tests under constant nor-
mal stress, increasing load multistage tests and decreasing load multistage tests. The
testing results indicated that effective residual friction angle is not dependent of the
test strategies used. They found that the thickness of shear zone increases with shear
displacement and the residual cohesion intercept, c%, decreases with increasing shear
displacement while the residual friction angle, ¢%, remains constant.

Tiwari (2005) correlated residual friction angle with clay fraction, liquid limit,
plasticity index, specific surface area and the proportion of smectite and kaolinite,
and proposed that residual friction angle of soils with significant proportion of clay
minerals could be estimated from a triangular correlation chart.

2.2.2 Composite soils

Holtz and Gibbs (1956) may be the first person to investigate the shear strength of
gravelly soils, which is a mixture of gravel and sand, by means of a very large triaxial
apparatus with its diameter of 230 mm. In this study, Holtz and Gibbs (1956) mainly
investigated relations between shear resistance and potentially influencing parameters,
such as strain rate, density, content of coarse fraction, gradation, maximum particle
size, and particle shape. Based on the results of this study, they concluded: (1) there is
no significant influence from the change of strain rate when it ranges from 1.8 to 0.086
percent per minute; (2) the shear strength increases with the increase of gravel content
up to 50% to 60% (by weight); (3) the shear strength is significantly influenced by
the shape of particles: angular quarry material causes much higher shear strength than
subrounded and subangular river materials; and (4) the density is found to be a main
factor to influence the shear strength.

Holtz and Willard (1956) presented an investigation into the shear strength of
clayey soils with gravel contents varying from 0% to 65%. They found that increasing
content of gravel would cause an increase in shear resistance and a decrease in apparent
cohesion. For the mixture with more than 50% gravels, the effect of the coarse part
of the mixture was readily apparent. This result was in good agreement with what
Shakoor and Cook obtained in 1990 (Shakoor & Cook, 1990), when they carried
out a number of unconfined compressive tests on specimens of silty clay containing
varying proportions of aggregate as the coarse fraction.

Miller and Sowers (1957) studied the effects of varying proportions of sand and
clay in their mixture on shear strength by means of unconsolidated undrained triaxial
tests on reconstituted specimens. A series of mixtures were prepared, ranging from
100% sand to 100% clay. They found that there was no apparent change in the
friction angle while the cohesion decreased gradually with increasing aggregate content.
A sharp change occurred in the soil behavior for aggregate content between 67%
and 74%, with the angle of shearing resistance rapidly increasing and the cohesion
rapidly decreasing. This indicated that the range of gravel content (67%-74%) may
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be considered as a threshold, after which the granular skeleton rather than the clay
matrix start to control shear behavior of the mixture. In excess of 74% gravel content,
the friction angle kept increasing with the gravel content.

Smart (1970) tested the influence of clay content on the residual shear strength of
soils. Based on the assumption that soil during shearing could be considered as two
rigid blocks sliding one over the other, once a distinct shear surface has been established
in it, Smart (1970) suggested the equation below for estimating the residual friction
angle of mixtures composed of sand grains and clay particles by using the residual
friction angles of the clay (¢.) and the sand (¢;) tested on their own:

tan pgr = c? tan ¢c+2c(1l —c)tan .+ (1 — c)2 tan g (2.5)

where, ¢ = clay fraction; ¢, = residual friction angle of clay; ¢.s = clay-sand residual
friction angle; and ¢, = residual friction angle of sand.

Patwardhan et al. (1970) presented the results of direct shear tests on boulders
and boulder—clay mixtures. They used a large direct shear box with the diameter of
910 mm x 910 mm to meet boulders of average size of 150 mm. The boulder content
varied between 0% and 100% (by weight). The results showed a gradual increase in
shear strength of this type of mixture with the increase in boulder content.

Donaghe and Torrey (1979) conducted consolidated undrained triaxial compres-
sion tests on samples of gravel-sand-clay mixtures. In this study, Donaghe and Torrey
(1979) used a 381 mm-diameter apparatus to test the full-scale mixtures and used a
smaller 152 mm-diameter apparatus to test the specimens composed of gradations of
material obtained by scalping oversized particles from the full-scale gradation and
either discarding the scalped fraction or replacing it with an equal weight of finer
graded material. By comparing the testing results from these two procedures, they
concluded that the scalping and replacement procedure provides a satisfactory means
for determining strength parameters for the mixture in terms of effective stress. The
second procedure, which replaces the oversized particles with an equal weight of finer
graded material, proved to produce comparable friction angle in the domain of total
stress. Furthermore, the effects of specimen sizes and testing equipment proved not to
influence the strength parameters significantly.

Lupini et al. (1981) conducted a thorough investigation on the shearing mecha-
nism associated with residual shear strength of soils. By using ring shear apparatus,
they tested the artificial mixtures of medium sand mixed with powdered mica,
Happisburgh clay mixed with London clay and quart-silt mixed with sodium ben-
tonite. They noted that for the mixture of sand and mica, the increase in normal stress
may cause closer packing and interlocking of the granular particles, which in turn
increase the shear strength. The result also indicated that shear strength decreases with
the decrease in particle size. From the results of the observation of post-failure struc-
tures in the mixtures of Happisburgh and London clay, they postulated that for samples
with a clay fraction below 30%, no distinct zone of oriented clay particles appears, and
that the residual strength is close to the normally consolidated peak strength; however
for the samples with a clay fraction above 35% or 40%, there is a distinct shear zones of
oriented clay particles which are associated with low residual strengths. Similar results
from the observation of post-failure structure were observed from the quartz-bentonite
mixtures. Lupini et al. (1981) proposed three modes of residual shear behavior,
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i.e. turbulent, sliding and transitional, depending on dominant particle shape and on
the coefficient of interparticle friction. The turbulent mode occurs in soils with high
content of rotund particles or with platy particles with high interparticle friction. This
mode produces high residual strength which depends on particle shape and packing.
The sliding mode occurs in soils with a high content of platy particles of low inter-
particle friction. This mode is associated with low residual strengths which depend on
mineralogy and pore water chemistry. The transitional mode occurs in the soils without
dominant particle shape. This mode is characterized by the discontinuous appearance
of sliding parts and turbulent parts along the shear zone. The residual friction angle
in this mode is sensitive to the particle size distribution of the soil. Lupini et al. also
found that the shearing mode and the residual strength have good correlation with the
granular void ratio e, of the soil, which is firstly defined by Kenney (1977) as the ratio
of the volume of platy particles plus voids to the volume of rotund particles:

volume of platy particles and water
[o—
4

(2.6)

volume of rotund particles

Vallejo (1989) put forward a model for estimating the shear strength of the mix-
tures composed of both fine matrix and gravel-size particles. According to his model,
when the volumetric grain concentration ratio (volume of granular particles divided
by volume of fine matrix) is greater than 0.8, the shear strength of the soil mixture
is manly from the frictional shear resistance between large particles. When the vol-
umetric grain concentration ratio is between 0.8 and 0.55, the shear strength of soil
mixture is governed by both the frictional shear resistance among large particles and
shear strength of the clayey matrix. He defined a formula for the estimation of shear
strength for this type of soil mixture:

S=Co'tan¢’'+ (1 — C)c, (2.7)

where, C = volumetric grain concentration ratio; ¢’ = effective angle of internal friction
between the large particles; and ¢, = undrained shear strength of the fine matrix. When
the value of C is less than 0.55, the shear strength of soil mixture is only controlled by
fine matrix.

Georgiannou et al. (1990) conducted triaxial compression tests on clayey
sands (clay content <10% by weight). They recommended the granular void ratio,
GVR = (volume of voids + volume of clay)/(volume of granular fraction), for describ-
ing shear behavior of clayey sands. They concluded that the clayey sands become
undrained brittleness in triaxial compression before reaching the phase transforma-
tion line and the value of undrained brittleness at phase transformation increases as
the clay content increases from 4.6% to 10%. They also found that the undrained
brittleness in triaxial compression decreases as granular void ratio decreases and the
mixtures behave as non-brittleness at granular void ratio lower than 0.75.

Irfan and Tang (1992) carried out a large number of laboratory experiments on
compacted specimens containing steel balls and rock fragments as the coarse fraction
and fine-grained soil as the matrix to investigate the effect of coarse particles on mass
shear strength of colluvial deposits and saprolites. They concluded that a low coarse
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14 Residual Shear Behavior of Composite Soils

fraction content of below 10% negligibly influenced the shear strength while a coarse
fraction content of above 30% led to a rapid increase of shear strength.

Vallejo and Zhou (1994) reported direct shear testing results on simulated soil-
rock mixtures that were developed by mixing kaolinite clay with sand. They indicated
that when the sand content was less than 50%, the shear strength of whole mixture
was governed by that of the clayey matrix. When the concentration of sand varied
between 50% and 80%, the shear strength of whole mixture was provided in part
by the shear strength of kaolin and in part by the frictional resistance between sand
grains. In the case of sand concentration less than 50%, the shear strength of whole
mixtures was governed entirely by that of the clay.

Vallejo and Mawby (2000) conducted a series compaction tests under three levels
of static normal stresses to measure the porosity and shear strength of sand-clay mix-
tures. The testing results indicated that the porosity of the mixture is dependent on
the fractional concentration (by weight) of sand and clay particles. And the porosity
of the mixture was found to be less than that of each component, sand and clay. From
the direct shear tests, it is indicated that when the sand concentration by weight was
greater than 75%, the shear strength of the mixtures was governed mainly by the fric-
tional resistance between sand grains. When the concentration of sand varied between
75% and 40%, shear strength of the mixture was given by the contribution of both
sand and clay particles. When the sand concentration was less than 40%, the strength
of the mixture was governed by clay only. In his following study on the mixture of
gravel-size glass beads and sand-size glass beads, Vallejo (2001) got similar pattern in
terms of porosity and shear strength of this type of mixture.

Ng and Chui (2003) conducted triaxial tests on loose saturated decomposed
granitic soils using reconstituted samples with 21% gravels (of up to 10 mm), 53%
sand, 12% silt and 14% clay by weight. He postulated that this type of composite soils
behaved just like clean sands.

Wen et al. (2005) examined the residual strength of soils from slip zones of about
170 landslides in TGP area. They emphasized the correlation of residual strength and
index properties of the slip zone soils. They found that laboratory-determined residual
friction angle of gravel-free fraction of the disturbed soils from the slip zones was
closely related to clay content, liquid limit and plasticity index. In contrast, in-situ
residual friction angle of these soils (i.e. including coarse fraction) exhibits very weak
correlations with clay content and Atterberg limits, but shows strong dependency
on gravel and fines (clays and silts) contents. The ratio of gravel to fine contents is
linearly related to the residual friction angle of the in-situ soils. They concluded that
clay content and Atterberg limits could be used to estimate residual strength of soils
finer than 2 mm, but they are not appropriate for the evaluation of residual strength
of soils containing considerable amount of gravel-sized particles. For the latter, the
property of gradation (particularly the ratio of gravel to fines contents) seems to be a
useful indicator for this.

Cho et al. (2006) presented a thorough analysis on the correlation of particle shape
and packing density, stiffness and strength of sands. They used sphericity, roundness
and smoothness to describe the shape of sand particles. The main achievement from
their study is summarized briefly as: increasing irregularity of sand particles will cause
(a) an increase in both e, and enin and their difference (émax — €min); (b) a decrease
in small-strain stiffness; (c) an increase in the compressibility under zero-lateral strain
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loading; (d) an increase in the critical state friction angle ¢.; and (e) an increase in the
intercept of the critical state line (CSL).

Prakasha and Chandrasekaran (2005) described static and cyclic triaxial tests on
remoulded Indian marine soils having different proportions of sand and clay. They
stated that inclusion of sand grains in clay leads to decrease in void ratio and increase
in friction and pore pressure response therefore results in decrease in undrained shear
strength. They put forward a parameter, effective void ratio (EVR), defined as the ratio
of volume of voids to volume of effective soil fraction (sand or clay), i.e. the effective
fraction is either volume of sand or volume of clay but not the sum of the two. They
found that there is unique relationship between EVR and o, (vertical consolidation
stress) in logarithm scale and therefore EVR can be used to characterize the behavior
of sandy-clay mixtures.

Fukuka et al. (2006) presented the results of ring shear tests on coarse-gained
silica sands. The apparatus used in this study is DPRI ver. 7, which is equipped with a
transparent shear box and a video image analysis system, for observing the formation
process of shear zone in granular materials. They found that the thickness of shear zone
at high speed is thinner than that at low speed. They noted that in the initial stage of
shear tests, the deformation of sand layer of upper shear box appeared noticeably under
drained condition and low shear speed. They defined flow-like mode and slide-like
mode according to the thickness of shear zone and the difference between normalized
velocity at the nearest point to the steel plate in the upper box (Vy) and the one at the
nearest point to the rubber edge in lower box (V7). Flow-like mode is characterized by
thicker shear zone and the value (Vp — V) is small, in contrast, slide-like mode being
with thinner shear zone and big (V; — V) value. They concluded that high speed shear
induces slide-like mode while low speed shear induces flow-like mode.

Liu et al. (2006) conducted ring shear, reversal direct shear and triaxial shear tests
on the samples from slip zone of Xietan landslide in the TGP area. The samples had
coarse particles ranging from 0% to 40%. These tests indicated that both proportion
and size of gravels had an effect on the shear strength.

Simoni and Houlsby (2006) presented the results from 87 large direct shear tests
on sand-gravel mixtures with various proportions of sand and gravel fractions. Sub-
rounded and subangular gravels were added in different proportions into Leighton
sand. In order to avoid the effect of confining pressure and grain breakage on the
behavior of the mixtures, all tests were conducted at a low confining pressure, approx-
imately 90 kPa, on a wide range of relative densities. Testing results indicated that even
at low gravel fractions (10%-20%), when the oversize particles are considered to be
floating within the sand matrix, the peak strength, constant volume strength and max-
imum dilatancy rate of the mixtures, are obviously higher than those for pure sand
at the same density. Simoni and Houlsby (2006) noted that the relative density (D,)
and the reduction in minimum void ratio due to gravel addition (emin sand — €min,mixture)
could be used as appreciate indicators to interpret the variations in frictional and dila-
tant contribution to strength due to the addition of gravel particles. They suggested
a simple mode for deriving Pheak and ¢/, of the mixture at low confining pressure by

adopting physical and shear strength properties of sand (emin and ¢/,) and physical
properties of the mixture (eyi, and D,). This mode is in the form:

/ /
Pev,mixture ~ Pev,sand — 18 x (emin,sand - emin,mixture) (2.8)
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(p}/)eak - (pév =(0.8-1.1x (emin,sand - emin,mixture)) X Omax (2.9)

where, the suffix peak means the peak state; cv means the volume constant
state; emin = void ratio at the minimum density; and O, =is the maximum angle
of dilation.

2.3 SUMMARY OF PREVIOUS OBSERVATIONS
ON RESIDUAL STRENGTH

It is well known that the stress-deformation and stress-deformation-time behavior of
soils are of importance in any problem where ground movements are of interest. By
far the most widely used equation for soil strength is the Mohr-Coulomb envelope.
It is stated as the basic prototype: T =c+ o tan ¢ and its altered forms corresponding
to total and effective stress conditions, where t is the shear stress on failure plane
at failure; c is a cohesion intercept; o is the normal stress on failure plane; and ¢ is
a friction angle. In reality, the shear resistance of a soil is a function of more than
the parameters adopted in this equation. It seems to be likely dependant on the void
ratio, mineral composition, stress state, stress history, temperature, strain and strain
rate, and the structure of the soil (Mitchell, 1976, 1993; Lee et al., 1982). Based on the
limited knowledge on all parameters mentioned above, this linear relationship between
normal and shear stress is taken as the approximation for describing and calculating
the soil strength. For some soils, e.g. dense granular soils and heavily overconsolidated
clay, the failure envelopes may be curved and typically a power law with the form
7 = ko may be empirically found and used in practice.

Mitchell (1976) stated that the shear resistance of a soil would be formulized as a
equation in the form:

t=F(e,0,C,0',c/,H,T,¢,é¢,S) (2.10)

where, e=void ratio; C=coefficient associated with soil composition; H =
coefficient associated with stress history; T = temperature; ¢ = strain; £ = rate of strain;
and § = coefficient associated with the soil structure. He also mentioned that “param-
eters in these equations may not be independent, and the functional forms of all of
them are not known”. As a result, a variety of types of friction angle and cohesion
have been addressed to describe the behavior of soils in specified scenarios, e.g. total
stress, effective stress, drained, undrained, peak strength, and residual strength etc.

Emphasis in this section is on the summary of influencing factors which have been
identified in the literature including Atterberg limits, shearing rate, particle shape,
particle size distribution, test method, stress history and normal stress.

2.3.1 Atterberg limits

The influence of index properties on the residual shear strength is the most frequent
research topic in the literature. Consequently, a plenty of correlations, either quan-
titative or qualitative, between the residual shear strength and index properties have
emerged from the literature. Haefeli (1951) postulated the brittleness parameter as the
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Figure 2.] Correlations between residual friction angle, ¢, and plasticity index, Ip (Lupini et al., 1981).

ratio of residual shear strength to peak shear strength, Ar = (tan gr)/(tan gp), where
tan gg = residual shear strength; and tan gp = peak shear strength. Haefeli (1951) also
realized that the magnitude of the drop in shear strength from peak to residual,
Tp — TR, in clays increases with liquid limit, wy . Bishop (1967) put forward ‘brittleness
index’, Iy = (tp — Tr)/7p, to quantify the difference between peak and residual strength.
Correlations of the residual friction angle, ¢y with plasticity index, Ip, were also widely
reported by previous researchers. Kanji (1974) postulated a relationship between ¢}
and plasticity index by the expression: ¢y =46.6 x I;***¢ (Fig. 2.1). Fleischer and
Scheffler (1979), Voight (1973), Bucher (1975), Vaughan (1975), Seycek (1978), and
Vaughan et al. (1978) also focused on relationships between residual friction angle
and plasticity index. Lupini et al. (1981) reviewed all the correlations obtained by
these researchers and put them together in Figure 2.1. Suzuki et al. (2005) sug-
gested an exponential expression for the estimation of ¢y using plasticity index:
tan ¢ = 3.449 x 150'737. Cancelli (1977), Mesri and Cepeda-Diaz (1986), Stark and
Eid (1994) and Stark et al. (2005) gave the similar patterns of the relationship between
¢k and liquid limit (Figs. 2.2 and 2.3). Suzuki et al. (2005) suggested a exponen-
tial expression for the estimation of ¢}, using liquid limit: tan ¢} =3.449 x w; %%,
Townsend and Gilbert (1974) found that the residual friction angle was only dependent
on clay fraction and clay mineralogy. ¢} and index properties were found to correlate
relatively well, an expression with the general form tan ¢ =1—[1/(a —(B/c))] was
found to describe, in the best possible way, such correlations (o and B are constants
and cis wr, Ip or clay fraction). Collotta et al. (1989) introduced a correlation between
the residual friction angle ¢ and influencing factors, such as clay fraction CF, liquid
limit w;, and plasticity index Ip, in the expression: g = (CF)? x wp. x Ip x 1073,
Although the various correlations between the residual shear strength and
Atterberg limits were postulated in the literature, the conflict and disagreement among
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Figure 2.2 Relationships between residual friction angle, ¢, and liquid limit, w; (Stark & Eid, 1994).
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Figure 2.3 Relationships between residual friction angle, ¢, and liquid limit, w, (Dewoolkar & Huzjak,
2005).

these estimation models are not negligible. Kenny (1967) stated that ¢} is not related
to plasticity or grain size of the soil. Wesley (1977) stated that in the case of highly
plastic residual clays, the residual shear strength did not show the same pattern as the
relationship proposed by Vaughan and Walbancke (1975). Chandler (1969) also found
that the index properties could not be used to relate to the residual shear strength for
aggregated soils. In conclusion, although Atterberg limits have been the most popular
focus when it comes to the point of residual shear strength of soils, these controver-
sial and complicated findings from anterior researchers in the literature may guide the
posterior researchers to realize that Atterberg limits must be an influencing factor to
the residual shear strength but definitely not the sovereign.
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2.3.2 Shearing rate

The reason that investigating the effect of shearing rate has been the focus of research
was partly because of the need to realistically simulate the development process of
slip zone and partly because of the need to accelerate commercial testing procedures
and reduce the laboratory costs (Skempton & Petley, 1967; Kakou, 2001). Many
investigations focused on this dependency in various soils since early 1960s (Horn &
Deer, 1962; La Gatta, 1970; Idriss, 1981; Martins, 1983; Bernander et al., 1985;
Lemos, 1986; Tika, 1989; Parathiras, 1994). As a consequence, three standpoints at
rate effects on residual strength: positive, neutral and negative effect arising from the
literature.

Skempton (1985) postulated that the effect of shearing rate between 0.002 to
0.01 mm/min on residual strength was negligible in clays. Similarly, Peltey (1966)
found that the varying of shearing rate from 4 x 10° mm/min to 11.0 mm/min causes
an ignorable increase of the residual shear strength of brown London clay. While Yagi
et al. (1991) indicated that residual strength of clays did not increase with shearing
rate. Hungr and Morgenstern (1984) found that the shear strength of granular soils
(sand and polystyrene beads) was independent of the rate of shear displacement. Sassa
(19835) reported results from ring shear tests on glass beads suggesting that residual
strength of granular materials were independent of the rate of displacement.

Garga (1970) found that increasing the shearing rate leads to small increase of
residual strength of clay soils. Kenney (1967), La Gatta (1970) also agreed with the
same point as Garga (1970) did. Herrmann and Wolfskill (1966) found the shearing
rate had a small influence on residual strength, but appreciable. Cullen and Donald
(1971) found that increase in shearing rate lead to an increase in residual strength of
Silurian clay. Townsend and Gilbert (1974), Bucher (1975) found the shearing rate
does cause increase in residual strength, especially when the rate is really high. The
shearing rate of 14.6 mm/min produced a residual strength 24% higher than that of
0.0145 mm/min. Suzuki et al. (2000) suggested a linear correlation between residual
strength and the shearing rate in logarithm scale. Suzuki et al. (2001) also used Bishop-
type ring shear apparatus to test clay (kaolin) and mudstone at rates varying from 0.02
to 2.0 mm/min and showed that the rate of displacement significantly influenced the
residual strength of these materials.

However, De Beer (1967) found that faster rate (2.1 mm/hour) causes a lower
residual shear strength than slower rate (0.395 mm/hour) does for Boom clay with high
liquid limit and plasticity index. Bernander et al. (1985) concluded that the residual
strength decreases with increasing strain rate and OCR and suggested that these two
factors should be taken into account when analyzing the failure mechanism of rapid
landslide.

Lupini et al. (1981) concluded that the residual strength of soils with sliding shear
mode would increase with rate of shear displacement; however the residual strength
of soils with turbulent shear mode would decrease with the increase in rate of shear
displacement. By means of ring shear test, Martins (1983) recognized that the fast
shearing has four effects on soil strength (Fig. 2.4): (1) threshold effect associated with
zero shear displacement; (2) increase in strength presumably due to restructuring of
the shear zone; (3) pore pressure effect reducing the effective stresses and the shearing
resistance after the slippage has occurred; and (4) non-transient increase in strength
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Figure 2.4 Effects of shearing rate on shear strength (Martins, 1983).
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Figure 2.5 Rate-dependent phenomena of residual strength (Tika & Hutchinson, 1999).

appearing when fast shearing is followed by slow shearing. Lemos ez al. (1985) reported
that residual strength of soils with high clay content increased and that of soils with
low clay content decreased with the rate of displacement. Tika (1989) and Tika and
Hutchinson (1999) concluded that there were three types of rate effects on residual
strength (Fig. 2.5): positive, neutral and negative effects depending on the shear mode
(sliding, transitional and turbulent), normal stress level and soil index properties (clay
fraction, plasticity). Parathiras (1994) noted that the negative rate effect occurs with
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Figure 2.6 Particle shape determination chart (Cho et al., 2006).

all non-plastic soils (Ip=0%, 5% < CF < 9%), while the positive effect occurs with
plastic soils (Ip > 12%, w;, > 27% and CF > 30%).

In summary, the rate of shear displacement plays a role in soil shear behavior,
but how and how much it contributes is mostly dependent on the soil properties (clay
fraction and Atterberg limits) and stress history conditions (OCR) and may be related
to the shear mode when they mobilize to residual state.

2.3.3 Particle shape and surface roughness

Sphericity, roundness, roughness and texture are some of the terms that were defined
in many different ways and commonly used as the descriptors for the particle shape in
the literature (Fig. 2.6) (Barrett, 1980; Santamarina & Cho, 2004; Cho et al., 2006).
The recent research revealed that increasing angularity or decreasing roundness and
sphericity leads to an increase in maximum e, and minimum ey,;, void ratios and their
difference I, (Shimobe & Moroto, 1995; Miura et al., 1998; Dyskin et al., 2001; Jia &
Williams, 2001; Nakata et al., 2001; Cubrinovski & Ishihara, 2002; Santamarina &
Cho, 2004; Cho et al., 2006). In principal, it is recognized that the presence of platy
particles in soils lead to a decrease in packing density, stiffness and residual strength,
while increasing particle irregularity causes a decrease in stiffness and an increase in
the internal friction angle (Fig. 2.7) (de Graff-Johnson et al., 1969; Lupini et al.,
1981; Hight et al., 1998; Guimaraes, 2002; Cho et al., 2006). It is recommended
by the previous researchers that particle shape emerges as a significant parameter
needed to be properly characterized and documented as part of every soil charac-
terization exercises (Alshibli & Alsaleh, 2004; Santamarina & Cho, 2004; Yan, 2005;
Cho et al., 2006; Li et al., 2013b; Li, 2013).
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Figure 2.8 Correlations of residual strength with content of clay fraction (Lupini et al., 1981).

2.3.4 Particle size distribution

In the case of cohesive soils, the importance of the relative proportions of clay miner-
als to massive minerals (>0.002 mm in size) has been realized on several occasions
(Fig. 2.8) (Skempton, 1964; Borowicka, 1965; Chandler, 1966; Vaughan &
Walbancke, 19735; Lupini et al., 1981). The residual shear behavior for soils containing
a significant proportion of platy minerals has been associated with the re-orientation
of these minerals to form a shear surface with little or no interlocking (Hvorslev, 1960;
Skempton, 1964; Vaughan et al., 1976, 1978; Mitchell, 1976; Lupini et al., 1981). The
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Figure 2.9 Effect of coarse fraction on shear strength of soil-aggregate mixtures (Irfan & Tang, 1995).

residual shear behavior for soils containing a significant proportion of massive miner-
als have been associated with the interparticle friction and interlocking (Vaughan &
Walbancke, 1975; Vaughan et al., 1976, 1978; Li et al., 2012).

In the case of the soils with a wide range of particle size, often called gravelly soil,
sandy soil, and even complicated as gravelly-sandy-silty-clay, or otherwise, the shear
behavior is proved significantly dependent of the gradation/particle size distribution.
There appears to be a nearly general agreement that a low coarse fraction content of
below 10% does not influence the shear strength; a coarse fraction content of more
than 30% leads to rapid increase in internal friction angle and decrease in cohesion
(Figs. 2.9 and 2.10) (Miller & Sowers, 1957; Holtz, 1960; Donaghe & Torrey, 1979;
Irfan & Tang, 1992, 1995; Jovicic & Coop, 1997; Ng & Chui, 2003; Liu et al., 2006).

Suzuki et al. (2005) suggested a exponential expression using plasticity index:

tan @f, = 101143 F 0582170531 "6 estimating the residual shear strength of soils with
R clay P

particle size less than 2 mm (largest size). Spear and Taylor (1972) found there was a
linear correlation between residual friction angle and the logarithm of the proportion
of quartz and clay minerals. Kenney (1977) proposed a function of R, and the content
of clay minerals and water expressed as a percentage of total volume. The relative
residual strength, R, was defined as:

tan pg — (tan gg)c
o= - R (2.11)
(tan pp)m — (tan gp)c

where, tan ¢y =residual friction coefficient for the mixture; (tan ¢)c = residual fric-
tion coefficient for the clay; and (tan ¢y ) = residual friction coefficient for the massive
minerals tested on their own.
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Figure 2.10 Graphical representation of shear strength of soil with coarse fraction (Irfan & Tang, 1995).

2.3.5 Test method

The commonly used laboratory equipments for measuring the residual shear strength
are of three basic types: reversal direct shear box, ring shear apparatus and triaxial
apparatus.

In principle, reversal direct shear box is the most preferred equipment for
its simplicity and general availability (Herrmann & Wolfskill, 1966; Blondeau &
Josseaume, 1976; Lemos, 1986; Tika, 1989). The ring shear apparatus is proved
to be the most suitable equipment to measure residual shear strength for its capa-
bility to shear the sample to unlimited displacement in one direction. The differ-
ences of the measured residual strength between these two techniques have been
pointed out by some researchers (Bishop er al., 1971; Hutchinson er al., 1973;
Bromhead, 1980). They agreed, to some extent, that the ring shear test yields
lower measurements of the residual friction angle than the reversal direct shear does.
Bishop et al. (1971) found, for London clay, the difference is about 3°. Hutchinson
et al. (1980) pointed that for Gault clay the difference was as much as 7°. How-
ever, some investigators have found reasonable agreement between residual shear
strength measured with the ring shear apparatus and the reversal direct shear box
(Townsend & Gilbert, 1976; Bucher, 1975). There seems to be a common agree-
ment that interpreting the curve of stress against shear displacement from the reversal
direct shear test is more difficult than that from the ring shear test (Kenney, 1967;
Bishop et al., 1971).
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Triaxial apparatus was generally considered not suitable for measuring the resid-
ual strength of soils for its strain limitation (Bishop et al., 1965, 1971; Bucher
1975). It is found, however, triaxial could be used to test the discontinuities,
such as fissured clay, pre-cut specimens and actual shear surface (Petley, 1966;
Skempton & Petley, 1967). Bishop et al. (1965) measured the residual strength of
London clay using triaxial apparatus and concluded that measurements of residual
strength using triaxial compression with limited displacement led to an overestima-
tion compared with Skempton’s measurements by using direct shear box (Skempton,
1964). Hutchinson, Somerville and Petley (1973) presented results of an investigation
of a pre-existing landslide. Residual strength parameters were obtained by different
means. They carried out shear box tests, triaxial tests and ring shear tests on the natural
shear surface. It was found that the strength from triaxial and direct shear box tended
to overestimate the strength from back analysis, while the ring shear test tended to
underestimate it.

2.3.6 Placement conditions, stress history and normal stress

Many investigators agreed that placement conditions (undisturbed, remoulded, slur-
ried and pre-cut) do not affect the measured residual strength (Skempton, 1964;
Petley, 1966; Herrmann & Wolfskill, 1966; Kenney, 1967; Garga, 1970; La Gatta
1970; Bishop et al., 1971; Early & Skempton, 1972; Bucher, 1975; Townsend &
Gilbert, 1976; Lupini et al., 1981). There is an exception that De Beer (1967) found
that pre-cutting sample before shearing gains lower residual friction angle, however
many researchers argued that this conclusion is somehow weak since the residual
conditions were considered not fully established. It is also a general consensus that
residual strength is basically independent of loading sequence and previous stress his-
tory (Skempton, 1964; Petley, 1966; Kenney, 1967; Garga, 1970; La Gatta 1970;
Bishop et al., 1971; Townsend & Gilbert, 1976; Lupini et al., 1981).

The normal stress, when less than 200kPa, does not seem to affect the residual
friction angle, ¢}, of most cohesive soils (Herrmann & Wolfskill, 1966; Garga, 1970;
Bishop et al., 1971; Chattopadhyay, 1972; Bucher, 1975; Kenney, 1976; Lupini et al.,
1981; Li et al., 2013c). However, for brown London clay, Weald clay, micaceous
soils, the residual strength were found to show dependency on normal effective stress
levels (Townsend & Gilbert, 1976). Chattopadhyay (1972) put forward a relationship
between normal stress and the residual friction angle by employing elastic junction
theory, where the interparticle friction angle is related to the effective normal stress o,
by the expression: tan ¢, = 7;K(o,)~1/3. Thus, in the case of platy particles, for which
the residual friction angle, ¢r, can be substituted by interparticle friction angle, ¢,
this correlation can be used for the estimation of residual strength. Mesri and Abdel-
Ghaffar (1993) proposed the empirical equation for the intact strength envelope by an
complicated formula: s(r)=o,, tan[wﬁ]g[

(7/ 177}’!7
”] , where [¢}]F =secant fully softened

o
friction angle at o, =0}; 0, = effective normal stress; o, = preconsolidated pressure;
and 1 — m, = slope of log(tan[g}]s/tan[¢}]") versus log(a,/0,,).

Several investigators presented that the necessary displacement to reach the resid-

ual state of soils would be related to the level of normal stress, though no general
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conclusion has been made. When testing Pierre clay shales by using reversal direct
shear box, Herrmann and Wolfskill (1966) found that the displacement to residual
state seems to be shortened with increasing normal strength. La Gatta (1970) obtained
the similar conclusion for tests on remoulded Pepper shale. However, Peck (1967) con-
ducted direct shear tests on undisturbed Lake Agassiz clay and concluded the opposite
results to Herrmann and Wolfskill (1966).



Chapter 3

Testing method

3.1 INTRODUCTION

The most commonly used apparatuses for evaluating the shear behavior of soil are small
direct shear box and triaxial apparatus because of the simplicity of their construction
and operation (Skempton, 1985). However, these apparatuses are not suitable to deter-
mine residual shear strength of slip zone soils containing abundant coarse particles and
to simulate the actual landslide conditions due to their limited capacities in respect of
shear displacement and large particle size of the specimen. Although the ring shear
apparatus is not easy to construct and operate (Bishop et al., 1971), it does have the
obvious advantages that the shear displacement can be unlimited without having to
stop (Bishop, 1971; Bromhead, 1979; Sassa, 1996). Alternatively, reversal direct shear
with intermediate and large shear boxes can also be employed to measure the residual
strength of the soils.

Three basic types of ring shear apparatuses and their modifications have been
widely used: (1) IC/NGI type, developed jointly by Imperial College of Science and
Technology, University of London, and Norwegian Geotechnical Institute in 1971,
with the specimen chamber dimensions of OD: 152.4 mm, ID: 101.6 mm and thick-
ness: 19 mm; used to perform drained tests under maximum normal stress of 980 kPa
and a maximum nominal shear stress of 490kPa; (2) Bromhead type, developed by
Bromhead in 1979 with the specimen chamber dimensions of OD: 100 mm, ID: 70 mm
and thickness: 5 mm; and (3) DPRI type, developed by the Disaster Prevention and
Research Institute (DPRI), Kyoto University of Japan. The first two ring shear appa-
ratuses are designed to test soils with fine particles (due to the limited dimensions of
their specimen chambers), while the DPRI type is adequate for soils with a large range
of particle size distribution.

There are three types of shear boxes commonly used to test shear strength of
soils. A small direct shear box, with the dimension of 60 x 60 x 20 mm, is suitable for
soils containing particles up to 4 mm in size; an intermediate direct shear box, with
the dimension of 100 x 100 x 44 mm, is suitable for soils containing particles up to
10 mm; a large shear box, with the dimension of 300 x 300 x 150 mm, is suitable for
soils containing particles up to 20 mm in size.

In the present study, the shear behavior of slip zone soils has been investigated by
means of a DPRI ver.3 large ring shear apparatus and an intermediate direct and resid-
ual shear apparatus of ELE™., In this chapter, a brief description of the apparatuses
and their peripheral systems are presented. The sample preparation techniques and the
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testing procedures are also described, followed by the procedures/standards used for
soil classification tests (Atterberg limits, particle size distribution and specific gravity)
and the measurement of particle shape.

3.2 DPRITYPE RING SHEAR APPARATUS

3.2.1 Brief description of the apparatus

The design and procedures of operation of the DPRI ver.3 ring shear apparatus have
been described in detail by Sassa (1992, 1996) and Sassa et al. (2004). The mechanism
and concept of this ring shear apparatus have the same principle as the ring shear
apparatus of IC/NGI type developed by Bishop et al. (1971). While the former is
aimed to simulate the formation of the shear zone and the post-failure mobility of high
speed landslides and to observe the mobilized shear resistance, as well as the post-
failure shear displacement and generated pore water pressure; the latter is to study
the post-peak interval of the shear resistance-displacement curve with emphasis on
residual strength developed in slow moving clayey landslides.

The key features of DPRI-ver.3 ring shear apparatus (Fig. 3.1) developed in 1992,
which was employed in this study, are listed in Table 3.1.

Figure 3.1 The assembly of DPRI ver.3 ring shear apparatus.
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Table 3.1 Key features of DPRI-ver.3 ring shear apparatus used in

this study.
Parameter Value
Inner-diameter of specimen chamber (mm) 210
Outer-diameter of specimen chamber (mm) 310
Maximum normal stress (kPa) 500
Area of specimen (mm?) 408400
Maximum height of specimen (mm) 90
Maximum shearing speed (mm/sec) 300
Resolution of gap control (mm) 0.001
Maximum data acquisition rate (readings/sec) 12
Suitability for undrained test? Yes

The shear box is assembled with two pairs of confining (inner and outer) rings
forming upper and lower halves. The lower half of the shear box is rotatable and
driven by a servomotor, while the upper confining rings are fixed with the cap plate
which in turn is fixed by a rigid arm. The normal stress is applied on the donut-shaped
specimen through an annular loading platen by a pneumatic piston. Several metal teeth
on the annular loading platen and on the base of the shear box prevent the relative slip
along the ends of the sample.

In order to prevent leakage of water and extrusion of specimen during shear
through the tight interface between the upper and lower rings, a pair of stair-shaped
rubber rings with high surface smoothness is placed in the specially made grooves
along the perimeters of the lower inner and outer confining rings. The contact pres-
sure between the rubber rings and the upper pair of the confining rings is adjusted
at the start and maintained throughout the test at a level greater than the pore water
pressure that can possibly be generated in the specimen and as constant as possible by
means of a hydraulic piston controlled by feed-back signals from a gap sensor accu-
rate to 0.001 mm. Similarly, O-rings (inserted into special slots along the inner and
outer perimeters of the annular loading platen) are utilized to prevent upward leakage.
High quality vacuum silicon grease is applied on to the rubber edges to lubricate and
seal them.

3.2.2 Measurement devices and data logging system

Figure 3.1 presents an overall view of the assembly of DPRI ver.3 ring shear appara-
tus. It consists of a main shear device, a set of transducers, a data logging unit, two
computers, a multi-pen plotter and a printer.

The shear loads, applied through the loading yoke, are measured by a load cell
mounted on a rigid stand of the stationary frame. With the initiation of the shearing,
the loading yoke becomes tangential to the load cell, compresses it and causes its hori-
zontal deflection. This deflection is then measured by means of inductive displacement
transducers connected to modulator-demodulator cards with a D/C output.

DPRI-ver.3 ring shear system has two load transducers to monitor normal stresses,
one in between the upper loading plate and pneumatic piston to measure the normal
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load applied onto the specimen, and the other to measure the sum of: (1) the vertical
friction between the sample and the sidewalls of the upper pair of rings; and (2) the
self-weight of the upper pair of rings. The difference of the measurements by these
two transducers gives the actual normal stress acting on the shear surface. The value
of this difference is sent to a servo-amplifier as a feed-back signal to keep the normal
stress on the shear surface constant through automatic adjustment of the load from
the pneumatic piston.

A gutter, located 2 mm above the shear surface and is covered by two metal filters,
extends along the entire circumference of the inner wall of the outer ring in the upper
box. Two pore water pressure transducers are connected to this gutter to measure the
pore water pressure near the shear plane in the specimen.

The vertical deformation of the specimen during shearing is measured by means of
a linear strain conversion displacement transducer with a maximum travel of 25 mm,
which produces a proportional voltage output in relation to its spindle displacement.
The relative rotational displacement (shear displacement) is measured by means of a
rotational potentiometer which also produces a proportional voltage output.

The DPRI ver.3 ring shear apparatus is equipped with an electronic measuring
device. All the signals from these transducers are monitored by a data logging unit,
which has a measurement frequency of 12 recordings per second. A PC takes this data
logging unit as an interface to connect to the transducers to collect the signals, transfer
them to measurements and store into the memory.

3.2.3 Testing procedure

The sample was formed by means of dry deposition. Each of the air-dried and well
mixed samples was poured into the shear box in layers. Each layer was tamped slightly
so as to achieve the field density of the specimen. After the dry specimen was prepared,
carbon dioxide (CO,) was injected into the chamber very slowly through the lower
drainage line to drive out the air in the voids of the specimen through the upper
drainage line. This replacement of air with CO; usually took approximately 6 hours
until concentration of discharged CO; passing through the specimen is adequately high
to make sure that all the voids are filled with CO,.

Next, through the lower drainage line, de-aired and de-ionized water was infil-
trated into the specimen at a low flow rate to avoid the possible influence on specimen
homogeneity by the water flow. For checking the degree of saturation, the parame-
ter Bp (parameter of saturation in the direct shear state) was employed, as proposed
by Sassa (1988). This parameter is given by Bp = Au/Ac, where Au and Ao are
the increments of pore water pressure and total normal stress, respectively. For
the specimens tested in this study, it usually took approximately 24 hours to reach
Bp > 95%.

All the slip zone soils sampled for the purposes of this study were normally con-
solidated in situ. Therefore, after the saturation stage, it generally took approximately
18 hours to restore this level of in situ state of consolidation. After completion of the
consolidation stage, the physical properties, such as void ratio and water content, of
each consolidated non-sheared specimen were determined, and the specimen was then
subjected to shearing at a prescribed shearing rate.
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3.2.4 Calculations

Bishop (1971) suggested that the oversimplification that the normal and shear stress
are uniformly distributed across the shear plane would introduce an error which is
considered to be insignificant. Based on this assumption, the average shear and normal
stresses are given by the equations:

W,
O,y = 5 (31)
- (ry —r9)
M
T = 3— (3.2)
21 - (13 —13)
3M -
tang = T _ 2(71 + 1) ; (3.3)
0n  2W, - (r] +rir2 +713)
W,=N; — N, (3.4)
M=Fxl (3.5)
where,

W,, = net normal load on the sample

M = torsional moment

71, 1, = internal and external sample radii (155 mm, 105 mm)
Nj =load by the pneumatic pump on the loading platen

N, =sum of side friction and self-weight of upper ring

F = measurements of the load cells for shear force

[ =arm of shear force (390 mm)

Thus, by substituting the corresponding values of 71, 7, and [ for this test system,
the stress ratio can be expressed by:

F
tang = — =2.9634 x —— (3.6)
Oy 1— 2

3.3 DIRECT SHEAR APPARATUS

3.3.1 Large direct shear machine

The S2450 large direct shear machine (Fig. 3.2) has a pair of shear boxes of rounded
corners of 300 x 300 mm to eliminate crowding and stress concentration in sharp cor-
ners. The moving half of the shear box is seated on a rigid sled with both contact
surfaces covered with low-friction teflon. Shear force is applied by hydraulic cylinders.
The oil pressure is set and maintained by applying the output of an electro-pneumatic
pressure regulator to the pressure tank. Strain rate, which has the range from 0.001
to 7.62 mm/min, is controlled by a constant pressure difference across the micrometer
valves.

Vertical and horizontal displacements are measured by digital indicators with
outputs for data acquisition. Four load cells measure normal load to an accuracy
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Figure 3.2 Geotest large direct shear box.

of 11bf. Other measured values are displayed on panel meters, also with outputs for
data acquisition. Data acquisition is in real time and features both graphical and dig-
ital display of load/deformation and consolidation curves with data storage in ASCII
format.

Side friction is measured by suspending (floating) the upper (stationary) half of the
shear box on load cells using threaded rods. By deducting side friction from applied
normal load, the stress is accurately computed at the shear-friction zone; only the true
force is measured as all friction associated with the moving half is excluded.

3.3.2 Intermediate direct shear box

The ELE type direct and residual shear box (Fig. 3.3) consists of a micro proces-
sor control unit, a large on-board LCD screen display and measuring devices. It is
equipped with two digital dial gauges (range of 0 to 15 mm, resolution of 0.002 mm),
one is measuring vertical displacement and the other measuring the horizontal shear
displacement. Shear force was measured by means of a proving ring with a digital dial
gauge inside. All the data were recorded by means of a data transfer unit. Normal
stress is applied to the specimen through the lever loading device. This apparatus
accepts specimens up to 100 mm x 100 mm on plan. The rate of shear displacement
varies from 10~ to 10 mm/min.

3.3.3 Testing procedures

Reversal direct shear tests by means of large direct shear machine and intermediate
direct shear box were conducted according to Part 7 of the British standard 1377 (BSI,
1990).
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Figure 3.3 ELE direct and residual shear apparatus.

3.4 SOIL CLASSIFICATION TEST

3.4.1 Particle size distribution

The particle size distribution was determined by wet sieving and the hydrometer
method according to Part 2(9) of the British standard 1377 (BSI, 1990). Where neces-
sary, the laser particle size analyzer was used for testing the fraction of the soils with
<1 mm particles.

3.4.2 Specific gravity

The specific gravity of fine grained soils was determined by small pycnometers and
that of coarse-grained soils was determined by large pycnometers according to Part
2(8.3) and Part 2(8.4) of the British standard 1377, respectively (BSI, 1990).

3.4.3 Index properties

The index properties were determined according to BS 1377:1990. The plastic limit
was determined according to Part 2(5) of the British standard 1377 (BSI, 1990) and
the liquid limit was determined with a cone penetrometer according to Part 2(4) of the
British standard 1377 (BSI, 1990).
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3.5 MEASUREMENT OF PARTICLE SHAPE

A stereomicroscope (Olympus SZH10) and an image capture and analysis system,
analySIS™ | were employed to quantify the shape parameters of soil particles. The
stereomicroscope with its magnification capability of up to 140X enables capturing
of the shape features of even fine silt fraction down to 0.002 mm. Referring to the
2D nature of the images (Fig. 2.6), the analysis software uses the term “circularity”
to quantify the “closeness” of a particle to a circle. Circularity is given by 4w A/P2,
where A = particle area; and P = perimeter. Thus a perfect circular/spherical particle
has a circularity of 1 while a very “spiky” or irregular particle has a circularity value
closer to 0. The term “convexity” is used as a measure of surface roughness of a
particle and is given by the ratio of the “convex hull perimeter” by the actual particle
perimeter. Convexity also ranges from 0 for a smooth shape to 1 for a spiky shape.
The roundness of particles is expressed by elongation quantified by “1 —width/length”.
Particles with equal lengths along all axes have an elongation value of 0 while those with
one dimension significantly larger than the other have elongation values closer to 1.

The samples were sieved by following the same procedure as for particle size
analysis to separate them into several fractions. Shape parameters of each fraction
were then measured as described above. The number of randomly selected particles
was large enough such that a statistical average value for each parameter was achieved
with variance of less than 0.01. Shape parameters for each sample were obtained by
the weighted sum of the mean parameter values for each fraction (i.e. scaled by their
corresponding weight percentages).

3.6 SUMMARY

The technical specifications for the ring shear apparatuses of DPRI type, and the direct
shear boxes of ELE and Geotest types, together with their instrumentations and data
recording systems have been described in this chapter as the laboratory systems which
have been used for the investigations conducted in this study. The specimen prepara-
tion, testing procedures and the calculations to be carried out before the analysis of
the testing results were also presented for each of these shear test apparatuses. More-
over, the soil classification tests and the measurement methods of the particle shape
parameters adopted in the preparation and characterization of the sample mixtures
have been described.



Chapter 4

Artificial soil samples

4.1 INTRODUCTION

The work reported in the literature (see Chapter 2) reveals that the main factors
influencing soil residual shear behavior are Atterberg limits, particle size distribu-
tion, normal stress, particle shape and shearing rate. The purpose of this chapter is to
investigate the extent to which these factors influence the residual shear behavior of
soils. This investigation was conducted by means of an intermediate direct shear box.
The samples are divided into three groups of mixtures in terms of their composition:
(1) a mixture of kaolin, glass sand and glass beads; (2) kaolin, silt, glass sand and
glass beads; and (3) kaolin, silt, river sand and crushed granite gravels. These mixtures
represent a wide range of natural soils, particularly in terms of particle size and particle
shape.

A description of the samples and the testing procedures is given in Section 4.2.
Testing results are presented and discussed in a broader context (including soil com-
pressibility, the structure and water content of the shear zone) in Section 4.3. With the
aid of the Fast Fourier Transform (FFT), the shear mode of granular materials is exam-
ined in detail based on the tests with rounded glass materials. The shear behaviors of
composite soils are also discussed in detail based on the observation of shear patterns
(development of shear stress and vertical displacement with shear displacement) and
the structures of shear zones. The residual shear modes, which were put forward by
Lupini et al. (1981) for fine-grained soils, are modified and extended to be applica-
ble to soils with a wide range of characteristics in terms of particle size and particle
shape. A quantitative analysis of the influence of the controlling factors is presented
in Section 4.4. In the last section, the main conclusions derived from these tests are
presented.

4.2 TESTING PROGRAM

4.2.1 Specimen characteristics

Six types of materials were chosen as constituent materials to prepare the samples.
The basic properties of these materials are listed in Table 4.1. The kaolin, nonporous
soda lime glass sand and glass beads are commercially available while the silt is from
a natural source, the natural sand is from a river deposit and gravels (with particle
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Table 4.1 Properties of the constituent materials.

Soil type wy (%) wp (%) Ip (%) PS (mm) Gs (glem®) Particle shape
Kaolin 50.3 22.0 28.3 <0.002 2.68 -

Silt 41.9 18.7 232 0.002-0.063 2.65 sub-rounded
Glass sand - - - 0.063-2.0 2.48 rounded
Glass beads - - - 2.0-8.0 2.48 rounded
Natural sand - - - 0.063-2.0 2.63 sub-angular
Gravels - - - 2.0-8.0 2.59 angular

Note: PS: Particle size range, Gs: Specific gravity of soil particle.

size <10mm) are crushed granite fragments. Particle size of kaolin mainly
is <0.002 mm and that of silt ranges from 0.002 to 0.063 mm. The particle sizes of
glass sand and glass beads show even distributions between 0.063 and 2.0 mm and
between 2.0 and 8.0 mm, respectively. Specific gravities of these constituent materials
were determined by a small pycnometer and a gas jar for applicable size of materials
in accordance with BS 1377 (BSI, 1990).

Artificially mixed samples fall into three categories with respect to their con-
stituents, the way they were mixed and the testing conditions they were subjected
to. The index properties, the particle size distribution parameters and the sequence
of shear tests performed are summarized in Table 4.2. Particle size distribution has
been determined by means of wet sieve for the particles larger than 0.063 mm and
by sedimentation for the finer particles; the particle size determined from Stokes’s
Law has been corrected by the appropriate factor to give the equivalent sieve grading
(Allen, 1990).

The first category includes Samples 1 to 11, among which the first three had
kaolin, glass sand and glass beads as constituent materials, respectively. Sample 4
was a binary granular mixture of glass sand and glass beads each weighting 50% of
the total mass of the sample. Samples 5 and 6 were binary mixtures of 50% kaolin
and 50% glass beads and 50% kaolin and 50% glass sand respectively. Samples 7 to
11 were ternary mixtures with varying weight proportions (80% to 20%) of kaolin
and coarse fraction (20% to 80%), which was composed of 50% glass sand and 50%
glass beads. Figure 4.1 presents the particle size distributions of the samples within this
category.

The second category includes Samples 12 to 18. These were mixtures with
decreasing weight proportions of fine fraction at intervals of 10% and correspond-
ingly increasing coarse fraction. The fine fraction was composed of 25% kaolin
and 75% silt while the coarse fraction was composed of 50% glass sand and 50%
glass beads as that for the first category. The particle size distributions are shown in
Figure 4.2.

The third category refers to Samples 19 to 27. These mixtures were prepared
by decreasing fine fraction at intervals of 10% and correspondingly increasing coarse
fraction. The fine fraction was composed of 25% kaolin and 75 % silt, while the coarse
fraction was composed of 50% natural sand and 50% natural gravel. The gradation
of particle size of the samples in this category refers to Figure 4.3.



Table 4.2 Physical characteristics of tested samples and testing conditions.

Sample no. Sample reference*  Clay (%) Coarse (%) w (%) wp (%) Ip(%) Dso(mm) C. G, BSCS symbol  Testing conditions”
0o | 100K 100.0 0.0 50.3 22.0 283  0.001 1.0 2 CH LILILIV,V
o Eo§ 2 100GS 0.0 100.0 - - - 0.320 0.8 6 SP LILILIV, V, VI
.E ae 3 100GB 0.0 100.0 - - - 4.200 0.9 2 GP LILILIV, V, VI
E 2 4 50GS50GB 0.0 100.0 - - - 2.000 0.8 26 SPG-GPS LILILIV,V
3 §-8 5 50K50GB 50.0 50.0 49.9 21.7 282 0.002 0.0 157 CIG LILILIV,V
E n%§ 6 50K50GS 50.0 50.0 274 12.8 146  0.800 0.0 2857 MLS LILILIV,V
o
18 7  80K20GC 80.0 20.0 438 19.8 240  0.001 1.0 3 d LILILIV,V
S ~& 8 60K40GC 60.0 40.0 338 16.3 175  0.002 1.0 3 CLS-CLG LILILIV,V
@ E ‘% 9 50K50GC 50.0 50.0 272 14.9 123 0.002 0.0 306 MLS-MLG LILILIV,V
s E £ 10 40K60GC 40.0 50.0 228 13.5 93  0.200 0.0 789 MLS-MLG LILILIV,V
= Il 20K80GC 20.0 80.0 13.4 .1 23  0.800 7.5 2083 SPG-GPS LILILIV,V
b 12 80F20GC 20.0 20.0 39.2 17.9 21.3  0.009 0.8 I cl LILILIV, V, VI
S 13 60F40GC 15.0 40.0 314 13.2 182  0.0I2 0.4 43 CLS-CLG LILILIV, VI
g 14 50F50GC 12.5 50.0 24.9 10.6 143 0.060 0.2 124  MLS-MLG LILILIV, VI
oy 15 40F60GC 10.0 60.0 20.8 9.1 1.7 0205 0.2 350 MLS-MLG LILILIV, VI
5 .3 16  20F80GC 5.0 80.0 10.1 5.9 42 1.000 1.6 227 SWG LILILIV, VI
§ € 17 70F30GC 17.5 30.0 35.7 15.5 202  0.013 0.5 22 ClI I, vi
20 18  30F70GC 7.5 70.0 16.3 74 89 0510 1.0 400 SWG I, vi
[
19 80F20NC 20.0 20.0 41.6 19.5 22.1 0.009 0.8 I I, vi
20 70F30NC 17.5 30.0 37.8 17.7 20.1 0.013 0.5 22 ClI I, vi
o 21 60F40NC 15.0 40.0 32.1 154 16.7  0.012 0.4 43 CLS-CLG I, vi
go 22 50F50NC 12.5 50.0 26.3 13.6 12.7  0.060 0.2 124  MLS-MLG I, vi
§'§ 23 40F60NC 10.0 60.0 229 1.0 1.9 0205 0.2 350 MLS-MLG I, vi
'E .3 24 30F70NC 7.5 70.0 17.8 9.2 86 0510 1.0 400 SWG I, vi
£E 25 20F8ONC 5.0 80.0 1.4 6.8 4.6 1.000 1.6 227 SWG I, vi
0z 26 |00F 25.0 0.0 45.5 20.1 254  0.006 0.6 10 Ci I, vi
L 27  100NC 0.0 100.0 - - - 2.000 0.8 26 SPG-GPS I, vi
Abbreviations:

Notes for testing conditions®:

1: 50 kPa, 0.06 mm/min; ll: 100 kPa, 0.06 mm/min; Ill: 200 kPa, 0.06 mm/min; IV: 200 kPa, 0.6 mm/min;V: 200 kPa, 6.0 mm/min;VI: 400 kPa, 0.06 mm/min.

Notes for sample labels*:

K: Kaolin; GS: Glass sand; GB: Glass beads; GC: Coarse fraction made of 50% glass sand and 50% glass beads; F: Fine fraction made of 25% kaolin and 75% silt; NC: Coarse fraction

made of 50% river sand and 50% crushed granite gravels.
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Figure 4.1 Particle size distribution of the samples in the first category with single/binary/ternary
fraction/s of kaolin, glass sand and glass beads.
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Figure 4.2 Particle size distribution of the samples in the second category containing kaolin, silt, glass
sand and glass beads.

For convenience, the abbreviations, KG is used to denote the kaolin and coarse
fraction (glass sand and glass beads) mixture, and FG for mixture of kaolin, silt and
coarse fraction, and FN for kaolin, silt, river sand and crushed gravels.

Classification of the samples by means of the Casagrande’s plasticity chart is shown
in Figure 4.4. It can be easily observed that there is a positive linear relationship between
liquid limit and plasticity index for all the samples. Sample 1 is classified as CH with
its high plasticity index of 28.3% and liquid limit of 50.3%. Samples 5, 12, 17, 19,
20 and 26 are plotted in the CI area owing to their moderate plasticity indices and
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Figure 4.5 Testing results plotted on activity charts originally proposed by van der Merwe (1964) and
modified by Williams and Donaldson (1980).

liquid limits. Samples 6, 8, 9, 10, 13, 14, 15, 21, 22, 23 and 24 are located in the CL
area, while Sample 11 is plotted in the ML area for its lower plasticity index of 2.3%
and liquid limit of 13.4%. The remaining Samples 16, 18 and 25 fall into the SF + SC
area with their low liquid limits. The classification symbols for the samples are listed
in Table 4.2 according to the British Soil Classification Standard (BSCS).

The swelling potential of the samples based on the relationship between the plas-
ticity index and clay fraction is presented in Figure 4.5 (van der Merwe, 1964). There
is clearly a nearly linear increase in the clay fraction and plasticity index of samples of
KG mixtures. There is also an approximately linear relationship between clay fraction
and plasticity index of the samples of FG and FN mixtures. It should be noted that
determination of plasticity limit involves significant variability which may account
for the observed departures from the linearity. The samples of FG mixtures with glass
sand and glass beads as the coarse fraction have relatively lower plasticity indices when
compared with the corresponding samples of FN mixtures, e.g. Sample 12 compared
to 19, though they have the same clay fraction. Sample 5 stands outside the main trend
as an exception for the reason that only the kaolin fraction is tested for determining
the plasticity index and the other component (glass beads) has no influence on the
value of Ip.
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4.2.2 Test equipment, sample preparation and testing procedures
Test equipment

Four strain-controlled digital direct/residual shear boxes (Fig. 3.3) were used in this
study. The shear box consisted of a micro processor control unit, a large on-board LCD
screen display and measuring devices. It was equipped with two digital dial gauges
(range of 0 to 15 mm with a resolution of 0.002 mm), measuring vertical displace-
ments and horizontal shear displacements. Normal stress was applied to the specimen
through a lever loading device. Shear force was measured by means of two proving
rings equipped with an electronic digital dial gauge inside, readable to 2 microns. These
proving rings had measuring capacity of 2.0 kN and 4.5 kN, giving a probable accuracy
of 0.2 kPa and +0.4 kPa, respectively. The former was used to measure shear force
under low normal stress, while the latter was necessary when normal stresses and/or
rates of shear displacement were high. This apparatus accepts square specimens of
100 mm x 100 mm x 40 mm. The shearing rate can be controlled to vary from 10~°
to 10 mm/min.

Horizontal and vertical displacements and shear force were recorded using a per-
sonal computer equipped with a data logger whose sampling frequency can be set to
1 record per 0.002 mm of shear displacement.

Calibration tests were conducted by using glass ballotini with a narrow size range
of 0.2 to 0.3 mm under normal effective stresses of 10, 50 and 100 kPa, showing
a linear ultimate strength envelope, passing through the origin; this indicates that
errors associated with frictional resistance in the equipment are negligible (Lupini
et al., 1981). The gap between the shear boxes which restrain the specimen could be
adjusted to ensure that there was no metal-to-metal sliding contact. Some difficulty was
experienced in testing uniform glass sand and natural sand as particles could become
jammed in the gap. The low rate of 0.06 mm/min could be achieved as soon as the
shear started. It was, however, observed that the motor drivers of the shear boxes
needed about 3 minutes to accelerate to the desired rates of shear displacement of 0.6
and 6.0 mm/min.

Sample preparation

All constituent materials were oven dried at a low temperature of 105+ 0.5°C to avoid
the influence of high temperature on the structure of kaolin. Each dry constituent mate-
rial was thoroughly mixed, heaped and divided by the quartering method (dividing a
circular heap, by diameters at right angles, into four equal parts, removing two diago-
nally opposite quarters, and thoroughly mixing the two remaining quarters together)
so as to obtain a representative mass. The quartering process was repeated over all con-
stituent materials to get the necessary quantity of material for each sample in Table 4.2
to avoid having to re-use any part of it.

The sample was mixed by taking its constituent/s. The mixture was then placed
into a plastic bag and shaken until it appeared homogeneous. Each prepared sample
was divided into several duplicate specimens by again using the quartering method
for the series of tests under different normal stresses and at different shearing rates as
listed in Table 4.2. Each sample of KG mixture was divided into 5 specimens, with
an exception for Samples 2 and 3 that had 6 specimens. Each sample of FG mixture
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was divided into 5 specimens, except Sample 12 with 6 specimens and Samples 17 and
18 with 2 specimens each. Each sample of FN mixture was divided into 2 specimens.
Each specimen was to be tested under one of the six testing conditions which differ
from each other as to the magnitude of normal stress and the shearing rate (Tables 4.2
and 4.3).

Testing procedures

All tests were set up by following the same compaction procedure. Each test specimen
was prepared in the shear box in three layers of equal thickness. Each layer was com-
pacted by means of a tamping rod (with a square end of 10 mm x 10 mm), subjected
to 30 blows of a 2.5kg hand rammer falling through 450 mm. Since specimens of
each sample (e.g. Specimens 11, 111, etc. from Sample 1) had identical mass and were
compacted in the same volume, they had identical dry densities and void ratios before
saturation and therefore the same water contents after fully saturated. The specimen
then was subjected to approximately 24-hour saturation, and then an about 24-hour
consolidation period under the pre-specified vertical stress. Vertical deformation of the
specimen was recorded during consolidation. After vertical deformation ceased, the
upper and lower shear boxes were separated for approximately 0.2 mm and shearing
was conducted at a constant shearing rate as specified in Table 4.2.
The testing procedures also involved the following:

1  Untested specimens were used for each test;

2 Each specimen was sheared until the relative horizontal displacement of approxi-
mately 14 mm was achieved;

3 Asmall seating pressure of 4.21 kPa was applied on the load cap during saturation;

4 [Initial reading of vertical displacement was reset to zero at the beginning of each
test stage;

5 Test data were recorded at a frequency of one record per 2 um horizontal
displacement;

6  The contacting surfaces of the shear box were lubricated with grease; and

7  The laboratory was maintained at the temperature of 19.5 + 0.5°C.

4.3 RESULTS AND DISCUSSION

The assumption that the normal and shear stresses are distributed uniformly across the
shear plane is adopted as the basis for calculation of the normal stress (o) and shear
stress (7) by dividing the measured vertical load and shear force by their corresponding
areas. Since the area in contact with normal load remains constant as the sectional
area of sample chamber (in this study, 100 mm x 100 mm) during testing, no area
corrections were made for normal stress. However, the soil-to-soil area in the shear
plane decreases as the test progresses, area corrections were applied only to the shear
stress. The corrected area (Acg) in the shear plane for tests conducted with a square
box, as the one used in this study, is calculated from Acs=A; — (W x §;,), where
Aj is the initial area, W is the width of the soil specimen, and §, is the horizontal
displacement (Kim et al., 20065 Xu et al., 2007; Bareither et al., 2008).



Table 4.3 Testing results of composite soils.

Testing conditions Shear stage
Normal Shearing Horizontal Vertical Residual
Sample Test effective stress rate displacement displacement stress ratio
no. no. o’ (kPa) (mm/min) @Res. (mm) @Res. (mm) /o’
I I 50 0.06 3.56 —0.10 0.33
i 100 0.06 5.15 —0.26 0.32
i 200 0.06 10.63 —0.49 0.31
v 200 0.60 11.60 —0.34 0.45
(A% 200 6.00 13.40 —0.16 0.48
2 2| 50 0.06 5.02 —0.17 0.67
211 100 0.06 6.07 0.17 0.70
palll 200 0.06 7.14 0.32 0.49
21V 200 0.60 9.33 —0.27 0.39
2V 200 6.00 11.62 —0.10 0.37
2VI 400 0.06 11.07 —0.24 0.37
3 3l 50 0.06 7.48 1.23 0.75
3l 100 0.06 6.14 0.47 0.72
3 200 0.06 7.05 0.51 0.6l
3V 200 0.60 429 0.38 0.39
3V 200 6.00 7.30 0.38 0.45
3vI 400 0.06 10.92 1.12 0.39
4 4l 50 0.06 4.39 0.20 0.73
4ll 100 0.06 3.34 0.06 0.70
4l 200 0.06 7.89 —0.25 0.59
41v 200 0.60 6.34 —0.30 0.42
4v 200 6.00 6.16 —0.04 0.45
4Vvi 0.49
5 51 50 0.06 6.10 —0.16 0.67
51 100 0.06 5.92 —0.17 0.67
51 200 0.06 7.13 —0.29 0.55
5IvV 200 0.60 7.27 —0.17 0.45
5V 200 6.00 10.17 —0.16 0.36
6 6l 50 0.06 7.44 —0.36 0.64
6ll 100 0.06 5.45 —0.16 0.65
élll 200 0.06 5.67 —0.19 0.46
61V 200 0.60 9.47 —0.25 0.39
6V 200 6.00 8.57 —0.10 0.44
7 71 50 0.06 6.69 —0.21 0.59
71 100 0.06 8.26 —0.33 0.50
711 200 0.06 8.98 —0.44 0.45
7V 200 0.60 7.32 —0.26 0.38
1A% 200 6.00 11.53 —0.21 0.42
8 8l 50 0.06 8.85 —0.17 0.62
8ll 100 0.06 6.70 —0.63 0.54
8l 200 0.06 8.6l —0.34 0.48
8Iv 200 0.60 9.08 —0.23 0.44
8V 200 6.00 8.89 —0.06 0.40
9 9l 50 0.06 8.67 —0.12 0.62
9ll 100 0.06 7.90 —0.20 0.59
9l 200 0.06 9.75 —0.18 0.49
9Iv 200 0.60 6.74 —0.19 0.30
9V 200 6.00 9.43 —0.06 0.42

(continued)
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Table 4.3 Continued.

Testing conditions

Shear stage

Normal Shearing Horizontal Vertical Residual
Sample Test effective stress rate displacement displacement stress ratio
no. no. o’ (kPa) (mm/min) @Res. (mm) @Res. (mm) /o’
10 10l 50 0.06 6.93 —0.01 0.65
10ll 100 0.06 8.06 —0.17 0.60
1ot 200 0.06 7.90 —0.25 0.52
10lv 200 0.60 833 —0.24 0.46
0% 200 6.00 12.57 —0.15 0.38
I I 50 0.06 9.49 0.33 0.66
1 100 0.06 9.31 0.15 0.62
i 200 0.06 8.48 0.08 0.58
v 200 0.60 7.57 —0.39 0.6l
v 200 6.00 12.70 0.04 0.6l
12 12l 50 0.06 10.16 —0.58 0.62
12l 100 0.06 8.15 —0.56 0.55
121 200 0.06 .17 —0.58 0.48
12lv 200 0.60 .12 —0.35 0.45
12V 200 6.00 11.59 —0.35 0.46
12vI 400 0.06 12.23 —0.49 0.44
13 131 50 0.06 8.62 0.16 0.65
1311 100 0.06 6.94 —0.17 0.58
131 200 0.06 9.32 —0.04 0.50
131V 200 0.60 11.33 —0.20 0.40
13VI 400 0.06 10.62 —0.42 0.45
14 141 50 0.06 9.30 0.13 0.69
1411 100 0.06 9.24 —0.03 0.6l
14111 200 0.06 7.21 —0.09 0.49
141V 200 0.60 12.97 —0.15 0.50
14VI 400 0.06 10.12 —0.37 0.46
I5 151 50 0.06 8.16 0.11 0.68
1511 100 0.06 8.38 —0.13 0.65
1501 200 0.06 8.20 —0.16 0.50
151V 200 0.60 13.41 —0.12 0.53
I15vI 400 0.06 10.73 —0.16 0.46
16 16l 50 0.06 8.82 0.42 0.70
16ll 100 0.06 10.89 0.32 0.70
1élll 200 0.06 10.91 0.31 0.55
l6lv 200 0.60 12.96 0.17 0.56
l6Vi 400 0.06 7.63 —0.47 0.48
17 1710 200 0.06 9.94 —0.03 0.49
17VI 400 0.06 10.60 —0.59 0.45
18 18lll 200 0.06 8.32 —0.13 0.52
18VI 400 0.06 8.72 —0.38 0.47
19 191 200 0.06 8.13 —0.47 0.56
19VI 400 0.06 19.50 —0.54 0.41
20 2011 200 0.06 8.37 —0.36 0.60
20VI 400 0.06 9.55 —0.51 0.52
21 210 200 0.06 7.85 —0.12 0.64
21VI 400 0.06 18.04 —0.59 0.62

(continued)
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Table 4.3 Continued.

Testing conditions Shear stage
Normal Shearing Horizontal Vertical Residual

Sample Test effective stress rate displacement displacement stress ratio

no. no. o’ (kPa) (mmimin) @Res. (mm) @Res. (mm) wlo’

22 2211 200 0.06 9.01 —0.07 0.67
22VI 400 0.06 23.13 —0.72 0.63

23 231 200 0.06 8.80 0.03 0.69
23Vi 400 0.06 17.47 —0.68 0.65

24 2411 200 0.06 8.97 —0.35 0.72
24VI 400 0.06 10.27 -0.77 0.72

25 25111 200 0.06 9.09 0.90 0.94
25Vi 400 0.06 13.79 —0.32 0.76

26 26l 0.57
26l 0.52
2611 200 0.06 7.95 —0.53 0.44
261V 0.43
26VI 400 0.06 16.55 —045 0.38

27 2711 200 0.06 12.03 1.47 0.97
27VI 400 0.06 14.39 0.14 0.89

Abbreviation: @Res: at residual state.

In the following expatiation on the testing results, residual strength Tz was used
as the shear stress operating after failure to the residual state. The term stress ratio
t/o’, where o’ is the effective normal stress operating on the failure surface, when at
residual state, was defined as the residual friction coefficient or residual stress ratio. The
residual friction angle ¢ was derived from the tangent of this stress ratio using ¢ =
arctan(tg/o’). The terms “clay fraction”, “fine fraction” and “coarse fraction” were
used for the percentages by weight of particles smaller than 2 microns, smaller than
63 microns (clay and silt) and greater than 63 microns in diameter, respectively. The
nature of the shear surface formed in the tests was ascertained primarily by attempting
to split the moist specimens on the potential shear surface after removal from the
apparatus and visual examination.

The results of tests are summarized in Table 4.3, where they are identified by the
test numbers indicating the specimen type and testing conditions. This systematically
tabulates the residual strength and corresponding shear displacement and the change
in sample height at this displacement. The stress ratio (t/o’) curves are plotted as a
function of shear displacement in Figure 4.6(a—e).

4.3.1 Compressibility

Perhaps originating from the early work on the ‘e — logp” relation proposed by
Terzaghi, void ratio e has been chosen as one of the most important state variables to
characterize the behavior of soils. This has partly influenced the work of Roscoe and
co-workers (Roscoe et al., 1958, 1963; Roscoe & Burland, 1968; Schofield & Wroth,
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Figure 4.6(a—e) Stress ratio, t/o’, vs. shear displacement (mm) plots for intermediate direct shear
tests. The abscissa represents shear displacement in mm and the ordinate represents
stress ratio.



Artificial soil samples 47

0.7
07 1 @
0.6 4
0.6 -
05
05 A
04 -
04
0.3 K : :
60 80

e

Void ratio, e
o
N
o
B
o

0.7 0.7

0 20 40 60 80 100 0 20 40 60 80 100

Weight content of fine fraction (%)
o Pre-consolidation x 50kPa m 100kPa » 200kPa ¢ 400kPa

Figure 4.7 Void ratio appears to be a function of gradation of soil mixtures: (a) granular mixtures;
(b) KG mixtures; (c) FG mixtures;and (d) FN mixtures.

1968; Schofield, 2005) in their choice of (p’, g, e) as the state variables in critical
state soil mechanics (where p’ = mean effective stress and g = deviatoric stress) and the
formulation of the so-called steady-state concept (Poulos, 1981).

Both the pre-consolidation and post-consolidation void ratios of each specimen
were calculated according to the sample preparation and measurement of vertical dis-
placement due to consolidation. The void ratios, as functions of the percentage by
weight of the fine fraction, are presented in Figure 4.7(a—d). Each figure represents
the results of a set of specimens from the same type of mixture. Figure 4.7a indicates
changes in void ratio with increasing weight content of glass sand (0, 50, 100%) for
mixtures with glass sand and glass beads. In Figure 4.7b, experimental points show an
initial reduction with increasing fine fraction (kaolin) and decreasing coarse fraction
(glass sand + glass beads), reach a minimum value of approximately 0.25 correspond-
ing to the fine fraction between 20% and 30%, and increasing all the way up to the
value obtained for the fine fraction alone. Figure 4.7c shows the changing pattern of
void ratio with increasing of the fine fraction (kaolin + silt) and decreasing of the
coarse fraction (glass sand + glass beads). For the mixtures with kaolin, silt, natural
sand and natural gravel (Fig. 4.7d), the same pattern is observed.

In brief, the void ratio of the mixture, after consolidation, depends on the fractional
concentration of each particle size population. Increase in the fine fraction from zero
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until a threshold, 20-30% in this case, causes a decrease in the void ratio of the mixture.
Beyond the threshold, a further increase in the fine fraction causes an increase in the
void ratio up to the values obtained for the fine material alone. The void ratio curves
for the same family of mixtures, when consolidated under different normal stresses,
follow a similar trend. Furthermore, the void ratio of the mixture decreases as the level
of imposed normal stress increases.

Theoretical relationships can be used to express the changing of void ratio, when
binary mixtures are considered, using ideal packing states of floating and non-floating
oversized particles within a fine matrix (Fragaszy et al., 1990; Vallejo & Mawby, 2000;
Simoni & Houlsby, 2006). When a small amount of fines (e.g. kaolin in our case) are
added into the host coarse material (e.g. glass sand and glass beads), the non-floating
coarse particles are in contact and the bulk volume of the clay (clay volume and their
enclosed void space) tend to occupy a portion of the voids built up by coarse skeleton.
If the fines are continued to be added, there must be a threshold at which the void of
coarse skeleton is to be completely occupied by the bulk volume of the fines. At this
point, the mixture owns the minimum void ratio (McGeary, 1961; Rogers et al., 1994;
Vallejo & Mawby, 2000; Li, 2013). Beyond this threshold, if more fines are added,
they will play as a separator of the coarse particles and make the coarse particles
float or scatter within the fine matrix. According to this, the achievable void ratio of
composite soil is strongly dependent upon the fractional concentration of each particle
size population, assuming the same compaction effort is used.

An obvious difference can be observed when plotting the void ratio trends of KG
mixtures and that of FG mixtures in Figure 4.8. Referring to Table 4.2, KG mixtures
use only kaolin as the fine fraction, whereas FG mixtures use kaolin and silt (weight
ratio of 1:3) as their fine fraction. The coarse fractions (glass sand + glass beads) are
the same in these two mixtures. The relatively higher void ratios of KG mixtures may
result from the poor gradation by missing silt-size particles. As shown in Figure 4.9,
it is also evident that the mixture with natural sand and gravel as the coarse fraction
has higher compressibility when compared to that with glass sand and glass beads.
Clearly angularity hinders particle mobility and its ability to gain denser packing con-
figurations. In the extreme case of low sphericity, platy particles bridge gaps over
particles, thus creating large open voids (Guimaraes, 2002). This observation is in
good agreement with those of previous researchers (Shakoor & Cook, 1990; Fragaszy
et al., 1990; Vallejo & Mawby, 2000; Vallejo, 2001; Simoni & Houlsby, 2006;
Cho et al., 2006).

In Figure 4.8, the difference in void ratio, as highlighted using dashed lines appears
to increase with the fine fraction, which indicates that after threshold, the void ratios
of the mixtures are dominated by the content and properties (here, gradation) of fine
fraction if the coarse fractions are the same. On the contrary, in Figure 4.9, the
difference in void ratio decreases with the fine fraction, indicating the void ratio is
dominated by the coarse fraction properties (here, sphericity and surface roughness) if
the fine fractions are the same. Previous researchers have indicated that the shape of
coarse particles affects attainable void ratios in soils with fines content and the max-
imum and minimum void ratios increase with decrease in roundness or sphericity
(Shimobe & Moroto 1995; Miura et al., 1998; Cubrinovski & Ishihara, 2002;
Santamarina & Cho, 2004). The irregular particles produce bridges between them-
selves causing a high local porosity underneath.
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Figure 4.8 Comparison of void ratios between KG and FG mixtures. The two series have the same
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Figure 4.9 Comparison of void ratios between FG and FN mixtures. These two series have the same
fine fraction. Only mixtures subjected to 200 kPa consolidation are taken for the clarity of
the figure.

4.3.2 Water content after shearing

The water content of each sheared specimen was determined immediately after removal
out from the apparatus and wiping off the free water on the surfaces. Two pieces, each
weighing approximately 40 g, were cut from the top and bottom third layers of each
specimen. A strip of approximately 10 mm thick and 60 mm wide was cut from the
middle of the slip zone. This strip was then divided into three parts and the average
water content for the slip zone was determined. This enabled examination of the
difference between water content of shear zone and that of other parts of sheared
specimen. The water contents of Samples 2, 3, 4, and 27, which are composed of only
coarse fraction, were not determined due to free drainage of these samples. Since water
contents measured from the top and bottom layers were approximately the same for
each specimen with an overall average standard deviation of 0.05%, their average was
used for comparison with the average of the shear zone as presented in Figure 4.10.
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Figure 4.10 Comparison of water contents of the shear zone with other parts of the sheared specimens. The abscissa is effective normal stress in kPa and
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Figure 4.1 Differences in water content of the shear zone and the surrounding layers of the sheared
specimens (KG mixtures).

In Samples 1, 7, and 8 of KG mixtures, water content of the shear zone is lower
than that of the surrounding layers. For Samples 9 and 10, water content in the shear
zone is slightly higher than other parts when sheared under 50 kPa (Test/Specimen 91)
but lower when sheared under 100 kPa (91I) and 200 kPa (91II). In the case of Sample
11, water content of the shear zone is consistently higher than that of other parts
regardless of normal stress.

The differences between water contents of the shear zone and other parts appear
to be strongly dependent upon both the gradation and magnitude of normal stress as
shown in Figure 4.11. It decreases gradually from positive to negative with the increase
in weight content of fine fraction of samples. In other words, high proportion of fine
fraction causes lower water content in the shear zone; low proportion results in higher
one, compared with other parts. This indicates that the high proportion of fine frac-
tion makes the shear zone of specimen more susceptible to contracting during shearing
and vice versa. In addition, it is also found that for each sample, with the increase of
normal stress, the difference in water content of shear zone and other parts decreases.
For example, Sample 9 (50% kaolin) has greater water content of shear zone than
other parts when sheared under 50 kPa (9I). However, under 100 (91I) and 200 kPa
(91I), it has less water content of shear zone than outer zones. This may indicate
that high normal stress would suppress the dilation of shear zone during shearing.
This phenomenon will be discussed in Section 4.3.3 in terms of the structure of
shear zone.

For the samples of FG mixtures, differences in water content of the shear zone and
outer layers show the same trend as KG mixtures (Fig. 4.12). High proportion of fine
fraction causes higher water content in the shear zone; low proportion results in the
lower one. With the intermediate proportion of fine fraction, higher water content in
the shear zone is related to low normal stress and vice versa. At 50 kPa, the positive
difference between water contents emerges at 60% fine fraction for Sample 13 of FG
mixture as shown in Figure 4.12 and at 50% for Sample 9 of KG mixture as shown
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Figure 4.12 Differences in water contents of shear zone and surrounding layers (FG mixtures).
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Figure 4.13 Water content differences between shear zone and other parts (FN mixtures).

in Figure 4.11. The differences in the magnitudes and the percentages may be ascribed
to the differences in these mixtures, particularly the silt content (Table 4.2).

For the samples of FN mixtures, water contents of the shear zone and other parts
differ along the same trend as KG mixture (Fig. 4.13). Once again, the proportion
of fine fraction determines the water content in the shear zone. Similarly, for the
intermediate proportion of fine fraction, higher water content in the shear zone is
attributable to low normal stress and vice versa. At 200 kPa, the positive difference
in water content is first observed in Sample 23 (Fig. 4.13) which contains 40% fine
fraction while this occurred in Sample 18 (80%) of FG mixture (Fig. 4.12). Substituting
glass sand and glass beads by natural river sand and crushed gravels caused an increase
in the relative magnitude of water content within the shear zones. It is appropriate to
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hypothesize that the increase can be attributed to angularity and roughness of coarse
particles.

4.3.3 Granular materials
Stress fluctuations

The glass sand and beads, used to compose Samples 2, 3 and 4, are of uniform dis-
tribution, with the mean sizes of 0.32 mm and 4.2 mm, respectively. These materials
were essentially free of particle breakage during shearing in the present study.

Regardless of the normal stresses and shearing rates, the stress—strain curves of
Samples 2, 3 and 4 in Figure 4.6(a—e) show the standard pattern for dense sands:
stresses decrease after the peak stress level and then flatten; vertical displacements
decrease at the beginning, then increase and flatten. Note the pronounced fluctuations
on the stress-strain curves. These fluctuations on the stress and vertical strain were
widely observed by many researchers studying the shear behavior of granular soils
(Skinner, 1969; Oda & Junichi, 1974; Shimizu, 1997; Fukuoka et al., 2006) or com-
posite soils (Pitman et al., 1994; Patwardhan et al., 1970; Clausen & Gabrielsen, 2002;
Prakasha & Chandrasekaran, 2005; Li & Aydin, 2010), using various type of shear
apparatuses including direct shear, simple shear, triaxial compression or ring shear.
Shimizu (1997) indicated that the amplitude of the fluctuation is so large, especially
for the dense sand, that it may cause the shear stress to momentarily drop down even
to zero.

The fluctuation is considered to result from the interaction of particles that resist
each other when they come into contact. This interaction may involve sliding and
rotation (Oda & Kazama, 1998). For clarity, the results from Sample 2, tested at
50kPa (Test/Specimen 2I), 100 kPa (2II) and 200 kPa (2III) and at the shearing rate of
0.06 mm/sec, are presented again in Figures 4.14 to 4.16, respectively. In each figure,
the complete curves of stress ratio and vertical displacement versus horizontal displace-
ment are presented in the upper plot, while portions of the curves are magnified in the
lower plot. It is shown that the fluctuations can occupy a range of approximately /4 of
the total value, causing an unacceptable error if not properly considered. Much effort
was made to quantify the peak and bottom values of these fluctuations carefully, which
were characterized by amplitude and wave length parameters in Figure 4.17(a—c).

The Fast Fourier Transform (FFT) analysis

The advanced data logging system attached to the direct shear apparatus enabled
near analog sampling at a high frequency of one record per 0.002 mm horizontal
displacement, resulting in a dataset of about 7000 readings for each test. In order
to efficiently analyze this large dataset and especially to derive a deeper insight into
the seemingly irregular fluctuations, the Fourier Transform (FT) was chosen as the
mathematical technique for its suitability to deal with this type of data.

Fourier analysis is a family of mathematical techniques, named after Jean Baptiste
Joseph Fourier (1768-1830), one of the most famous mathematicians. The essential
concept of the Fourier analysis is that all signals can be decomposed into sinusoids. One
form of Fourier analysis, Fourier Transform can be, in general, broken into four cate-
gories, Fourier Transform (FT), Fourier Series (FS), Discrete Time Fourier Transform
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Figure 4.14 Stress ratio (t/o’) and corresponding vertical displacement versus horizontal displacement
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Figure 4.16 Stress ratio (t/0’) and corresponding vertical displacement versus horizontal displacement
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Figure 4.18 The length frequency spectrum of the fluctuations of stress ratio at residual state.

(DTFT) and Discrete Fourier Transform (DFT), according to the properties (discrete or
continuous, periodic or aperiodic) of signals they are dealing with. With the develop-
ment of computer technology, the DFT and the algorithm for its fast calculation (FFT)
are now easily performed with a PC while the others still remain as theoretical concepts
(Smith, 1997). The output of the DFT is a set of numbers that represent amplitudes
assigned to a set of sine and cosine waves with a series of frequencies, often shown
on a frequency spectrum. By doing so, the DFT converts signals in the time domain
into signals in the frequency domain. Though this technique is widely used in digital
signal processing (DSP) in the field of mechanical engineering, electrical engineering
and computer sciences (Smith, 1997), it is rarely used in geotechnical engineering or
related research.

As the signals (stress ratio and vertical displacement) in this study is in the length
(shear displacement) domain rather than time domain, the DFT can just convert them
into signals in the domain of length-related frequency rather than real frequency with
the dimension of reciprocal of time (unit of 1/sec, Hz). We define length frequency (LF),
which has the dimension of reciprocal of length (unit of 1/mm, [Hz), to express the
number of times the wave of stress ratio and/or vertical displacement occurs within a
unit shear displacement. Based on this definition, the wave length becomes of the recip-
rocal of length frequency (1/LF), without direct relation with the wave velocity. Taking
fluctuations of stress ratio and vertical displacement (as displayed in Fig. 4.16) as input,
the DFT produces a length frequency spectrum, presenting amplitudes assigned to a
set of sine/cosine waves with a series of length frequencies (as displayed in Fig. 4.18).

As the DFT requires 2" data points at equal interval, 4096 pairs of data, i.e. stress
ratio and horizontal displacement, were cut out over the residual state of test 21II (Sam-
ple 2, 200 kPa, 0.06 mm/sec). After the selected data were decomposed by the DFT, the
length frequency spectrum was produced as shown in Figure 4.18, illustrating details of
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Figure 4.19 Fluctuation of stress ratio can be reproduced by the inverse DFT procedure.

the frequency content of stress ratio along shear displacement. We can easily observe
that there are three groups of outstanding spectral peaks in the ranges of 3-6 IHz,
12-18 IHz and 28-38 IHz, respectively. When performing the inverse DFT calculation
(sometimes, called synthesis) by taking only the pronounced length frequency bands as
input, the result from the backward calculation fits the original signals with negligible
differences (Fig. 4.19). This indicates that the fluctuation along the shear displacement
could be described by the combination of simple sine/cosine waves with the length
frequencies in these bands as shown in Figure 4.20. The wave length, which is equal
to the reciprocal of length frequency as defined above, of the fluctuation is approx-
imately 0.25 mm when the most pronounced spectral peak (41Hz) in Figure 4.18 is
considered. This value is in good agreement with the wave length (0.238 + 0.033 mm)
which was manually read out from curves of stress ratio and vertical displacement
against horizontal displacement. This also reinforces the fact that the DFT is capable
of decomposing the fluctuation and the most outstanding spectral peak can represent
main characteristics of the fluctuation.

The success in decomposing fluctuations of measured shear stress also illuminates
the way for the formulation of the energy system during the shearing process. Con-
sidering the sheared specimen during residual state as two rigid blocks, their relative
movement could be divided into two, the horizontal advance and the vertical fluctua-
tion. Therefore, the amount of energy used during this process can be thought of being
composed of kinetic energy (E;) pushing the upper block of the specimen laterally
against friction and the wave energy (E,,) maintaining the fluctuations. The producer
of the energy is only the motor driver pushing the upper shear box and the work it does
can be expressed as the product (W) of measured horizontal force (F(¢)) and the hori-
zontal displacement (y (¢)), both of which are the function of time during the shearing
process. Thus, the equations for this work-energy system can be written as follows:

W=E,+E, (4.1)
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Figure 4.20 The scheme of the DFT to decompose the fluctuation of stress ratio.

W =F(t) x y(2)

E, is equal to the product of friction force (f,(¢)) and the horizontal displacement

(v(2)) as
Ex=1(t) x y(2)
According to the standard wave equation

y=A cos(wt + ¢)

where y is the vertical displacement from the neutral position, A is the wave amplitude,
w (=2xf) is the angular frequency, f is the length frequency and ¢ is the initial phase

angle. At the moment #, the energy (E,,) of the particle subjected to the wave is

E,, = mA*w? sin(wt)
Thus, Equation 4.1 can be written as

E(t) x y(t) — f,(t) x y(t) =mA>w? sin (wt)
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where m is the mass of the particle. To get the average energy of the wave over an
entire wave length, we take the integral of both sides over the time range from 0 to T
(the wave period).

T T
% /O (F(t)r(t)—fr(t)r(t))dt:% /O mA*w? sin®(wt) dt (4.7)

where 7(t) is the shearing rate. Using the summation formula to substitute the left hand
side of the above equation gives

limit (%; F(i)r(i)At — %; f(i)r(i)At) =1pmA’w* (4.8)

At—0

where 7 is the number of the data points within a period T, the time interval At = T/n.

For simplicity, the three parts in Equation 4.8 are designated by the notations Fr, fr
and Vr.

Fr—fr=Vr (4.9)

Here, we define Fr, fr and Vr as the T-average work of horizontal force, the T-average
work of friction and the T-average energy of wave, respectively.

Inserting the numerical data, taken from a wave-length range over the residual
state of test 2III, into Equation 4.8, gives Fr =0.0585 and V1 =0.0061, and thus,
fr=0.0524. In this case, the work by horizontal force is 0.0585, and 89.6% of
this value is dissipated by friction (0.0524), and 10.4% is dissipated by fluctuation
(0.0061). This indicates that even during the residual state of specimens with coarse
particles, the volume change still play an important role in contributing to the total
shear strength. Taylor (1948) divided peak shear stress ratio /o’ into two compo-
nents, interlocking (8y/8x) and friction u, that is t/o’ = (8y/8x) + . With this model,
he found that at the peak point, the total shear stress of 1.94 tons per sq ft consisted
of the frictional strength (74%) and the strength arising from resistance to volume
increase (dilation) (26%).

Proposed shearing model for granular material

On all the plots in Figures 4.14 to 4.16, there appears to be the same tendency for
the fluctuation development along the displacement. In the period between point A
(the peak) and point B (maybe the critical), the amplitude continuously grows up with
shearing. This may be due to the rearrangement of particles and exchange of particles
between the shear zone and its vicinity during shearing. Shimizu (1997) indicated that
before the peak stress occurs the strains tend to localize in the end zones of the potential
shear zone, and after the peak, strain increments develop almost uniformly within the
shear zone. The development of shear zone is a progressive process: after the peak
(point A), the potential shear zone becomes more active with relative movement of
particles, resulting in a looser layer. During dilatancy, large particles in the vicinity of
shear zone easily penetrates into the relatively loose layer since the energy needed to
penetrate into the moving materials is the least and small particles inside the shear zone
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tend to drop into the voids built with coarse skeleton (Fukuoka et al., 2006; Igwe et al.,
2007; Fukuoka et al., 2007). In this way, coarse particles tend to concentrate in the
shear zone while small particles get enriched outside the shear zone. This phenomenon
was called segregation by recent researchers (Wafid et al., 2004; Fukuoka et al., 2007)
who performed ring shear tests on sand and glass beads. The particle size distribution
analyses on slices cut parallel to the shear zone showed that the slice containing the
shear zone has 30% higher coarse fraction than other slices after shearing a sand
specimen at 22 kPa normal stress (Fukuoka ef al., 2007). The so-called segregation
ceases at point B where a steady shear zone forms as a relatively regular but uneven
layer with neighboring resistant coarse particles entrapped in or drawn into the matrix
of this layer, and thus not causing significant dilatancy. Hereafter, the inner structure of
the specimen remains steady and the upper block moves forward with constant wave
amplitude no matter how long it is sheared.

The characteristics (amplitude and wave length) of the fluctuations at increasing
normal stress levels (Figs. 4.14 to 4.16) have important differences, though both the
wave length and amplitude increase with the normal stress (Fig. 4.17(a—c)). At the
normal stress of 50 kPa, many small-scale fluctuations are superimposed on the main
ones. These small-scale fluctuations gradually disappear at higher normal stresses.
This can be attributed to penetration of a greater number of coarse particles at higher
normal stresses during the process from point A to point B. To accommodate the
penetration of coarse particles, small particles are more susceptible to be pushed out
of the shear zone under higher normal stress, leading to high concentration of coarse
particles and therefore a rougher zone and stronger fluctuations. Figure 4.21(a—c) gives
a magnified view of the conceptual model of the shear zones produced under different
normal stresses. Higher normal stress causes greater amplitude and wave length of the
fluctuation, indicating a shear zone with coarse particles scattering in the shear zone
with farther spacing. On the contrary, lower normal stress leads to lower amplitude
and wave length, indicating a relative thin shear zone with coarse particles scattering
in the shear zone with close spacing.

On the basis of the analysis presented above, the shearing process in granular
materials can be said to take place in four stages. The first stage exhibits contraction
which may be due to the change of stress field caused by applied shear force. This force
modifies the skeleton of the solid particles, which was formed during the previous
consolidation period. With this distortion of stress field, the particles, especially at the
boundaries of the shear zone, find their ways to move into the nearby voids. This stage
ceases when granular interlocking prevents further contraction (Taylor, 1948).

In the second stage, i.e. dilation before the peak, the main movement of particles
occurs to overcome the interlocking leading to volume increase; the peak occurs when
the particle interlocking reaches its climax. After this, the shearing enters into the third
stage where the slip surface starts to develop with small-size particles being pushed
out of shear zone to accommodate the larger particles penetrating the shear zone.
In this stage, normal stress level has a profound influence on the formation of shear
zone by regulating the concentration of coarse particles, and thus producing different
fluctuation patterns as shown in Figure 4.21(a—c). At the end of the third stage, rigid
blocks are formed. From the macroscopic point of view, the main style of movement
becomes sliding along a wavy surface, though the particle interlocking still plays an
important role in the magnitude and pattern of shear stress.
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Figure 4.2] The conceptual models of shear surface under different normal stress levels: (a) 50 kPa;
(b) 100 kPa; and (c) 200 kPa.

Movement of particles into voids leading to local contraction, and their interaction
leading to local dilation when they come into contact, coexists and moderate each other
throughout the shearing process. Therefore, the observed stress fluctuations are the net
effect of these two processes across the shear zone. During the first stage of shearing,
the former is dominant. At the lowest point of volumetric strain, these two processes
neutralize; after that dilation overtakes the former until the peak strength is reached;
subsequently, contraction reappears and operates together with dilation. When the slip
zone is ultimately formed these two processes reach a dynamic equilibrium.

4.3.4 Composite soils

As explained above, the samples composed of artificial granular materials (glass sand,
glass beads) exhibit the similar shear behavior as dense sand, regardless of the normal
stresses imposed on them and the shearing rates (Fig. 4.6(a—e)). Similarly, Samples 1
(kaolin) and 26 (kaolin and silt) exhibit the standard shear behavior of normally consol-
idated clay, gradually mobilized to residual state with slight brittleness (Fig. 4.6(a—¢)).
In contrast to these, the mixtures of fine and coarse fractions present a complicated sys-
tem of shear pattern, which is seemingly influenced, to different extents, by factors such
as Atterberg limits, gradation, normal stress, particle shape and shearing rate. In the
classical soil mechanics and the critical state soil mechanics, there are two basic types
of shearing patterns, which are often encountered in the laboratory tests. The first type
is observed when dense sand or overconsolidated clay is sheared, showing contraction,
dilation and then leveling off. The second type occurs when loose sand or normally
consolidated clay is sheared, showing contraction and then leveling off. For simplicity,
hereinafter, we call the former pattern as dilation and the latter as contraction.

Tests of KG mixtures

As shown in Figure 4.6(a—e) the reduction of shear strength (brittleness) occurred after
peak point for Samples 1, 7 and 8. All the tests on these samples exhibit contraction dur-
ing shear, regardless of the magnitude of normal stress. In these clay-rich samples, the
reduction of strength from peak to residual and the contraction pattern is considered
to have resulted primarily from the formation of extremely thin layers of fine particles
orientated in the direction of shear; these particles would originally have been in a
random state of orientation and must therefore have had a greater resistance to shear
than when they became parallel to each other in the shear direction (Skempton, 1964;
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Figure 4.22 Correlation between vertical displacement and fine fraction for the tests on KG mixtures.

Kenney, 1977; Lupini et al., 1981). Though interlocking of coarse particles could not
have been completely avoided, the high proportion of fine fraction (more than 60%)
allowed the sliding of kaolin to prevail, and particle interlocking to be weak.

The shearing on Sample 11 also shows strong brittleness, which is consistent with
the observed dilation. In this case, the low fine fraction (20%) makes the residual
strength essentially that of the rotund particles alone, though kaolin particles, perhaps
those at the contacts between the rotund particles, results in a reduction in strength.
In the case of dense sand, as Taylor (1948) demonstrated, the brittleness is induced
mostly by particle interlocking, as it consumes about 1/4 work of measured shear
stress, approximately equal to the difference in strength between peak and residual,
to make the specimen dilate, producing a distinct peak point. The high proportion of
coarse fraction (80%) makes particle interlocking prevail and diminishes the effect of
sliding of kaolin.

Specimen 91 shows non-brittle dilation during shearing, while Specimens 91I and
9II show non-brittle contraction. Testing results from Specimens 10I and 101l exhibit
non-brittle dilation while those from Specimen 1011l show non-brittle contraction. The
intermediate proportion of fine fraction (50% in Sample 9 and 40% in Sample 10)
makes it possible for shear surface to contain slickensides, though locally disrupted by
coarse particles. This means the sliding and particle interlocking coexist. The saved
energy due to formation of discontinuous slickensides compensates for the energy
needed to overcome particle interlocking, thus disabling appearance of a distinct peak
and leading to a non-brittle behavior.

Plots of vertical displacement against proportion of fine fraction (Figs. 4.22 and
4.23) indicate that the vertical displacement may be a function of both gradation and
magnitude of normal stress. Also referring to Figure 4.6(a—e), with the increase of
fine fraction, the vertical displacement pattern gradually transforms from dilation to
contraction; if with the same fine fraction, e.g. 50% for Sample 9, the tendency of
shear pattern transformation was held back by the increase of normal stress and it is
found that the lower is the normal stress, the higher is the potential to exhibit dilation.
For example, test 91 shows dilation whereas 911 and 911l remain of contraction pattern,
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Figure 4.23 Dilation pattern/vertical displacement is a function of both normal stress and the fine
fraction for the tests on KG mixtures.

though the gradation of these three specimens is the same. Accompanying the vertical
displacement, it seems that the brittleness follows a curved trace depending on the
proportion of fine fraction, reaching a minimum (non-brittle) when this proportion is
about 40% to 50% and a climax when it is either 100% or 0%.

After removal out of the shear box, sheared specimens derived from Samples 1
(100% kaolin), 7 (80% kaolin) and 8 (60% kaolin) were easily split into two parts,
regardless of the magnitude of normal stress. When the fine fraction decreased to 50%
in Sample 9, the specimen 9III, sheared at 200 kPa, could be split along the shear
zone with some effort, whereas Specimens 91 and 911, sheared at 50 kPa and 100 kPa
respectively, were very difficult to split. In the cases of low fine fraction either of 40%
in Sample 10 or of 20% in Sample 11, it was extremely difficult to split when the
specimens were wet, regardless of the magnitude of normal stress. In order to examine
the features of shear zone, these specimens were carefully removed from the shear box
and air dried at 20°C, and the specimens were split with much care. The photos of
the shear zone were shown in Figure 4.24(a—f). The graduated scale on the photos is
readable to 1.0 mm.

The slickenside gradually disappears with the decrease of fine fraction and the
shear surface gets rougher. Shear surface of Specimen 11IT (100% kaolin) is reflective,
even and well slickensided in the direction of shear; the shear surface of Specimen 7III
(80% kaolin) is characterized with fluctuating slickensides caused by the penetration
of coarse particles. In the case of Specimen 8III (60% kaolin), slickenside could not
spread over the entire shear surface and the local congregation of coarse particles
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Figure 4.24 Shear zones of: (a) Specimen IlIl; (b) Specimen 7Ill; (c) Specimen 8llI; (d) Specimen 9llI;
(e) Specimen 10lll;and (f) Specimen | 11l

with surrounding fines was observed, which caused deep grooves (or coarse striations)
in the shear zone. The shear surface of Specimen 9III (50% kaolin) presents poorly
developed and discontinuous slickensides. There was no evidence that the Specimens
101II (40% kaolin) and 11IIT (20% kaolin) contain a discontinuously striated shear
surface. The shear zone was also found to increase in thickness with decreasing fine
fraction. The series of photos in Figure 4.24(a—f) illustrates that 50% fine fraction may
be the threshold for this type of mixtures to indicate whether or not a distinct shear
zone could develop during shearing. This is in good agreement with what has been
found by Lupini et al. (1981), when he tested the mixtures with various proportions
of mica and sand and that of London clay and Happisburgh sand.

What is found here by observation of the shear zone structure coincides well with
the pattern of vertical displacement and brittleness property discussed in previous sec-
tion. Sliding of fine fraction and interlocking of coarse particles coexist during shearing
of the mixture. In the case of high proportion of fine fraction, sliding prevails, causing
contraction. On the contrary, the particle interlocking dominates if the proportion of
fine fraction is low, causing dilation. At lower normal stress, it is easy for round glass
particles to overcome the resultant force, induced by normal and shear stresses, and
ride over each other when they come into contact, causing dilation. In this case, slick-
ensided shear surface hardly forms and the shear surface either has poorly developed
and discontinuous slickensides (Fig. 4.25b) or just a thick pile of materials (Fig. 4.25a).
In contrast, at higher normal stress, when coarse particles come to contact, the round-
ness enable them to be pushed into the matrix, as the matrix is not stiff enough to
confront the higher resultant force, introducing contraction. In this case, a thin shear
zone with fine particles forms with the shearing process (Fig. 4.25¢).
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Figure 4.25 Shear zones of: (a) Specimen 9I; (b) Specimen 9lI;and (c) Specimen 9llI.

Figure 4.26 Shear zones of specimens of FG mixture: (a) Specimen I3l; (b) Specimen I3ll; and
(c) Specimen 13lI1.

Tests of FG mixtures

In general, for tests on samples of FG mixtures, the tendency for the transformation
of dilation pattern is similar to what is observed from the tests of KG mixtures. As
mentioned above, this transformation is controlled by both the magnitude of normal
stress and the gradation. However, the samples of FG mixture are more prone to exhibit
dilation than samples of KG mixture, probably due to the contribution of silt which
does not exist in the samples of KG mixture. For example, Specimen 81 (40% coarse
and 60% kaolin, 50 kPa) shows contraction while Specimen 131 (40% coarse and 60%
mixture of silt and kaolin, 50 kPa) shows dilation, though the coarse fraction remain
the same. Figure 4.26(a—c) shows the structure of shear surfaces of Specimens 131, 1311
and 13111 It is clear that the shear surface is getting flatter with increasing normal stress.
The sliding movement prevails at high normal stress while the turbulent movement is
the main mode at low normal stress. According to Figure 4.6(a—e), the proportion of
fine fraction (kaolin and silt) in Sample 13, 60%, looks as the threshold level, at which
the sliding neutralizes the particle interlocking, showing non-brittle behavior, whereas
the other samples, with either less or more fine fraction, show brittleness.

Tests of FN mixtures

At 200 kPa, samples of FN mixture become more prone to dilate with increase of coarse
fraction. The angularity and roughness of coarse particles (river sand and crushed gran-
ite gravel) reduce the ease to push them into the fine matrix and cause interlocking
of particles, resulting in large dilation. The interlocking may also cause particle seg-
regation, making coarse particle accumulate in the shear zone. Splitting the sheared
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Figure 4.27 Shear zones of specimens of FN mixture: (a) Specimen 26VI; (b) Specimen 19VI; and
(c) Specimen 21VI.

specimens in this category, sheared at 200 kPa, was unsuccessful, both when wet imme-
diately after removal from the shear box and when air dried in the lab. The photos in
Figure 4.27(a—c) was taken from the shear zones of Specimens 27VI (100% fine), 19VI
(80% fine) and 21VI (60% fine), which are sheared at 400 kPa. The specimens with
less than 60% fine fraction could not be split along the shear surface. Visual examina-
tion indicates that the thickness of shear zone of the specimen with 100% fine fraction
is approximately 0.5 mm. The thickness increases up to approximately 2.0 mm with
decreasing fine fraction down to 20%. The photos in Figure 4.27(a—c) show that the
shear surface gets rougher and more porous with the decrease of fine fraction. Spec-
imen 26VI has a flatter surface with continuous striations; Specimen 19VI shows a
relatively flatter surface with some discontinuous slickensides disrupted by coarse par-
ticles, whereas Specimen 21VI presents weak evidence of short slickensides scattered
on the surface.

4.3.5 Residual shear modes

In the frequently cited paper, Lupini ef al. (1981) put forward three modes of resid-
ual shear behavior; a turbulent mode, a transitional mode and a sliding mode. He
indicated that the mode depends upon dominant particle shape and on the coefficient
of interparticle friction. These two factors actually overlap as the coefficient of inter-
particle friction has strong positive correlation with the particle shape. Since the tests
were only on the mixtures of sand and clay, the limitation of the range of particle size
made this conclusion applicable only for soils with particles less than 2.0 mm (Lupini
et al., 1981). According to the testing results from present study, these three modes
are to be modified and extended for application to a wide range of soils in terms of
the maximum particle size involved. The visual examination on the structure of shear
zones in previous sections suggests that the residual shear mode of specimen behav-
iors are modified by the cooperation of many factors, such as the gradation (PSD),
magnitude of normal stress (o) and particle shape of coarse particles. These factors
determine which one of the two basic modes of particle response will dominate during
shear, the orientation (sliding) of fine particle or the interlocking of coarse particle.
The dominant overall particle response will in turn determine the residual shear mode.

Kenney (1977) recognized the importance of the proportions of clay mineral par-
ticles to massive particles (coarser than clay size) present in a mixture. He defined the
relative residual strength as

R, = tan </,J§{ — (tan wﬁ)/c (4.10)
(tan i )m — (tan@g)c
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where ¢y, (¢r)c and (¢3)m are the residual friction angles of the mixture, the clay
minerals and the massive particles (coarser than clay size) respectively. He also defined
a volume ratio r,. as

volume of clay minerals and water

(4.11)

Tpe = i
ve total volume of soil

and produced good correlations between R, and r,. when he tested sand mixed with
various clays. Lupini et al. (1981) argued that there is an ambiguity in this definition,
in which Kenney considered the volume of water to be that associated with the clay
minerals. This consideration makes 7,. to be zero in fully saturated sand. Instead,
Lupini et al. (1981) defined the granular void ratio e, as

volume of platy particles and water Tve
Co = —
i

= 4.12
volume of rotund particles 1—r, ( )

The parameter was widely used by previous researchers when they performed
tests on soil mixtures (Georgiannou et al., 1990; Vallejo, 2001). The ratio e, can be
calculated in an easy way, e; = (Vo — V,)/V,, where Vo =M,/Ry + M,/Rs + M,,/R,,,,
Mg, Mg, M,,, Rg, Rs and R,,, are the mass and specific gravity of gravel, sand and silt,
respectively, provided there is no particle breakage during shearing (Vallejo, 2001).
Since the area of the sample in the shear box is known, one only needs to measure
the height of the sample after consolidation ceased to obtain the total volume of the
sample, V.

The relative residual strength R, was plotted against the granular void ratio e, in
Figure 4.28. The data shown in this figure is only for the tests conducted at normal
stress of 200 kPa in order to avoid the interference of other factors. The results for
the mixtures tested by Kenney (1977) and Lupini et al. (1981) were also plotted. For
each mixture, Lupini ez al. (1981) marked a range of eg, over which the soil displayed
transition in shear behavior from sliding to turbulent mode. He suggested that the
behavior the sand-London clay mixture exhibits could be used as a guide to the type
of residual behavior of natural soils due to its common gradation. Over the range of
eg from 1.0 to 2.2, the soil (<2.0 mm) behaves in transitional mode; if e, is less than
1.0, turbulent shear would occur and if e, is greater than 2.2, sliding shear would
occur. The R, — e, trend line obtained here shows good coincidences with the shear
zone structure presented in Figures 4.24 to 4.27 and the mobilized residual shear
strength: samples with ¢, > 4.0 have a well slickensided shear surface and a relatively
low residual shear strength; samples with e, < 0.8 usually have a reworked shear zone
rather than a distinct shear surface and a high residual shear strength and samples
with e, ranging from 0.8 to 4.0 have a relatively thick shear zone with a roughly
striated shear surface. Based on the flexuous property of the relationship between R,
and e, and the shear zone structure, the e, range from 0.8 to 4.0 (between two thick
lines) could be distinguished, over which the shear behavior changes from sliding to
turbulent.

Figure 4.29 plots R,, against e, for the KG mixture at three levels of normal stresses,
i.e. 50kPa, 100 kPa and 200 kPa. The filled area marks the e, range, over which the
soil exhibits transitional residual behavior, over the S range sliding mode occurs and
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Figure 4.28 Relative residual strength, R, versus granular void ratio, eg, for various soil mixtures.
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Figure 4.29 Influence of normal stress on the transition of shear modes, shown in R, — e, space.

Tu range is for the turbulent mode. The inflexion section of each line show good
agreement with what has been observed through the visual examination on shear zones.
The normal stress imposes influence on the transition of shear modes. Sample 8, when
subjected to shearing at 50 kPa (81), stops the sliding mode and exhibits transitional
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Figure 4.30 Influence of particle angularity on the transition of shear modes, shown in R, — e, space.

mode with discontinuous slickensides and coarse particles within the shear zone. On
the contrary, it shows sliding mode when sheared at 200 kPa (8III), with strongly
slickensided shear surface. The same phenomenon was observed in Sample 9. Shearing
at 200 kPa produced a relatively flatter shear surface, giving a residual friction angle
of 26°, while 50 kPa produced a thick shear zone with a loose but turbulent structure,
causing an increase in shear strength by 6°.

Figure 4.30 plots R, against e, for the FG and FN mixtures at the same normal
stress of 400 kPa. Again, the inflexion section of each line show good agreement with
what has been observed through the visual examination of the shear zones. Samples 17
and 20 both have the same gradation with 70% fine fraction. However, when tested
at 400 kPa, Sample 17 (FG) shows sliding behavior whereas Sample 20 (FN) shows
turbulent behavior. This can be observed by examining the shear zone structure. The
former has residual friction angle of 24° and the latter 28°. This is likely due to the
coarse particles in FN mixture, being irregular and rough in shape, which provide high
particle friction and strong particle interlocking as they cannot orientate themselves.
The spherical and smooth glass particles in FG mixture, on the other hand, can be
easily pushed into the fine matrix or easily slide over each other when in contact.

Based on the description and interpretation above, the characteristics of residual
shear modes can be concluded. The soil exhibiting sliding shear mode contains a high
proportion of fine and low-friction particles, causing a high value of e,. It, in general,
shows relatively low residual strength and the shear surface is easy to be exposed by
splitting the sheared specimen. The high proportion of fine particles makes it possible
to form a slickensided sliding surface with strongly orientated clay particles. The par-
ticle interlocking may lead to a deep striation within the shear zone. However, it is
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incomparable to the pronounced sliding due to fine particles. The samples with more
than 70% fines in the three mixtures show this type of shear behavior. The soil behav-
ing in sliding mode is likely to show slight brittleness with the formation of slickensided
shear surface. The water content of shear zone is generally lower than that of other
parts of the specimen due to the relative dense structure.

The turbulent mode tends to occur in the soil dominated by coarse particles, which
cause a low value of e;. This type of soil shows a relatively high residual strength
and the shear zone is thick and difficult to be exposed by splitting. The dominating
coarse particles introduce strong particle interlocking, which outweigh sliding occur-
ring between the fine particles. The samples with more than 70% coarse particles in
the three mixtures show this type of shear mode with dilation and strong brittleness.
The water content of shear zone is generally higher than that of other parts due to the
loose structure within the shear zone.

The transitional mode occurs in the soil which has moderate proportion of both
fine and coarse fraction. The shearing produces a zone, rather than a single shear
surface. This zone contains both discontinuous slickensides and coarse particles and is
a product of interaction between sliding and particle interlocking. The behavior of the
soil is sensitive to the magnitude of normal stress and particle shape. A high normal
stress would cause it to behave by sliding while roughness and angularity would cause
it to behave in turbulent mode. The soil generally shows contraction-dilation pattern
and non-brittleness. The difference in water content between shear zone and other
parts is almost negligible.

The magnitude of normal stress and particle shape both influence the transition
of shear modes, to some extent. A high normal stress favors sliding mode while the
roughness and angularity of coarse particles intensify the particle interlocking, and
favors transitional and turbulent shear modes. Since the samples tested in this study
covered a wide range of soil types in terms of gradation and particle shape, the e,
boundaries (0.8, 4.0) distinguished from them would be a useful guide to the type of
residual behavior of natural soils with corresponding fine fraction and particle size
ranges.

4.4 INFLUENCING FACTORS

As indicated in the introduction section of this chapter, the tests in the present study
were mainly designed to discover the influential factors and the extent to which each
factor contributes. Continuing the discussion in the previous section, where much
emphasis was given to the shear pattern, the shear zone structure and the residual
shear mode, this section aims to demonstrate, quantitatively and individually, the rela-
tionship between the residual shear strength and the five influencing factors recognized:
particle size distribution, Atterberg limits, particle shape, magnitude of normal stress
and shearing rate.

4.4.1 Particle size distribution

The particle size distribution (PSD) has long been recognized as an important fac-
tor influencing the shear behavior of soils and has been extensively studied (Taylor,
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Figure 4.31 Residual friction angle, ¢, versus clay content.

1948; Miller, 1957; Holtz, 1960; Skempton, 1964; Kenney, 1977; Lupini et al., 1981;
Kalteziotis, 1993; Irfan & Tang, 1992, 1995; Jovicic Coop, 1997; Ng & Chui, 2003;
Dewoolkar & Huzjak, 2005; Simoni, 2006). The parameters which could possibly
reflect the particle size distribution are distribution parameters C, and C,, clay con-
tent, coarse particle content and various proportions of fractions, such as the ratio of
clay content to coarse content and the ratio of gravel content to fine fraction, and so on.
Among them, the clay content was most often used in literature (Lupini ef al., 1981;
Irfan & Tang, 1992, 1995; Jovicic & Coop, 1997; Ng & Chui, 2003; Dewoolkar &
Huzjak, 2005; Tiwari & Marui, 2005; Wen & Aydin, 2005).

The residual friction angle is plotted against clay content in Figure 4.31 together
with test data from literature. Since the particle size distribution is taken into account
by univariate analysis so as to identify and purify its influence on the residual strength,
the relationship presented in this section is based on only the tests at normal stress
of 200 kPa. By doing so, the complexity due to interference of normal stress may be
avoided. The residual strength of samples of KG and FG mixture varies over the range
from 24° to 31° while that of FG mixture varies over the range from 24° to 45°.
The residual friction angle decreases with increasing clay content. The reduction in
shear strength due to the increase in clay content should be attributed to the increased
separation of the massive particles, if Skinner’s (1969) conclusion, i.e. the residual
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Figure 4.32 Residual failure envelopes for samples: (a) Sample | (100% kaolin); and (b) Sample |1(20%
kaolin and 80% coarse fraction).

friction angle is not dependent on particle friction, is true. As illustrated by the visual
examination of shear surface in Section 4.3.4, the mixture with a high proportion of
clay fraction possesses a strongly slickensided shear surface and behaves dominantly
in sliding mode. The mixture with a low proportion of clay fraction exhibits a thick
shear zone, rather than a single shear surface. This zone rarely has slickensides and
behaves in turbulent mode. When the mixture has moderate clay content, it possesses
a shear zone that results from the neutralization of fine particle orientation and coarse
particle interlocking, producing discontinuous slickensides and local increase of coarse
particles.

The data presented by Lupini e al. (1981) for sand-mica mixtures and the data
from Tiwari and Marui (2005) for sand-kaolin mixtures coincide with the results
of this study. However, the data for sand-bentonite and sand-London clay mixtures
are considerably different from the results of this study, except the clay content not
exceeding 30%. Lupini et al. (1981) ascribed this difference to the particle size of clay
minerals. The mica and kaolin are nearer in particle size to massive particles in the
mixture than bentonite. This causes residual strength of clays to be similar to those of
the mixtures. Substituting 75% clay by silt in the fine fraction introduces an increase
of residual strength by 1°, indicating that the nature of coarse fraction (particle shape
and/or size) would play an important role in the residual strength of the mixture.
This is also recognized in this study as the FG and FN mixtures have a difference of
approximately 9°. The latter shows more dependency on the clay/coarse fraction.

4.4.2 Normal stress

In the literature, the envelopes of effective residual shear strength often have zero
(Bishop et al., 1971) or small values (Lupini ez al., 1981; Skempton, 1985) of cohesion
intercept. The residual shear strength results determined for the three types of mixtures
in the present study does not always produce zero intercept residual strength envelopes.
Instead, the linearly best fitted residual strength envelopes, in most cases, result in small
values of intercept. As shown in Figure 4.32(a-b), Sample 1 has zero intercept envelop
while Sample 11 (for example) has its intercept at approximately 1.2 kPa.
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Figure 4.33 Reduction in friction angle with increase in effective normal stress: (a) KG mixture;
(b) FG mixture; and (c) FN mixture.

Other studies have concluded that the drained residual strength is normal stress
dependent, i.e. the residual friction angle decreases with increasing effective normal
stress (Kenney, 1967; Chandler 1969; Stark & Eid, 1994; Wan & Kwong, 2002; Tiwari
et al., 2005; Dewoolkar & Huzjak, 2005), with this effect being the most pronounced
at low effective stresses. As previous researchers have performed, the residual friction
angle was plotted versus the effective normal stress in Figure 4.33(a—c) for the three
mixtures in present study. It can be clearly observed that all samples tested exhibit a
decrease in the residual shear stress with increasing normal stress and this dependency is
stronger over the lower range of normal stress, showing good agreement with literature.

Stark and Eid (1994) suggested that the stress dependent behavior of residual
strength could be attributed to the rearrangement of platy clayey particles during
shearing. They concluded that as the effective normal stress increases the edge-to-face
interactions of platy clay particles tend to be converted to face-to-face interactions.
Wan et al. (2002) argued Stark’s explanation was not valid for soils without dominat-
ing clay fraction and the plastic junction theory proposed by Mitchell (1993) would be
applicable to the soils with adequate sand and silt particles. The clay particles in the
mixture coat the crystalline coarse particles, thus forming bridges which separate the
coarse particles. This bridge is termed as the plastic junction and the frictional angle
between bridged particles is smaller than without coating (Mitchell, 1993; Wan et al.,
2002). According to the plastic junction theory, an increase in the compression and
shear stress causes the growth of plastic junction. The low friction caused by plastic
junction reduces the interlocking of coarse particles and also enables coarse particles

lvww.ebook3000.con}



http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315317700-5&iName=master.img-032.jpg&w=353&h=221
http://www.ebook3000.org

74 Residual Shear Behavior of Composite Soils

to be pushed into fine matrix, a relative smooth shear surface being formed. This could
be observed by the visual examination of shear zones. Thus with the increase in normal
stress, the residual shear stress decreases, showing a nonlinear rather than linear rela-
tionship when plotting in terms of Mohr-Coulomb envelope. Sample 1 (100% kaolin)
shows non-dependency probably due to the fact that normal stresses used in this study
do not involve the range less than 50 kPa, in which the cohesive soil is more susceptible
(Kenney, 1967; Skempton, 1985; Tiwari et al., 2005).

4.4.3 Atterberg limits

The residual shear strength has been long related to the plasticity index (Ip) in the
literature and the Ip value has proven to be an indicator of residual strength. Corre-
lations developed by Voight (1973), Seycek (1978), Vaughan et al. (1978), Brandon
et al. (2006), Mesri and Shahien (2003) and Tiwari and Marui (2005) are compared
to the data from all three types of mixtures in Figure 4.34. In the cases of KG and FG
mixtures, the residual friction angle decreases linearly with the increase of plasticity
index and seemingly fits the boundary developed by Vaughan et al. (1978). At lower
levels of Ip, the KG and FG mixtures show a large variation in ¢} for the same Ip. This
is considered to be due to the influence of normal stress as discussed in previous sec-
tion. The tests on FN mixture show good agreement with earlier research. Compared
with KG and FG mixtures, the FN mixture exhibits stronger dependency on Ip. At
200 kPa, ¢y decreases from 44° to 25° with Ip increasing from 0 to 28. This suggests
the joint control of coarse particle shape and Ip, which mainly reflects the property
of fine fraction of the mixture. The contribution of plasticity index is weak when the
coarse particles are rounded and smooth with comparable interparticle friction to fine
particles. In contrast, the irregular and rough particles would lose their noticeable
interparticle friction once separated by fine fraction with high plasticity index. Thus
the effect of Ip is moderated by the particle shape. Also note the limited range of Ip in
this study, being less than 30%.

4.4.4 Particle shape

Sphericity, roundness, roughness and texture are some of the terms that were defined in
many different ways and commonly used as the descriptors for the particle shape in the
literature (Meloy, 1977; Barrett, 1980; Clark, 1987; Hyslip & Vallejo, 1997; Bowman
etal.,2001; Santamarina & Cho, 2004; Cho et al., 2006). The recent research revealed
that increasing angularity or decreasing roundness and sphericity leads to an increase
in maximum e, and minimum ey, void ratios and their difference I, (Shimobe &
Moroto, 1995; Miura et al., 1998; Dyskin et al., 2001; Jia & Williams, 2001; Nakata
et al., 2001; Cubrinovski & Ishihara, 2002; Santamarina & Cho, 2004; Cho et al.,
2006). Cho et al. (2006) performed tests on natural and crushed sands to investigate the
influence of particle shape on packing density, stiffness and strength and showed that
increase in particle angularity also causes a decrease in stiffness and an increase in the
critical state friction angle, proving the particle shape as an important soil property. It is
also known that the presence of platy particles in granular soils leads to the decrease in
packing density, stiffness and residual strength (de Graff-Johnson et al., 1969; Lupini
et al., 1981; Hight et al., 1998; Guimaraes, 2002; Cho et al., 2006).
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Figure 4.34 Comparison of residual friction angle vs. plasticity index trends with correlations in the
literature: (a) KG mixture; (b) FG mixture;and (c) FN mixture.

In the present study, a stereomicroscope (Olympus SZH10) equipped with an
image capture and analysis system, analySIS, were employed to quantify the shape
parameters of the soil particles. The stereomicroscope with its magnification capabil-
ity of up to 140X enabled capturing the shape features of even fine silt fraction down
to 0.002 mm. Referring to the 2D nature of the images (Fig. 2.6), the analySIS soft-
ware uses the term “circularity” to quantify the “closeness” of a particle to a circle.
Circularity is given by 4w A/P?, where A is the particle area and P is its perimeter.
Thus a perfect circular/spherical particle has a circularity of 1.0 while a very “spiky”
or irregular particle has a circularity value close to zero. The term “convexity” is used
as a measure of surface roughness of a particle and is given by the ratio of the “convex
hull perimeter” by the actual particle perimeter. Convexity also ranges from 1.0 for
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Figure 4.35 Images of particles of: (a) rounded glass beads; (b) natural gravels; and (c) river sand.

a smooth shape to zero for a spiky or very irregular shape. The roundness of parti-
cles also can be expressed by elongation quantified by “1.0 — aspect ratio” or “1.0 —
width/length”. A particle symmetrical in all axes such as a circle or square will have
an elongation value of zero whereas particles with small aspect ratios will have an
elongation closer to 1.0.

The glass sand and glass beads in FG mixture are perfectly spherical and smooth,
with both the circularity and the convexity being 1.0 and the elongation being zero (Fig.
4.35a). The natural coarse particles (river sand and crushed granite fragments) in FN
mixture were measured, respectively, by means of the image analysis system (Fig. 4.35b
and ¢). Clean and dried samples were sieved into sub-fractions as done in PSD analysis.
The number of randomly selected particles from each fraction was large enough to
determine the mean value for each parameter with variance less than 0.01. Shape
parameters for each sample were obtained by weighted sum of the mean parameter
values for each fraction (i.e. scaled by their corresponding weight percentages).

As described in the section on soil preparation, FG and FN mixtures have the same
particle size distribution, but FG mixture uses rounded glass sand and glass beads as
the coarse fraction while FN mixture river sand and crushed granite fragments. The
difference in residual friction angle, D, between FG and FN mixtures is plotted in
Figure 4.36(a—c) against the corresponding differences in particle shape parameters,
producing linear relationships. Increasing difference in elongation, Dg, leads to an
increase in D,. However, increasing difference in circularity, D¢, causes a decrease
in Dy, so does the difference in convexity, Dy. Similar observations can be found in
Chan and Page (1997) and Cho et al. (2006). Chan and Page (1997) also presented
a relationship between critical state friction angle ¢, and particle roundness, R as
0 =42 — 17R.

Soil shearing involves particle rotation which prevails in loose soil, and contact
slippage which prevails in dense soil. The residual strength is a result of evolution of
anisotropy of soil fabric during shearing and reflects the ability of soil to develop inter-
nal forces and fabric anisotropy (Rothenburg & Bathurst, 1989; Thornton, 2000).
It is reasonable to postulate particle angularity hampers particle rotation while rough-
ness holds back slippage and both enhance dilatancy and anisotropy. In the test cases
of this study, the presence of elongated particles in the shear zone makes it easy to
work, if standing upward, as a stiff rod anchoring the upper and lower halves of sam-
ple together to prevent their relative movement. The linear relationships suggest the
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Figure 4.36 Difference in residual friction angle is a function of the difference in particle shape
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participation of particle shape in affecting the residual friction angle. So far, though
particle shape has been ignored in the process of soil classification and in the interpre-
tation of residual shear strength, the tests in this study confirmed it to be a significant
parameter that needs to be properly characterized and documented, in particular when
soils contain sands or gravels.

4.4.5 Shearing rate

For investigation of the influence of shearing rate on the residual strength, the sam-
ples of KG mixture were sheared at three levels of shearing rates, 0.06, 0.6 and
6.0 mm/min. The samples of FG mixture were sheared at 0.06 and 0.6 mm/min. All
tests for investigation of rate effect were conducted at the same normal stress, 200 kPa.
The residual friction angle was plotted against the shearing rate in logarithmic scale in
Figure 4.37(a=b). In the case of KG mixture, when the content of kaolin is greater than
40% increasing the shearing rate leads to a decrease in residual strength. The average
reduction in the residual strength is about 1.7° for Samples 7 to 10. Residual strength
of samples with kaolin content less than 40% (e.g. Sample 11, 20%) increases with
the shearing rate by as much as 2.1° (Fig. 4.37a). In the case of FG mixture, when
the content of fine fraction is greater than 60%, increase of shearing rate leads to a
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Figure 4.37 Residual friction angle versus the shearing rate: (a) KG mixture;and (b) FG mixtures. For
sample numbers, refers to Table 4.1.

decrease in the residual strength by an average of 1° (Fig. 4.37b). Residual strength of
samples with fine fraction less than 60% slightly increases with shearing rate.

Based on these results, two principal types of soil behavior corresponding to
shearing rate are identified. These are defined as positive and negative rate effects,
depending on whether the fast residual strength stabilizes above or below the slow
residual strength, respectively. Figure 4.37(a-b) indicates that the fine and/or kaolin
content may be taken as an indicator for the transition of the rate effect, and the rate
effects coincide well with the residual shear mode (Figs. 4.28 to 4.30). If a sample
behaves in sliding mode, the fast shearing rate is to cause reduction in the residual
strength. On the contrary, if a sample behaves in transitional or turbulent shear mode,
the fast shearing rate is to cause increase in the residual strength.

With high fine fraction, the sample tends to form a slickensided shear surface and
behaves in sliding mode. This has been confirmed by the visual inspection presented
in the previous sections. The negative rate effect is considered to result from the devel-
opment of pore pressures within the shear zone. The fast shearing does not allow the
pore water pressure generated to dissipate. Parathiras (1994) found that if the shearing
rate is gradually decreased to a value which would allow for the dissipation of pore
water pressure, the shear strength of the sample gradually increases to reach that at
slow shearing rate. Furthermore, the slower is the shearing rate, the less is the vertical
displacement. This implies that dilation is suppressed as the shearing rate decreases.

With low fine fraction, the sample tends to behave in transitional or turbulent
shear mode. At this point shearing involves interlocking of coarse particles and slid-
ing of fine fraction. Increasing the shearing rate causes the void ratio to grow and
changes the extents of interlocking and sliding by enhancing the former. Lemos (1986)
reported that the fast shearing rate (above 100 mm/min) could cause a permanent dis-
ruption of the shear zone in which the fine particles have a lower degree of orientation,
indicating the significance of particle interlocking.
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4.5 CONCLUSIONS

Soils with a wide range of particle size are most commonly encountered materials in
practice. A systematic investigation into the residual shear behavior of these soils was
conducted by means of direct shear tests in the present study. The samples were pre-
pared in three categories (KG, FG and FN mixtures) in terms of their composition.
Based on the results of these tests, soil compressibility, the structure and water content
of the shear zone and shear mode of granular and composite soils were methodically
and thoroughly analyzed and discussed. Five influential factors were identified, Atter-
berg limits, particle size distribution, magnitude of normal stress, particle shape and
shearing rate. The contributions of these factors were quantified. Five main conclusions
were derived as summarized as follows.

4.5.1 Soil compressibility

The void ratio of the mixture, after consolidation, depends on the proportion of each
particle size fraction by weight. Increasing fine fraction from zero to a threshold value,
found to be approximately 20-30% in this study, causes a decrease in void ratio of the
mixture. Beyond this threshold, a further increase of fine fraction causes an increase
in void ratio up to the values obtained for the fine material alone.

Given the same proportion of coarse fraction (glass sand and glass beads), mixtures
with only kaolin as their fine fraction (KG mixtures) have greater void ratio than those
with kaolin and silt as fine fractions (FG mixtures). Synchronously increasing fine
fractions of these two mixtures increases the difference between their void ratios. This
suggests that particle size distribution determines maximum attainable void ratios in
soils with fine fraction, and that poorer grading (as in KG mixture) results in greater
void ratio.

For the same proportion of fine fractions (kaolin and silt), mixtures with artificial
materials (glass sand and glass beads) as their coarse fractions (FG mixtures) develop
lower void ratios than those with natural materials (river sand and crushed gravels)
as coarse fractions (FN mixtures). Synchronously increasing coarse fractions of these
two mixtures increases the difference between their void ratios. This indicates that the
shape of coarse particles determines maximum attainable void ratios in soils with fine
fraction, and that the void ratios increase with decreasing roundness or sphericity.

4.5.2 Water content after shearing

The differences between water contents of the shear zone and surrounding layers
appear to be strongly dependent upon both the grading and magnitude of normal
stress.

The high proportion of fine fraction enables the specimen to contract especially
within the shear zone, where a very thin but dense layer of orientated fine particles
forms, thus lowering water content of shear zone compared with surrounding layers.
On the contrary, the specimens with high proportion of coarse fraction behave like
dense sand with a relatively loose layer of coarse particles, thus absorbing much water.

If the specimen contains intermediate proportion of fine fraction, it tends to behave
similar to dense sand when sheared under a lower normal stress (e.g. 50 kPa), thus
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resulting in higher water content in the shear zone compared with surrounding layers,
but similar to a normally consolidated clay under a higher normal stress (e.g. 200 kPa),
leading to lower water content in the shear zone.

In addition, increasing angularity of coarse particles in soils causes an increase in
the relative magnitude of water content within shear zones.

4.5.3 Proposed shearing model for granular materials

The fluctuations of both shear stress and vertical displacement were proven to reflect
the shear mechanism of granular materials. The Fast Fourier Transform (FFT) was
employed successfully to decompose the measured shear stress into two components,
friction and net fluctuation. It was found that the former consumes as much as 90%
of the total work done by the resultant shear force while the latter consumes 10%.
This indicates that though the main style of movement at residual state, from the
macroscopic point of view, appears to be sliding along a wavy surface, the particle
interlocking still plays an important role in the shear stress. Therefore, the averaging,
which was often used to smooth the fluctuation in the literature, is not appropriate.

The magnitude of normal stress was confirmed to affect the formation of shear
zone structures, which was evident from the decomposition of the components of the
fluctuations by means of FFT. The higher the normal stress, the higher the degree of
concentration of coarse particles, causing larger wave length and amplitude of the
fluctuations.

Shearing process in granular materials can be said to take place in four stages.
The first stage generally exhibits contraction due to the change of stress field caused
by applied shear force. This force modifies the soil skeleton made up of the solid
particles, which is shaped during the previous consolidation period. This stage ceases
when granular interlocking prevents further contraction.

In the second stage, i.e. dilation before the peak, the main movement of particles
occurs to overcome the interlocking leading to volume increase. This stage ceases
when the particle interlocking reaches its climax, accompanied by the occurrence of
the peak point. After this, the shearing enters into the third stage where the slip surface
starts forming with small-size particles moving out to accommodate the larger particles
penetrating the shear zone. At the end of the third stage, rigid blocks are formed and
the soil reaches the residual state, like moving on a wavy surface.

4.5.4 Extension of the shear modes to composite soils

The residual shear modes (sliding, transitional and turbulent) put forward by Lupini
et al. (1981) were extended for application to a wide range of soils in terms of the
maximum particle size involved. The granular void ratio, ey, appears to be an indicator
for the transition of shear modes. The e, boundaries (0.8, 4.0) would be a useful
guide to estimate the mode of residual shear behavior of natural soils with similar fine
fractions and particle size ranges to those of the mixtures tested in this part of the
study.

The shear mode a soil exhibits results from the counterwork of two basic processes,
sliding between orientated fine particles and the interlocking of coarse particles. The
orientation of fine particles favors the sliding mode whereas the particle interlocking
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favors the turbulent mode. Thus the resultant shear mode depends on the extents of
these basic processes. When these processes operate roughly equally, the transitional
mode occurs.

Though the transition of shear modes was demonstrated to be dominantly con-
trolled by the soil gradation, normal stress and particle shape are also influential. High
normal stress favors sliding mode while roughness and angularity of coarse particles
intensify the particle interlocking, favoring transitional and turbulent shear modes.

4.5.5 Influential factors

The grain size distribution plays a pivotal role in the mobilization of residual strength.
For all three mixtures involved in this study, decreasing fine fraction (<0.063 mm)
from 100% to 0% resulted in a gradually transition from typical clay to granular soil
behavior. When the fine fraction increased, the residual strength, generally, decreased
and the residual shear behavior gradually changed from turbulent to sliding mode.

The particle shape, quantified by circularity, convexity and elongation, emerged
as a significant parameter that contributes to the residual strength. Increasing circular-
ity and/or convexity decreases residual strength while increasing elongation increases
it. The roughness and angularity of coarse particles favor turbulent and transitional
modes.

Atterberg limits and the magnitude of normal stress applied were confirmed to
have negative influence on the residual friction angle.

The influence of normal stress becomes more significant in the lower range from
50 to 200 kPa. The higher is the normal stress, the lower is the residual friction angle.
In addition, increasing normal stress favors sliding mode.

The fast shearing rate (6 mm/min compared to 0.06 mm/min) leads to a decrease
in residual strength of the soils containing a sizeable fine fraction but to an increase in
residual strength of the soils with a small amount of fine fraction.

The analysis of the influence of individual factors substantiates the fact that the
residual strength is determined by the cooperation and/or competition of all these
factors rather than any single one.
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Chapter 5

Slip zone soils of the TGP landslides

5. INTRODUCTION

Following the investigation of the shear behavior of the artificial soil mixtures presented
in Chapter 4, one further step was taken in this chapter to present the shearing behav-
ior of the natural slip zone soils in the TGP area. A total of 33 samples obtained from
three landslide slip zones with different mineralogical composition and particle size
distribution were tested using the large ring shear apparatus, reaching shear displace-
ments of up to 160 cm at three different shearing rates (i.e. 0.1 mm/sec, 1.0 mm/sec and
10 mm/sec). Both residual and peak strength of these soils were examined in relation
to soil properties and testing conditions. Soil properties, such as mineralogy, plastic
limit, liquid limit and plasticity index, grain size distribution, which were routinely
used for studying cohesive soils, and those widely used for cohesionless soils, such as
particle shape, particle size and particle roughness, were all taken into account. The
aim was to examine the effects of these factors on the shear behavior and to establish
the shear mode of the slip zone soils in the TGP area.

A brief description of the study area and the nature of the three landslides involved
are presented in Section 5.2. In Section 5.3, the testing details including the sample
preparation and testing procedures is given. Testing results are presented and discussed
in Section 5.4. The effects of individual influencing factors on the shear behavior are
presented in Section 5.5. In Section 5.6, the fluctuations of the measured shear stress
and vertical displacement were analyzed in depth. In Section 5.7, the residual shear
modes, which were put forward by Lupini et al. (1981) for fine-grained soils and
modified and extended in Chapter 4 to the composite soils, are reexamined for the ring
shear testing results. The main conclusions derived from these analyses are presented
in the last section.

5.2 STUDY AREAS AND NATURE OF INVESTIGATED LANDSLIDES

5.2.1 General geology

The Three Gorges was formed by deep fluvial incision of massive limestone sequences,
of lower Paleozoic and Mesozoic age, along narrow fault zones, in response to
Quaternary uplift (Chen et al., 1995; Zhao, 1996; Li et al., 2001; Liu et al., 2004). As
a result of this uplift and erosion cycle, Pre-Sinian metamorphic and magmatic rocks
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Figure 5.1 Geological map of the Three Gorges area of the Yangtze River (Mason, 1999).

outcropped in the core of Huangling anticline, where the Three Gorges dam is located,
and in the core of Shennongjia anticline (Fig. 5.1). The supracrustal Sinian-Jurassic
sedimentary rocks, which cover the entire TPG area, mainly consist of carbonates,
sandstones and shales.

Seismicity is weak at the Yangtze valley around the dam site, where the largest
magnitude = 5.1 Zigui earthquake with an intensity of V-VI occurred in 1979 (Wu,
2001). The average rainfall in the TGP area is 100-150 mm per month while the peak
monthly rainfall can be as high as 300 mm during summer months. In 1982, heavy
rain caused reactivation of more than 10 landslides in Yunyang area (Xie et al., 19935).
In the summer of 1998, continuous rain caused more than 20 landslides in Jiangjin
area, resulting in the loss of 5 lives and 500 million RMB worth of properties (Ding
etal.,2001; Ma et al., 2005).

5.2.2 Nature of landslides

In the context of the present study, samples were collected from the slip zones of three
landslides in the TGP area. Following is a brief description of these landslides.

The Qianjiangping landslide (QJP) occurred at the left bank of Qinggan River, a
tributary of Yangtze River, on 13 July 2003 (Figs. 5.2 and 5.4). As a result, 14 people
died, 10 were missing, 129 houses and 4 factories were destroyed. The tongue-shaped
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Figure 5.2 Location map of the Qianjiangping landslide (Liao et al,, 2005).

landslide had a volume of approximately 20 Mm?, with a length of 1200 m, width of
1000 m and an average thickness of the mass displaced of approximately 40 m thinner
in the upper part and thicker at the lower part (Wang et al., 2004; Liao et al., 2005;
Li et al., 2013a). The elevation of the main scarp was 450 m, and the elevation of the
Qinggan River water level was 135 m when the landslide occurred. The travel distance
was about 250m. The standing trees and factory buildings on the sliding mass of
the landslide indicate that the angle of the sliding surface remained constant and no
rotation occurred. Field observations revealed that the slip zone consisted of a several-
centimeter thick layer of silty and clayey soil with some subrounded and slickensided
gravels, developed along a bedding plane at the contact between weathered mudstone
and shale sequence above and relatively intact sandstone below. The location of the
slip zone is shown in a simplified geological log of a borehole drilled in the middle of
the landslide mass in Figure 5.3.

The slope of the mass of the Xietan landslide (XT) is some 20-30° to the horizontal
as shown in Figures 5.5 and 5.6. With a length of 780 m, average width of 260 m and
average thickness of 30 m, the landslide is approximately 8.9 Mm? in volume. The
geologic sequence outcropping in the landslide area as shown in Figure 5.5 is briefly
described in chronological order as follows (Xu et al., 2003; Chai & Li, 2004): (1)
Landslide deposits (Q), consisting of highly permeable (permeability approximately
0.1-8.6 x 10~* mm/sec) grayish-yellow well-graded gravel with little fines (GW) and
rock fragments of up to 400-600 mm; (2) Middle Jurassic sediments (]J,), medium to
thickly laminated grayish-green siltstone and quartzo-feldspathic sandstone; (3) Early
Jurassic sediments (J1), grayish-yellow silty mudstone and fine sandstone; (4) Late
Triassic sediments (T3), grayish-yellow silty mudstone and fine sandstone with shale
and thin core layer and (5) Middle Triassic sediments (T,), purplish-red sandstone and
siltstone with mudstone. The photo in Figure 5.7, which was taken from the tunnel in
Figure 5.5, indicated that the slip zone of Xietan landslide consisted mainly of a several-
centimeter thick layer of grayish-yellow clayey soils with gravels. These gravels were
grayish-yellow sandstone or siltstone with subangular or subrounded shape.
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Figure 5.4 General view of Qianjiangping landslide (Liao et al., 2005).
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Figure 5.5 Cross section of Xietan landslide (Xu et al.,2003).

Figure 5.6 3D topographical model of Xietan landslide.

The Tanping landslide is located in Badong County on the left bank of Yangtze
River. With its 400 m width, 450 m length and 30 m thickness, the Tanping landslide
(TP) has a volume of 6.3 Mm? as shown in Figure 5.8. The sliding mass is composed of
well-graded gravel-sand mixture with little cobbles and fines. Gravels and cobbles with
the equivalent diameters of 10-500 mm in the mass are siltstone and silty mudstone.
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Figure 5.8 Cross section of the Tanping landslide (Hubei E’xi Institute of Geological Engineering
Investigation, 2002).

As discovered by the borehole shown in Figure 5.9, the slip zone, located at the contact
between colluvium and bedrock, consists of plastic silty clay soil with mostly angular
and slickensided gravels. The bedrock underlying the slip zone is mainly sandstone,
marl, siltstone, and silty mudstone of Middle Triassic age.

5.3 EXPERIMENTAL SCHEME

5.3.1 Sampling and specimen preparation

For each landslide described above, three samples, each weighting about 50 kg, were
obtained from the exposed shear zone in the tunnels and adits (Figs. 5.5 and 5.8). The
procedures of sampling were in accordance with Chinese National Standards (CNS)
GB/T50123-1999 (Standard for soil test methods) (SAC, 1999). The representative
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Figure 5.9 Slickensides on the shear surface of the Tanping landslide.

Table 5.1 Particle size distribution of slip zone soils.

Particle size distribution (weight percentage, %)

Sample type Gravel Sand Silt Clay C, C.

QJPI 18.7 18.6 439 18.8 26 0.6
QJP2 222 17.6 44.8 15.4 38 0.5
QJP3 20 18.9 43 18.1 100 0.2
XTI 12.9 18.3 58.1 10.7 17 0.9
XT2 16.7 17.7 55.4 10.2 20 0.8
XT3 19.3 17.8 53.1 9.8 26 0.6
TPI 16.2 248 46.7 12.3 69 0.3
TP2 21.5 242 43.6 10.7 19 0.2
TP3 24.2 23.6 41.1 1.1 185 0.1

undisturbed samples were well preserved and tested for obtaining the in-situ properties
of the shear zone soils. Particle size distribution, Atterberg limits, dry density, void
ratio, water content, particle density and saturation degree were tested in accordance
with CNS GB/T50123-1999. The results of particle size distribution were listed in
Table 5.1 and plotted in Figure 5.10. Other properties of share zone soils were tabulated
in Table 5.2.

The classification of slip zone soils on the Casagrande’s plasticity chart in terms of
liquid limit and plasticity index was shown in Figure 5.11. QJP, XT and TP samples
were classified as fine-grained soils with more than 50 percent of particles passing
No. 200 sieve (Fig. 5.10, Table 5.1). The liquid limit and plasticity index of QJP plotted
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Table 5.2 Physical properties of slip zone soils.

Particle Water Dry Saturation
Sample Liquid Plasticity density, ps content, Void density, pq degree, S,
type limit, wy index, Ip (glem’) w (%) ratio, e (glem®) (%)
QJPI 52 30 2.70 12.07 0.320 2.04 99.8
QJP2 50 31 2.70 12.20 0.330 2.03 100
QJP3 53 30 2.70 13.80 0.370 1.98 99.9
XTI 31 I 2.69 14.90 0.400 1.92 100
XT2 32 I 2.68 14.60 0.390 1.94 100
XT3 30 10 2.69 14.50 0.390 1.94 98.7
TPI 29 13 271 10.31 0.280 2.11 99.8
TP2 27 12 2.70 9.30 0.250 2.16 100
TP3 29 14 271 10.24 0.280 2.12 100
100 T ,
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Figure 5.10 Particle size distributions of all samples.

in CH area with its high plasticity index of 30 and liquid limit of 52 while those of
XT and TP fell into CL area with moderate plasticity indexes of approximately 12 and
liquid limits of approximately 30.

In this study, 33 specimens were prepared for ring shear tests (Table 5.3). The
collected samples were firstly prepared by air-drying, gently mechanical crushing and
sieving successively through a number of sieves to separate them into a series of particle
fractions, such as clay, silt, sand and gravel. In order to reflect the true shear behavior
of the slip zone soils, each specimen was prepared by taking and thoroughly mixing
its constituent/s according to the particle size distribution in Table 5.1. As shown in
Table 5.3, in order to test the influence of shearing rate, three duplicate specimens were
prepared for each subset of slip zone soil of the Xietan and Tanping landslides. Two


http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315317700-6&iName=master.img-009.jpg&w=313&h=189

Slip zone soils of the TGP landslides 91

50 L
¥4
45 4 .
7
/
40 T+ d
Bline // CH L
- + -
3 35 L o /,/
~ Ve
7/
53T I L 2
»5 25 4+ ’/ //
2 , . /’
£ 2
2 20 1 2 i ME
= ’ P
[am s s .
15 + 2 1IP 7 Adline
/ 0‘ L~
rd
10 + o X7
,—e
5 4 7 CL-ML _~
ML 7
0 —— - t t t
0 10 20 30 40 50 60 70
Liquid Limit (%)

Figure 5.1 Positions of the slip zone soils of the three landslides on the Casagrande’s plasticity chart.

duplicate specimens for each subset of slip zone soil of the Qianjiangping landslide were
prepared due to the limited amount of collected soils. In addition, for identifying the
influence of coarse particles on the shear behavior of slip zone soils, two specimens, one
of which consisted only of the coarse fraction (>0.075 mm), the other one consisted
only of the fine fraction (<0.075), were also prepared for each landslide slip zone
soils. The number of tested specimens and corresponding shearing rate were listed
in Table 5.3. Note that the specimens denoted with suffix R were tested under the
same conditions as the specimens with the same number to check the repeatability and
reliability of the testing results.

5.3.2 Experimental setup and test procedures

In this study, a DPRI-ver.3 ring shear apparatus developed by the Disaster Preven-
tion and Research Institute (DPRI), Kyoto University, Japan was used. Before the test
program and also after every five tests, the apparatus was calibrated in accordance
with the instructions of the operation manual to ensure the stability and reliability
of the apparatus. The detailed description of the apparatus and specimen preparation
method were presented in Chapter 3.

All tests were set up by following the same compaction procedure. Each test speci-
men was prepared in the sample chamber in three layers of equal thickness. Each layer
was compacted by means of a tamping rod. By taking certain mass of dry soil and com-
pacting it in a certain volume, the prepared specimen achieved the same dry density as
the corresponding undisturbed slip zone soil as shown in Table 5.2. Since the saturation
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Table 5.3 Post-consolidation properties of specimens.

Water content, Void Dry density, pq Shearing rate

Test no. Sample set w (%) ratio, e (glcm?) (mmlsec)
| QJPI 11.0 0.30 2.08 0.1
IR* 10.4 0.28 2.11 0.1
2 10.8 0.29 2.09 10
3 QJP2 11.0 0.30 2.08 0.1
4 10.8 0.29 2.09 10
5 QJP3 1.7 0.32 2.05 0.1
6 11.0 0.30 2.08 10
7 XTI 13.7 0.37 1.97 0.1
7R 13.2 0.36 1.99 0.1
8 14.0 0.38 1.96 1.0
9 13.7 0.37 1.97 10
10 XT2 13.2 0.36 1.99 0.1
I 12.7 0.34 2.01 1.0
12 13.7 0.37 1.97 10
13 XT3 14.0 0.38 1.96 0.1
14 13.2 0.36 1.99 1.0
15 13.0 0.35 2.00 10
16 TPI 9.0 0.24 2.17 0.1
16R 9.7 0.26 2.14 0.1
17 8.8 0.24 2.18 1.0
18 9.3 0.25 2.16 10
19 TP2 8.0 0.22 222 0.1
20 82 0.22 221 1.0
21 8.6 0.23 2.19 10
22 TP3 9.3 0.25 2.16 0.1
23 8.6 0.23 2.19 1.0
24 9.0 0.24 2.17 10
25 QJp 14.0 0.38 1.96 0.1
26 13.2 0.36 1.99 0.1
27 XT 15.6 0.42 1.90 0.1
28 14.8 0.40 1.93 0.1
29 TP 11.0 0.30 2.08 0.1
30 10.1 0.27 2.12 0.1

degree of slip zone soil was almost 100%, the specimen then was subjected to approx-
imately 24-hour saturation to reach fully saturation. Since the slip zones soils collected
from these three landslides was subjected approximately 400 kPa normal stress in-situ,
after the saturation stage, it generally took approximately 18 hours to restore this level
of in situ state of consolidation. A representative plot of the consolidation is shown in
Figure 5.12. Vertical deformation of the specimen was recorded during consolidation
and the post-consolidation void ratio and water content were calculated as shown in
Table 5.3. After completion of consolidation, the specimen was subjected to shearing
at a prescribed shearing rate as listed in Table 5.3.
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Figure 5.12 A typical trend during the consolidation phase.

5.4 TESTING RESULTS

The assumption that the normal and shear stresses are distributed uniformly across
the shear plane during the ring shear test is adopted as the basis for the calculation of
normal stress (o) and shear stress (t) by dividing the measured vertical load and shear
force by the area of shear surface. Bishop (1971) has suggested that this oversimpli-
fication of the stress distribution on the shear plane of ring shear introduces an error
which could be considered insignificant.

The test condition in this study was considered undrained as the dissipation of
pore pressure can be ignored for the range of selected shearing rates (0.1 mm/sec,
1.0 mm/sec and 10 mm/sec). The effective normal stress (o’) rather than total normal
stress (o) was used to calculate both stress ratio (z/0’) and residual friction angle (¢).
As described in Chapter 3, in order to prevent leakage of water and extrusion of sam-
ples during shear through the tight interface between the upper and lower rings, the
DPRI ring shear apparatus had a pair of stair-shaped rubber rings with high surface
smoothness placed in the specially made grooves along the perimeters of the lower
inner and outer confining rings. The contact pressure between the rubber rings and the
upper pair of the confining rings is adjusted at the start and maintained throughout
the test at a level greater than the pore pressure that can possibly be generated in the
sample and as constant as possible by means of a hydraulic piston controlled by feed-
back signals from a gap sensor accurate to 0.001mm. Similarly, o-rings (inserted into
special slots along the inner and outer perimeters of the annular loading platen) are
utilized to prevent upward leakage. High quality vacuum silicon grease is applied on
to the rubber edges to lubricate and seal them. This design of DPRI ring shear appa-
ratus made it possible to accurately measure the pore water pressure generated during
shearing.

A systematic and detailed summary of various characteristic features of shear
behavior of each specimen is provided in Table 5.4, including peak and residual strength
(in terms of friction angle) and corresponding shear displacements at which this peak
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Table 5.4 Ring shear testing results.

Vertical displ. Amplitude*

Strength (°) Hor. displ. ~ (mm) Nature of ~ (mm)
Test  Sample — @Th ——  shear —
no. set @Th. @~Res. (mm) @Th. @Res.  surface Initial  @Res.
| QJPI 18.2 138 27 0.1 1.3 PF 0.015 0.021
IR* 18.2 13.7 27 0.1 0.4
2 20.1 21.6 27 —0.15 0.2 PF 0.008 0.012
3 QJP2 19.3 14.2 30 —0.1 0.7 PF 0.014 0.022
4 20.2 19.7 30 —0.05 0.5 PF 0.0l 0.013
5 QJP3 17.6 14.2 24 0.38 1.5 PF 0.015 0.023
6 21.3 223 40 0.22 0.5 PF 0.009 0.0
7 XTI 19.3 20.9 40 0.6 0.9 U,F 0.02 0.026
7R 18.9 22,0 40 | 2.8
8 19.4 19.8 32 1.2 2 PF 0.015 0.018
9 23.6 234 30 0.5 1.5 PC 0.0l16 0.015
10 XT2 18.5 20.3 28 0.6 0.9 U,F 0.018 0.024
11 18.2 17.7 20 0.4 2.6 PF 0.014 0.019
12 21 20.4 24 0.2 0.8 PC 0.011  0.017
13 XT3 16.6 234 25 0.3 1.4 U,F 0.025 0.025
14 17 21.9 30 0.4 1.5 PF 0.013 0.019
15 21.3 18.2 30 0.3 3 PC 0.012 0.014
16 TPI 21.6 249 50 0.5 I uU,C 0.042  0.053
16R 21.6 25.5 45 0.2 0.6
17 19.6 249 40 —0.1 0.4 uU,C 0.031  0.036
18 23.1 25.0 20 025 -04 u,C 0.018  0.027
19 TP2 223 26.0 20 0.2 0.6 u,C 0.05 0.056
20 212 25.0 20 0.24 0.6 U,C 0.028  0.04I
21 224 25.5 18 0.1 0.1 u,C 0.021  0.024
22 TP3 20.6 25.9 19 0.1 0.8 u,C 0.034  0.05I
23 229 25.6 20 0.1 0.5 U,C 0.026  0.038
24 234 25.1 21 0 0.1 u,C 0.015 0.029
25 QP 1.2 9.4 18 0.5 0.8 P
26 23.8 21.6 38 0 1.5 U
27 XT 17.6 16.1 26 0 I P
28 31.3 283 39 0.1 0.1 U
29 TP 21.1 18.5 34 0.1 0.1 P
30 334 31.7 31 0.1 0.1 U

Abbreviations: @Th: at peak; @Res: at residual; P: planar; U: undulating; F: far spacing (> 10 mm) between coarse par-
ticles present in the shear surface; C: close spacing (< 10 mm) between coarse particles; *: amplitude of fluctuations

of stress ratio.

and residual were reached, the change in specimen height at this displacement value
and at the end of shearing, the nature of shear surface and the initial value of amplitude

of undulation (if any) and reduction in this value when shearing was stopped.

The stress ratio (t/o’) is plotted in Figure 5.13(a—c) against shear displacement
and each plot is identified by test no. and shearing rate. For each set of samples, one
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Figure 5.13 Stress ratio versus shear displacement plots: (a) QJP set; (b) XT set;and (c) TP set.
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replicate test, which is denoted by the suffix “R”, was conducted, e.g. Specimen 1R has
the same composition as Specimen 1 and both were tested under the identical condi-
tions. This was done to examine the stability and reliability of the ring shear apparatus
and to verify the repeatability of the tests. The plot for Test No. 1 in Figure 5.13 almost
overlaps that of Test No. 1R, and Test No. 8 has the identical pattern with 8R and so
do test numbers 17 and 17R, proving the stability of the ring shear apparatus and the
repeatability of the tests.

5.4.1 QJP samples

Specimens (1, 1R, 3 and 5) of QJP set, which were tested at low shearing rate, were
easily split through a continuous non-planar shear plane, presenting a sliding shear
mode. The visual examination on the shear surface indicated that it had well-developed
slickensides, though some coarse particles were also present, interrupting the formation
of smoother and flatter shear surface. In accordance with the sliding shear mode, these
samples showed a reduction (brittleness) in the shear strength occurring after the peak
point. It is considered to result primarily from the formation of extremely thin layers
of shear plane with fine particles orientated in the direction of shear; these particles
would originally have random orientations and must therefore have had a greater
resistance to shear than when they were aligned in the shear direction (Skempton,
1964; Kenney, 1977; Lupini et al., 1981). The coarse particles in the shear surface
would come into contact during the rotational shear. This would cause frequent particle
interlocking events as reflected by the fluctuations of the measured shear stress and
vertical displacement. Although, the interlocking of coarse particles cannot be avoided
in such cases, the high proportion of fine fraction (more than 60%) allows the sliding
mode to prevail.

Specimens 2, 4 and 6 of QJP were very hard to be split along their presumed shear
planes after they were extruded from the confining rings. A view across the potential
slip zone of Specimen 4 is shown in Figure 5.14, illustrating that “potential shear zone”
does not possess any feature to distinguish it from its surrounding zones. This indi-
cates the turbulent or transitional shear mode. The difficulty in splitting the specimens
along their presumed shear planes was partly attributed to the rolling and interlocking
of coarse particles and partly to the high shearing rate that might have prevented align-
ment of particles and caused continuous turbulence during shear eventually producing
a highly reworked soil zone without a distinct plane.

The shear patterns of QJP specimens seem to be rate-dependent as shown in
Figure 5.13a. At the low shearing rate of 0.1 mm/sec, a peak value approximately
20% lower than that at the high rate of 10 mm/sec was attained. After the peak,
the low rate produced residual shear strength approximately 50% less than the high
rate in terms of stress ratio. At the high rate, instead of an orderly alignment of
particles, continuous turbulent mixing is considered to be responsible for the fairly
constant residual strength throughout the tests, and hence significantly larger residual
strength. Lemos (1986) reported that the fast shearing rate could cause a permanent
disruption of the shear zone in which the fine particles have a lower degree of orien-
tation, indicating the significance of particle interlocking in the increase of residual
strength.
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Figure 5.14 A view across the shear zone of Specimen 4 of QJP set.

5.4.2 XT samples

Specimens 7, 7R, 10 and 13 of XT, which were sheared at low rates, were split along
two continuous non-planar surfaces bounding the shear zone consisting of a band of
dense soil with a thickness of approximately 1.0 cm along the inner and outer bound-
aries, gradually increasing to approximately 1.5 cm along the center line as shown in
Figure 5.15. At moderate or high rate of shearing, Specimens 8, 9, 11, 12, 14 and 15
of XT developed a very thin shear zone. When split apart, the bounding surfaces had
a very irregular geometry with occasional polished tracks locally disrupted by coarse
particles as shown in Figure 5.16.

XT specimen set exhibited seemingly inconsistent patterns as shown in Fig-
ure 5.13b. After the specimens, tested at a low shearing rate, reached their peak
strengths, they underwent shear displacement with no or little reduction in their resis-
tance, which then increased until a shear displacement of approximately 120 cm. These
specimens had the lowest clay content and highest void ratio than the other sets. The
former is thought to impede particle alignment while the latter result in densification
during shear, which in turn cause thickening of shear zone. In addition, presence of
softer and/or brittle coarse particles may have also helped densification process. High
residual stresses at low shearing rate were attributed to gradual thickening of the shear
zone. At moderate and high shearing rates, the specimens repeated a similar rising
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Figure 5.16 Common view from shear surfaces of XT set sheared at moderate and high rate.
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Lower part

Figure 5.17 A view across the shear zone of Specimen 6 of TP set.

pattern as those at a low shearing rate, but it appears that the densification process
was not as pervasive in these samples as it also is obvious from their thin shear zones.

5.4.3 TP samples

The specimens in TP set (16, 16R, 17-24), regardless of the shearing rate, did not
split along their presumed shear plane when they were extruded from the confining
rings immediately after the tests. Visual examination of their cross-sections indicated
presence of a shear zone (in between the parallel white lines on Figure 5.17 of Specimen
16) approximately 1.0 cm thick. This zone consisting of a thin band of a soft soil could
be distinguished from its firm surroundings. The lower and upper boundary of the shear
zone appeared to be nearly horizontal. A planar view of this shear zone after it was
split with some effort is shown in Figure 5.18. The shear zone, with its discontinuous
and occasional striations, appeared more like a reworked mass of soil.

The specimens of TP set (Fig. 5.13c) sheared at low shearing rate underwent an
initial period of increasing resistance (within the first 30-40 cm) due to their lowest
void ratio (dense nature) and largest gravel and sand fractions (compared to other
samples) which inhibited formation of a single shear plane. Instead, a shear zone
developed because of the difficulty of shearing through coarse particles embedded
within a dense matrix. This phase was followed by a period of constant resistance and
eventual reduction corresponding to particle alignment, fragmentation and/or local
polishing. At high and especially moderate rate of shearing, most specimens displayed
a continuously increasing trend as no alignment could take place at these faster rates.
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Figure 5.18 Plane view of the shear surface in the shear zone shown in Figure 5.17.

5.5 INFLUENTIAL FACTORS

Following the description in the previous section, where much emphasis was given to
the shear pattern and the shear zone structure, this section evaluates, quantitatively,
the relationship between the shear strength and the major influential factors, particle
size distribution, Atterberg limits, particle shape and shearing rate.

5.5.1 Atterberg limits

The residual stress ratio is plotted against plasticity index (Ip) of the fine fraction
(<425 wm) of the tested samples in Figure 5.19(a-b). At low shearing rate, the stress
ratio decreases with the increase of Ip. However, at high shearing rate, no obvious
relationship could be observed. The lack of correlation was also present when the
residual stress ratio was plotted against either the plastic limit or liquid limit. This
could be due to relatively small amount of fine fraction (approximately 50%) and low
Ip of the specimens. Thus, the tested soils are fundamentally different from the soils
without gravels, particularly cohesive soils containing predominantly fine particles,
whose residual strength is related closely to Atterberg limits, as previously reported
(Skempton, 1964; Voight, 1973; Lupini et al., 1981; Colotta et al., 1989; Wan &
Kwong, 2002; Wesley, 2003; Suzuki et al., 2005; Tiwari et al., 2005).

5.5.2 Particle size distribution

Very weak positive or negative correlations could be found between the residual stress
ratio and the amount of clay and silt or gravel fractions, respectively, while the resid-
ual stress ratio appeared to be linearly proportional to sand fraction, indicating that
sand size particles had a great influence on residual strength of the composite soils
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Figure 5.19 Residual stress ratio and plasticity index: (a) at low shearing rate; and (b) at high shearing
rate.

(Fig. 5.20(a—d)). In addition, residual strength appeared to increase with the ratio of
gravel content to the sum of the remaining particle size fractions. Significant corre-
lations were also observed with increasing coarse fraction (>75 jwm) and the ratio of
coarse fraction to fine fraction, indicating that coarse fraction played an important
role in determining residual strength of these soils (Fig. 5.20(e—g)). The residual stress
ratio was also closely related with the coefficient of curvature (C.) as shown in Fig-
ure 5.20h. A linear correlation in semi-logarithmic space between residual stress ratio
and the mean particle size is revealed in Figure 5.20i. This demonstrated again that the
grain size distribution was an important factor controlling the residual strength of the
soils containing coarse particles. What has been observed is in good agreement with
the previous studies on this issue (Miller & Sowers, 1957; Holtz, 1960; Donaghe &
Torrey, 1979; Irfan & Tang, 1992; Ng & Chui, 2003). Liu et al. (2006) conducted
ring shear, reversal direct shear and triaxial shear tests on the disturbed (remoulded)
specimens from the Xietan landslide with the coarse fraction ranging from 0% to 40%.
Testing results allowed Liu et al. (2006) to conclude that both relative proportion and
actual contents of sand and gravel strongly affect the shear strength.

5.5.3 Particle shape

The parameters, circularity, convexity and elongation, which are used to describe and
quantify the particle shape properties, were measured by means of a stereomicroscope
(Olympus SZH10) equipped with an image capture and analysis system, analySIS.
Clean and dried samples were sieved into sub-fractions as done in PSD analysis. The
number of randomly selected particles from each fraction was large enough to deter-
mine mean value of each population parameter with variance less than 0.01. Shape
parameters for each sample were obtained by weighted sum of the mean parameter
values for each fraction (i.e. scaled by their corresponding weight percentages). The
images captured by this system of the gravels from the three slip zone soils are presented
in Figure 5.21. The QJP samples have the greatest average value of circularity (0.77)
and convexity (0.68) and the least value of the elongation (0.50), due to the roundness
and smoothness of the particles; the XT and TP samples have the corresponding values
of 0.73, 0.66 and 0.67 and 0.62, 0.61 and 0.88 respectively.

The relationship between these particle shape parameters and residual strength of
all samples were presented in Figure 5.22 individually for each of the three shearing
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Figure 5.20 Residual stress ratio versus various grain size fractions.
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Figure 5.21 Images for obtaining the parameters of particle shape, i.e. convexity, circularity and
elongation, of different soils.

rates. Clearly, the residual strength decreases linearly with increasing circularity and
convexity while increasing elongation leads to increasing of residual strength. Similar
observations were made by de Graff-Johnson et al. (1969), Hight et al. (1998), Chan
and Page (1997), Guimaraes (2002), Santamarina and Cho (2004) and Cho et al.
(2006). Soil shearing involves particle rotation which prevails in loose soil, and contact
slippage which prevails in dense soil. It is reasonable to postulate particle angularity
hampers particle rotation while roughness holds back slippage. In the test cases of this
study, the presence of elongated particles in the shear zone, if standing upward, worked
as a stiff rod anchoring the upper and lower halves of sample together to prevent their
relative movement.

5.5.4 Shearing rate

Stress ratios at peak and residual levels for fast, intermediate and slow shearing rates
were plotted against the shearing rate in logarithmic scale as shown in Figure 5.23.
Specimens of QJP set were sheared at two levels of shearing rates, 0.1 mm/sec and
10 mm/sec. The high shearing rate (10 mm/sec) causes an increase in both peak strength
and the residual strength, exhibiting positive rate effect. The round coarse particles and
the high plasticity of the fines in QJP specimens make formation of a well developed
shear surface possible at lower shearing rate, and thus lower shear strength. In contrast,
the high shearing rate impedes the orientation of the fine particles and leads to a
relatively rougher shear surface. This again confirms the observation by Lemos (1986)
that the high shearing rate could cause a permanent disruption of the shear zone in
which the fine particles have a lower degree of orientation, indicating the significance
of particle interlocking in the increase of residual strength.

The peak or residual shear strength of TP specimens does not seem to be influenced
by shearing rates, suggesting no rate effect. This may be due to the low plasticity of
the fines and the angularity of the coarse particles present in these specimens. These
two properties both hinder formation of a well slickensided shear surface and offset
the influence of shearing rate.

In the cases of XT specimens, there seemingly is a more complex pattern of shear
strength against shearing rates. The peak strength increases with the shearing rate,
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Figure 5.22 Shear stress ratio versus particle shape parameters, i.e. convexity (first row), circularity (second row) and elongation (third row), at

different shearing rates.


http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315317700-6&iName=master.img-021.jpg&w=553&h=304

Slip zone soils of the TGP landslides 105

while the residual strength exhibits an uncertain pattern, either a concave curve with
the lowest strength value at the intermediate shearing rate (1.0 mm/sec) or a mono-
tonically decreasing behavior with increasing shearing rate. Though the exact reason
for these patterns has not been clearly understood, any possible explanations should
refer to the lowest clay content and highest void ratio of XT specimens than the other
sets. The former is thought to impede particle alignment while the latter result in den-
sification during shear, which in turn cause formation and expansion of a shear zone.
In addition, presence of softer and/or brittle coarse particles may have also helped the
densification process. High residual stresses at low shearing rate were attributed to
gradual thickening of the shear zone. At moderate and high rates, though the spec-
imens repeated a similar rising pattern, it appears that the densification process was
not as pervasive which is also obvious from their thin shear zones.

5.6 FLUCTUATIONS OF MEASURED SHEAR STRESS

The analysis on the fluctuations of the shear stress of granular materials in Chapter 4
indicates that the Fast Fourier Transform (FFT) could be a suitable and useful method
to determine the work done by the measured shear force. This work was decomposed
into two, the kinetic energy (Ej) enabling the lateral movement and the wave energy
(E,) used in sustaining fluctuations. Over any period of these fluctuations, Equation
4.9 enables calculation of the percentages of the contributions of different shear modes
to the shearing process as described in Chapter 4.

The fluctuations of shear stress during the ring shear tests discussed in this chapter
are also pronounced (Fig. 5.13a—c). The measured data segment of the shear stress
from the peak point to the end of the test was taken to analyze the fluctuations. In
Figure 5.24, the solid line is the stress ratio which is directly from the measured shear
stress and the dashed thick line is the main trend which is the result from 100-point
average over the measured shear stress. When the red line was subtracted from the
black line, the normalized fluctuation with zero as the mean value was obtained as
shown in Figure 5.25. The box plot in Figure 5.26 shows the statistical characteristics
of the three data sets, the measured data, the averaged “main trend” and the net
fluctuation.

In statistics, box plot has its advantages to show the main properties of data in
terms of the 25th, 75th, 5th and 95th percentiles and the mean value. The identi-
cal shape of box A and B indicates that the 100-point average could properly distill
the fluctuation from the measured shear stress without distorting the main pattern.
In the same way, the vertical displacement measured during the shearing was also
decomposed into its main trend and fluctuations from this line. As done in Chapter
4, the fluctuations on both shear stress ratio and vertical displacement were in turn
decomposed by means of the FFT to derive their length frequency spectrums which
present the wave characteristics (length frequency (LF) and amplitude) in Figure 5.27a
and b, respectively. For the fluctuations of stress ratio, the largest amplitude is located
in the length frequency range from 0.1 to 0.25, indicating the main wave character-
istics of the fluctuation. For the fluctuations of the vertical displacement, the largest
amplitude occurs over the same range of length frequency. This indicates that the fluc-
tuation of stress ratio is directly related to the fluctuation of the vertical displacement
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Figure 5.23 Variations in residual (Ist column) and peak (2nd column) stress ratios as a function of
shearing rate for QJP, XT and TP specimen sets at three different levels of increasing gravel
(or decreasing clay) contents.
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Figure 5.25 The decomposed fluctuations of the stress ratio of Test No. I.

and the extra energy supplied by the fluctuating shear force is mainly consumed by the
fluctuation of the vertical displacement (Li & Aydin, 2013).

The main characteristics of the fluctuations of the stress ratio and the vertical
displacement against the shearing rate are illustrated in Figures 5.28 to 5.30. For all
three sets of specimens, the wave length and the amplitude of both the stress ratio and
the vertical displacement decrease with increasing shearing rate. Due to the presence of
coarse particles, the shear surface of composite soils is more likely to be a wavy surface
rather than a flat one. This has been proved when the shear surface was visually
examined. The coarse particles with the surrounding fines work as an obstacle and
generally penetrate into the opposite block of the sample during shearing leading to
the formation of deep striations on the shear surfaces (Figs. 5.15, 5.16 and 5.18).
When the coarse particles in the opposite surfaces get into contact with each other, this
causes a positive vertical displacement to overcome jamming and/or particle breakage,
thus creating the fluctuations.
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Figure 5.28 Fluctuation characteristic is a function of the shearing rate for QJP specimens: (a) wave
length; and (b) amplitude.

The foregoing discussion suggests that the wave length of the fluctuation of the
vertical displacement reflect the irregularity of the shear surface, while the fluctuation
amplitude of the stress ratio reflect the energy needed to overcome the irregularity of
the shear surface. When sheared at lower shearing rate, the fines among the coarse
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Figure 5.29 Fluctuation characteristic is a function of the shearing rate for XT specimens: (a) wave
length; and (b) amplitude.
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Figure 5.30 Fluctuation characteristic is a function of the shearing rate for TP specimens: (a) wave
length; and (b) amplitude.

particles were allowed to be pressed to get relatively denser and flatter, making the
coarse particles to stand out. This mechanism results in increasing amplitude of the
fluctuation. On the contrary, when sheared at higher rate, the fines among the coarse
particles have no time to be pressed. The shear zone is more likely to be a reworked
and relatively softer soil, making the amplitude of the fluctuation smaller.

As shown in Figure 5.31, among the three sets of specimens, the QJP set has the
greatest wave length and smallest amplitude of the fluctuation whereas the TP set has
the opposite. As shown in Figure 5.21, the specimens of QJP set contain the coarse
particles with relatively smooth surface and subrounded shape, while those of TP set
have the coarse particles which are rough and angular. During shearing, angularity
and roughness of the coarse particles may prevent the particles from being pushed
into the fine fractions and being rotated. Thus, more coarse particles are retained in
the shear surface, causing shorter wave length of the fluctuations. On the other hand,

frequent irregular coarse particles lead to deep striations by penetration, causing larger
amplitude of the fluctuation.
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5.7 RESIDUAL SHEAR MODES

Based on a study of the shear behavior of mixtures of sand and clay, Kenny
(1977) defined the relative residual strength, R, =[tan ¢} — (tan ¢y)c]/[(tan })m—
(tan @y )c], where ¢ =residual friction angle of the mixture; (¢i)c =residual fric-
tion angle of the clay minerals, tested on their own and (¢})um =residual friction
angle of the massive (or coarse) minerals (sand in Kenney’s case) tested on their
own. Lupini et al. (1981) related R, to the granular void ratio, e; = [volume of platy
particles and water]/[volume of rotund particles], to three modes of residual shear
behavior of fine-grained soils, i.e. the sliding mode, the transitional mode and the
turbulent mode.

The relative residual strength R, was plotted against the granular void ratio e, in
Figure 5.32, based on testing results of the ring shear tests of composite natural slip
zone soils of TGP and the direct shear tests on artificial mixtures of clay, silt, sand
and gravel presented in Chapter 4. The relationship between R, and e, in Figure 5.32
reflects a transition in residual shear behavior of composite soils containing a large
range of particle size. The e, range from 0.8 to 4.0 was distinguished as the transi-
tional zone, over which the shear behavior changes from sliding to turbulent mode.
All points of the composite soils are located into the transitional range. This coin-
cides with what has been observed during the visual examination of the structures of
shear zones.
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Figure 5.32 Relative residual strength, R, versus granular void ratio, g, and the boundaries of the
validity domains of the shear modes.

5.8 CONCLUSIONS

The analyses of the experimental results reported in this chapter on composite soils
collected from three slip zones of landslides in the TGP area have enabled the reaching
of the following conclusions.

5.8.1 Influential factors

The relationship between the residual shear strength and Atterberg limits suggests, to
some extent, that high plasticity index of fines in the composite soils would lower the
residual shear strength. However, this correlation is not very strong since the presence
of the coarse particles in such soils is to weaken the influence of Atterberg limits which
can only be measured on the fine fraction and can represent the fines rather than the
soil as a whole.

For soils containing abundant coarse particles, the grain size distribution plays an
important role on the shear behavior. The parameters, which are derived from grain
size distribution, such as the coefficient of curvature (C,.), the sand content, the ratio
of gravel content to the sum of the remaining particles and the ratio of coarse fraction
to fine fraction, show close correlations to the residual strength.

The particle shape is confirmed again as one of the main factors influencing the
shear behavior. The quantitative shape parameters (circularity, convexity and elon-
gation) measured by means of microscope and image analysis technique, correlate
well with the residual strength of the composite soils. The greater the values of the
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circularity and convexity, the lower the residual shear strength. The greater the value
of the elongation, the higher the residual strength.

The shearing rate does exert some influence on the shear behavior of composite
soils. However, the effect (positive, neutral or negative) of the shearing rate is guided
by the inherent properties of the soils. Particle shape, plasticity, void ratio and water
content are all overriding factors compared to the shearing rate and control the shear
behavior of composite soils sheared at different rates.

5.8.2 Fluctuations of measured shear stress

The fluctuations of both the stress ratio and the vertical displacement were analyzed
with the aid of FFT. The quantified characteristics of these fluctuations (amplitude and
wave length) reflect the irregularity and roughness of the shear surface. Besides normal
stress, which has been testified to be a factor influencing amplitude and wave length,
two factors, shearing rate and particle shape, were also demonstrated to impose some
effects. Both amplitude and wave length decreases with increasing shearing rate. The
angularity and roughness of coarse particles lead to high amplitude and short wave
length.

5.8.3 Residual shear modes

The composite soils described in this chapter all showed the transitional shear mode.
This was consistent with the visual examination of their shear zones. The correla-
tion between the residual shear strength and the granular void ratio, when mapped
on the relationship derived from the artificial mixtures reported in Chapter 4, show
good agreements with the boundaries marking the range over which the shear mode
changes from sliding to turbulent mode. These observations reinforce the validity of
the framework defined by the direct shear tests on artificial mixtures in encapsulating
the behavior of a large variety of natural soils regardless of the shearing method.



Chapter 6

Conclusions

6.1 INTRODUCTION

It has long been recognized that the slip zones are the weakest features of ancient/old
landslide masses and that the mechanical properties, especially the residual strength,
of these zones play a critical role in the stability and reactivation of these former land-
slide masses. In the TGP area, approximately 2,490 ancient landslides of various scales
have been identified during the earlier field investigations. The reactivation potential
of these landslides poses a great threat to navigation in the reservoir and to operation
of the TGP dam.

Effective mitigation of landslide disasters calls for systematic studies to improve
our insight into mechanical properties of these slip zones. However, slip zone soils
in these landslides fundamentally differ from more widely studied fine-grained and
granular soils due to their pronounced properties: (1) wide range of particle size; (2)
abundant coarse fraction; (3) a wide range of Atterberg limits; (4) diversified clay
mineralogy; and (5) diversified properties of coarse particles. These properties hamper
investigations into these composite soils due to the necessity of a shear apparatus
with a large sample chamber and long shear displacement capacity, and longer testing
period.

In order to improve our understanding of the shearing mechanism of such slip zone
soils, a systematic laboratory testing program was conducted. A total of 138 lab tests
were carried out using large ring shear apparatus (33) and intermediate direct shear
box (105). Tested samples included artificial materials (glass sand and glass beads)
and natural slip zone soils from the TGP landslides. The normal stress ranged from
50 to 400 kPa and the shear rate from 0.06 to 600 mm/min. Based on the results of
these tests, soil compressibility, the structure and water content of the shear zone and
shear mode of granular and composite soils were methodically and thoroughly ana-
lyzed and discussed. Five influential factors were identified (Atterberg limits, particle
size distribution, magnitude of normal stress, particle shape and shearing rate) and the
contributions of these factors were quantified. This chapter presents the major conclud-
ing remarks for the entire investigation, limitations of this study and recommendations
for the future studies.
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6.2 CONCLUSIONS

6.2.1 Soil compressibility

The weight percentages of each particle size fraction determine the attainable void
ratios of composite soils after consolidation. Relationships between the void ratio and
content of fine fraction exhibited a concave pattern. Increasing the fine fraction from
zero to a threshold value, found to be approximately 20-30% in this study, caused a
decrease in void ratio of the mixture. Beyond this threshold, a further increase of fine
fraction caused an increase in void ratio up to the values obtained for the fine material
alone.

Particle size distribution affects maximum attainable void ratios in soils with fine
fraction. Poor grading (as in KG mixture) resulted in greater void ratio while good
grading (as in FG mixture) resulted in lower void ratio. Given the same percentage of
coarse fraction (glass sand and glass beads), mixtures with only kaolin as their fine
fraction (KG mixtures) had greater void ratios than those with kaolin and silt as fine
fraction (FG mixtures). Synchronously increasing fine fractions of these two mixtures
increased the difference between their void ratios.

The shape of coarse particles influences maximum attainable void ratios, and the
void ratios increase with decreasing roundness or sphericity. For the same percentage
of fine fractions (kaolin and silt), mixtures with artificial materials (glass sand and
glass beads) as their coarse fractions (FG mixtures) developed lower void ratios than
those with natural materials (river sand and crushed gravels) as coarse fractions (FN
mixtures). Synchronously increasing coarse fractions of these two mixtures increased
the difference between their void ratios.

6.2.2 Water content after shearing

Whether the water content of the shear zone is greater or less than that of surrounding
layers and the value (positive, zero or negative) of this difference were found to be
strongly dependent upon the grading, magnitude of normal stress and particle shape.

High proportion of coarse fraction, low normal stress and angular coarse particles
resulted in greater water content of shear zone than that of surrounding layers, causing
positive difference between them. Low proportion of coarse fraction, high normal
stress and rounded coarse particles caused the opposite.

The value of difference between water content of shear zone and surrounding layers
decreased with increasing fine fraction. High proportion of fine fraction enables the
specimen to contract especially within the shear zone, where a very thin but dense layer
of orientated fine particles forms, thus lowering water content of shear zone compared
with surrounding layers. On the contrary, the specimens with high proportion of coarse
fraction behave like dense sand with a relatively loose layer of coarse particles, thus
absorbing much water.

Increasing normal stress decreased the value of difference in water content of shear
zone and surrounding layers. The specimens containing intermediate proportion of fine
fraction tended to behave similar to dense sand when sheared under lower normal stress
(e.g. 50kPa), thus resulting in higher water content in the shear zone compared with
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surrounding layers, but similar to a normally consolidated clay under higher normal
stress (e.g. 200 kPa), leading to lower water content in the shear zone.

Increasing angularity of coarse particles in soils caused an increase in the value of
difference of water content between shear zone and surrounding layers.

6.2.3 Fluctuations of measured shear stress

The measured fluctuating shear stress could be decomposed into two components,
friction and net fluctuation. The latter was a natural but often ignored result of the
wavy and/or rough shear surface. Each of these components consumed a portion of
energy supplied by resultant shear force.

It was demonstrated that the Fast Fourier Transform (FFT) can be utilized to
convert the fluctuations of both shear stress and vertical displacement into signals in
length frequency domain expressed in terms of wave length and amplitude, which in
turn can be used to quantify the energy consumed by fluctuations.

For the artificial granular materials tested at 200 kPa, it was found that the friction
consumed as much as 90% of the total work done by the resultant shear force while
the net fluctuation consumed 10%. For natural slip zone soils tested at 400 kPa, the
former consumed 85% and the latter consumed 15%.

The fluctuations of both stress ratio and vertical displacement were verified to coin-
cide with structures of shear zones. The characteristics of these fluctuations (amplitude
and wave length) reflected the degree of irregularity and roughness of the shear surface.

Four factors were observed to influence the fluctuations:

— Increasing fine fraction decreases the amplitude and wave length of the
fluctuations;

— Increasing angularity and roughness of coarse particles increases amplitude but
decreases wave length.

— Increasing normal stress increases the amplitude and wave length; and

— Increasing shearing rate decreases the amplitude and wave length.

Relationships between fluctuation characteristics and sample properties (content
of fine fraction, particle shape) indicate that the fluctuation could be an indicator
directly presenting inherent soil properties. It was therefore suggested that the aver-
aging, which was often used to smooth the fluctuations in previous studies, is not
appropriate.

6.2.4 Shear model of granular materials

The results from decomposition of fluctuations of shear stress at residual state through
FFT suggested that the particle interlocking still plays an important role in the shear
stress, though the main style of movement at residual state, from the macroscopic
point of view, appears to be sliding along a wavy surface.

The progressive growth of wave length and amplitude of fluctuations from peak
point to the onset of residual state indicated that the formation process of shear zone is
accompanied by segregation (i.e. concentration of coarse particles in the shear zone
and enrichment of small particles outside the shear zone).
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Based on the findings of this study, a 4-stage shearing process for granular materials
was proposed:

— The first stage generally exhibits contraction due to the change of stress field
caused by applied shear force. This force modifies the soil skeleton made up of
solid particles, which is shaped during the previous consolidation period. This
stage ceases when granular interlocking prevents further contraction.

— In the second stage, i.e. dilation before the peak, movement of particles occurs
to overcome the interlocking leading to volume increase. This stage ceases when
the particle interlocking reaches its climax, accompanied by the occurrence of the
peak point.

— During the third stage, the slip surface starts forming with small-size particles
moving out to accommodate larger particles penetrating the shear zone.

— At the end of the third stage, the upper and lower halves of the sample behave as
rigid blocks and the soil gradually reaches the residual state.

6.2.5 Shear mode of composite soils

The residual shear modes (sliding, transitional and turbulent) put forward by Lupini
et al. (1981) were extended for application to a wider range of soils in terms of the
maximum particle size involved.

The granular void ratio, ey, appears to be a good indicator for the transition of
shear modes. The e, boundaries (0.8, 4.0), marking the range over which the shear
mode changes from sliding to turbulent, was shown to be a useful guide to estimate
the residual shear mode of natural soils with similar fine fractions and particle size
ranges to those of the mixtures tested in this study.

The shear mode of a composite soil results from the counterwork of two basic
processes, sliding between orientated fine particles and the interlocking of coarse par-
ticles. The orientation of fine particles favors the sliding mode whereas the particle
interlocking favors the turbulent mode. Thus the resultant shear mode depends on the
extents of these basic processes. When these processes operate roughly equally, the
transitional mode prevails.

Besides grading, which has been demonstrated to dominantly control the transition
of shear modes, normal stress and particle shape were also found to impose some
effects on this transition. High normal stress favors sliding mode while roughness and
angularity of coarse particles intensify the particle interlocking, favoring transitional
and turbulent shear modes.

6.2.6 Influential factors

The particle size distribution was again verified to play a pivotal role in the mobiliza-
tion of residual strength. For all samples involved in this study, increasing fine fraction
(<0.063 mm) from 0% to 100% resulted in a gradual transition from typical clay to
granular soil behavior. When the fine fraction increased, the residual strength gener-
ally decreased and the residual shear behavior gradually changed from turbulent to
sliding mode.



Conclusions 117

The particle shape, quantified by circularity, convexity and elongation, emerged
as a significant parameter that contributes to the residual strength. Increasing circular-
ity and/or convexity decreases residual strength while increasing elongation increases
it. The roughness and angularity of coarse particles favor turbulent and transitional
modes.

The Atterberg limits and magnitude of normal stress were confirmed to have neg-
ative influence on the residual shear strength. The influence of normal stress was
found to become more significant in the lower range from 50 to 200 kPa. The higher
the normal stress, the lower the residual shear strength. In addition, increasing the
normal stress favors sliding mode. The fast shearing rate (6 mm/min compared to
0.06 mm/min) was demonstrated to result in a decrease in residual strength of the soils
containing a sizeable fine fraction (about >50%) but in an increase in residual strength
of the soils with a small amount (about >40%) of fine fraction.

The analysis of the influence of individual factors substantiates the fact that the
residual strength is determined by the cooperation and/or competition of all these
factors rather than any single one.

6.3 LIMITATIONS

Two-dimensional measurement of particle shape by using analySIS may cause some
deviations from the true three-dimensional nature of soil particles.

Since the maximum particle size was 10 mm in this study, the derived conclusions
may only represent the shear behavior of natural soils with similar fine fractions and
particle size ranges to those of the samples tested in this study.

Although the observations from this study confirmed that there exists no signifi-
cant influence of test methods on shear behavior of composite soils, the validity of this
observation for other test methods, such as triaxial compression, hollow cylinder and
torsional shear needs to be investigated.

6.4 RECOMMENDATIONS FOR FUTURE STUDY

On the basis of the present investigation, a number of research topics have emerged as
of potential value for future investigations:

— Extending the tests to cover a wider variety of natural slip zone soils in terms of
maximum particle size, varying particle shapes and clay mineralogy to generalize
the patterns of residual shear behavior observed in this study.

—  Further evaluation of the fluctuation of shear stress and vertical displacement as
a general index delineating inherent properties of soils and testing conditions.

— Modifications of proposed shearing model for granular materials by means of
numerical simulations to enhance the validity and reliability of experimental
findings.

— Comparative evaluation of shear behavior of composite soils tested with different
types of apparatuses.
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