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THE INFLUENCE OF FINE PLATY PARTICLES ON THE BEHAVIOUR OF A
ROTUND SAND
by Michelle Theron

The behaviour of mine tailings displays characteristics of both sand and
clay. It is widely recognised that the behaviour of the tailings is governed
by the fines content i.e. the greater the fines content the more clay-like the
behaviour. Analytic analysis of tailings has revealed that some clay minerals
are present. However, Olsen and Mesri (1970) proved that the behaviour of
these clay minerals are controlled by mechanical forces rather than electro-
chemical forces as initially thought. The clay-like behaviour of the tailings
could thus not be attributed to the electro-chemical forces acting on fine
particles, implying that some other mechanism must be at work.

A recent investigation into the behaviour of gold mine tailings (Ver-
meulen, 2001) showed that the particle shape of the fines tailings is pre-
dominantly platy whilst that of the coarse particles are angular. Various
researchers have demonstrated that platy particles markedly influence the
behaviour of sand. Consequently, research has been undertaken to establish
whether the platy fines might govern the behaviour of the mine tailings. A
laboratory investigation was conducted on an artificial soil namely Soton Soil,
of which the particle shape and relative particle sizes were similar to those
investigated by Vermeulen (2001). The Soton Soil consisted of coarse rotund
particles containing various amounts of platy fines in the form of mica.

The compressibility, stiffness and shear behaviour of the Soton Soil were
measured in the laboratory. Stiffness measurements included both small strain

shear stiffness and Young’s modulus. Although the former are commonly



measured in the laboratory using bender elements, several uncertainties are
associated with the technique. Consequently a bender element new configura-
tion and novel interpretation technique was developed that yielded repeatable
results.

The observed behaviour of the Soton Soil was compared with the charac-
teristic behaviour of mine tailings as documented in the literature, especially
that by Vermeulen (2001). The mean diameter of the coarse rotund sand em-
ployed in the research was 1mm whilst that of the mica 0.1mm. The relative
sizes of the Soton Soil particles compared well with the gold tailings tested by
Vermeulen (2001). The percentage of platy fine particles (mica) (by weight)
present in the Soton Soil varied between 5% and 20% which falls within the
typical range found in mine tailings. A good correlation was found between
the mechanical behaviour of mine tailings and Soton Soil. The unique be-
haviour of the mine tailings might thus be attributed to the particle shape

of the fines.
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Chapter 1

INTRODUCTION

1.1 Background

The behaviour of mine tailings is currently described by means of classical
soil models and theories. Predicted and observed behaviour often differ, as
tailings are a man made material and thus do not always fit within the frame-
work of natural soil (Martin and Roberts, 1998). It has been recognised by
several researchers such as Pettibone and Kealy (1971); Mittal and Morgen-
stern (1975); Vick (1990) and Stone, Randolph, Toh and Sales (1994) that the
behaviour of mine tailings could be described as somewhere between that of
sand and clay, with the fines controlling the mass. Consequently, assumptions
made in the classical soil models and theories often do not apply. Although
much has been done in recent years to quantify the soil properties of tailings,
governing mechanisms are still not fully identified and understood.
Vermeulen (2001) has investigated the composition and state of gold tail-
ings. Very little clay minerals with colloidal activities were found in the tail-
ings and hence clay-like behaviour could not be attributed to electro-static
forces. Microscope analysis of the gold mine tailings revealed that the particle
shape of the fine tailings differs from that of the coarse. The particle shape
of the fine tailings was found to be predominantly platy while that of the

coarse angular. Similar observations were made by Colin (1980). Following



this research it was decided to investigate the influence of fabric and more
specifically, particle shape on the behaviour of mine tailings. The behaviour
of mine tailings in general was investigated with the emphasis placed on gold
mine tailings. It was anticipated that the results of this thesis would put for-
ward a governing mechanism which explains the behaviour of mine tailings,

more specifically that of gold mine tailings.

1.2 Objective

The objective of this research is to identify a possible mechanism that con-
trols the behaviour of mine tailings, namely the particle shape of the fines.
“Soton soil”, in this thesis, was defined as the combination of platy fine and
rotund coarse sand particles. The Soton Soil consisted of platy particles in
the form of mica and coarse rotund particles (Leighton Buzzard sand). The
term “rotund sand” was used for equidimensional particles which was repre-
sentative of the coarse tailings particles. The influence of particle shape on
the compressibility, small strain stiffness (both shear and elastic) and shear
behaviour of Soton Soil, having similar particle shape to the mine tailings,
was investigated. In doing so, a new bender element configuration and novel
interpretation technique was developed which improved the repeatability of
bender element results. Observed behaviour was then compared against that
of mine tailings, as documented in the literature with special reference to the

work carried out by Vermeulen (2001).

1.3 Scope

The influence of particle shape on the mechanical behaviour of mine tailings
was investigated within a laboratory environment by using Soton Soil. The
small strain stiffness, compressibility and shear strength behaviour of the
Soton Soil specimens were assessed. The results were then compared with

that of rotund sand specimens and mine tailings. The small strain stiffness



of the material was obtained from bender element measurements as well as
local deformation devices such as linear variable differential transformers. In
order to do so, a literature review was conducted on the current practices of
bender elements. A new bender element configuration and novel interpreta-
tion technique was developed, with the aim of improving the repeatability of

results.

1.4 Methodology

The aims of the research were achieved by adopting the following methodol-
ogy:

e literature review focussing on the mechanical behaviour of mine tailings

and other geomaterials of similar particle shape,

e literature review on current bender element practices followed by the
development of a bender element configuration and interpretation tech-

nique that yields repeatable results,

e a series of comparative isotropic normally consolidation tests and undrained

triaxial shear tests to assess the influence of particle shape of the fines,

e microscopic investigation of the particle alignment of the various Soton

Soil specimens and

e analysis and interpretation of the results to establish the influence of
particle shape on the mechanical behaviour of Soton Soil as well as to

compare the behaviour of mine tailings and Soton Soil.

1.5 Organisation of the thesis

The thesis consists of the following chapters:

e Chapter 1 serves as an introduction to the research.



Chapter 2 reviews the literature with regards to the composition, com-
pressibility and state of tailings and the influence of particle shape on

other geomaterials having similar particle shape.

Chapter 3 reviews current bender element practices and as a result

develop a bender element technique that yields repeatable results.

Chapter 4 outlines the laboratory testing program, specimen prepara-

tion as well as preliminary test results.

Chapter 5 discusses the results of the experimental work so as to estab-

lish whether the behaviour of tailings could be contributed to particle

shape.
Chapter 6 draws conclusions from the results.

Appendix A Visual Basic program for calculating the cross correlation

between two bender element signals.



Chapter 2

LITERATURE REVIEW

2.1 Introduction

The mechanisms controlling the behaviour of mine tailings dams are not yet
fully understood. Tailings behaviour may be classified as somewhere between
that of sand and clay with the material becoming more clay-like closer to the
pond of the tailings dam. It is unclear as to what causes the tailings to
behave in such a manner, as very little clay is present. The literature, with
regards to the composition and mechanical behaviour of mine tailings have
been reviewed with the emphasis placed on gold mine tailings. Geomaterials
with similar fabric have also been studied to determine whether fabric might

influence the behaviour of the material.

2.2 Description of tailings behaviour

Central to the understanding of tailings behaviour, is the nature of deposi-
tional processes that tailings undergo. Tailings are placed hydraulically by
means of a peripheral discharge method such as spigotting which produces
a highly heterogenous material in both horizontal and vertical direction. A
full description of current practices may be found in Robertson (1987), Vick
(1990) and Vermeulen (2001).



Hydraulic segregation of the particles occurs as they move away from the
deposition point towards the pond (Figure 2.1). As a result the material to-
wards the pond becomes progressively finer (Blight and Bentel, 1983; Matyas,
Welch and Reades, 1984; Rassam, 2002). The material in the day wall is
termed whole tailings, the transitional zone sand and slimes and pond, slimes
(Figure 2.2). As the coarse particles settle out, the moisture content of the
remaining slurry increases whilst the pulp density decreases. This reduces
the slope of the beach which in turn increases deposition of particles (Blight,
1987; Robertson, 1987; Wates, Stevenson and Purchase, 1987). The shape
of the hydraulic fill beach is thus governed by the particle size sorting pro-
cess, strength of the settled slurry and conservation of energy. The degree
of grain segregation depends on the slurry density and flow concentrations
(Robertson, 1987).

In the vertical direction, the material is highly layered owing to these de-
positional practices (movement of the discharge point and penstock (Hdeg,
Dyvik and Sandbaekken, 2000)), soil forming processes and variation in
milling consistencies. Figure 2.3 is an example of normalised piezocone re-
sults from a gold tailings dam. The variation of the material with depth
can clearly be seen. If the discharge point or spigots are widely spaced, the
variation in fines content increases and could be as much as 50% over short
vertical distances (Vick, 1990).

The in situ properties of the tailings such as permeability, compressibility
and strength are related to the beach profile. This will be illustrated in the

remainder of this section.

2.2.1 Composition of tailings

Pettibone and Kealy (1971) investigated the backfill material of several mine
tailings under a microscope. The data were collected from the Spokane Min-
ing Research Centre. The material was found to be angular. On the other
hand, Hamel and Gunderson (1973) found the particle shape of Homestead

gold slimes to consist of both angular and needle shaped particles with the



latter being predominant. Colin (1980) also noted the angularity of the large
grains (sand) and significant proportions of needle shaped particles present
in the slimes.

Vermeulen (2001) investigated the composition of gold tailings on a mi-
cro scale. A scanning electron micrograph (SEM) was employed to investigate
the particle shape of the respective particle fractions as well as to visually
grade the tailings. In addition, undisturbed samples obtained from block
samples were studied to investigate the structure of the sample in its undis-
turbed state. It was found that the coarse fraction was sub-angular with
either smooth or rough surfaces while the particles of the fine fraction were
platy with smooth and flat surfaces (Figure 2.4). The fine fraction appears
to not only attach itself onto the coarser sand grains but also to form flocs

of fine particles (Figure 2.5).

2.2.2 Index parameters and particle size distribution

Matyas et al. (1984) investigated the behaviour of uranium tailings and found
tailings sand to be non-plastic, while the slimes had a plasticity index ranging
between 0 and 10% and a liquid limit between 25-40%. Aubertin, Bussiére
and Chapuis (1996) described the tailings of four different hard rocks as
slightly plastic with a liquid limit of 17.5% and plastic limit of zero. Accord-
ing to Wagener, Craig, Blight, McPhail, Williams and Strydom (1998) the
Atterberg limits of gold tailings generally fall within the following ranges:

Liquid Limit (LL) = 23-43
Plastic Limit (PL) = 22-35
Plasticity Index (PI) = 1-8
Linear Shrinkage = 2.7-4.7

Qiu and Sego (2001) investigated samples of three different mine tailings

i.e. copper, gold and coal wash in the laboratory. They found that with the
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exception of the coal wash tailings, all of the tailings could be regarded as
non-plastic according to the Atterberg limit tests (BS1377, 1990). Vermeulen
(2001) investigated the properties of gold mine tailings and found that the
material had a very low plasticity. Depending on the grading of the material,
and hence their location in the tailings dam relative to the discharge point,
the classification varied between low to high plasticity silt on the Casagrande
A-line or standard plasticity chart (BS1377, 1990).

Stone et al. (1994) investigated the properties of the fine grained residue
produced at the Boddington gold mine in Western Australia. The particle
size distribution of the tailings were assessed by means of two hydrometer
tests. The first test followed the procedure as outlined in BS1377 whilst the
second test was conducted with decanted pore fluid without the addition of
dispersant. Figure 2.6 shows that the coarser fraction is essentially similar for
both tests. Flocculation of the residue in the second test however, resulted
in a much coarser apparent particle size distribution. Vermeulen (2001) in-
vestigated the particle size distribution of two gold tailings using standard
wet-sieve and hydrometer methods as well as “visual” grading from electron
micrographs. The tailings were pre-treated to remove calcareous compounds
and organic matter but also to ensure they were in a dispersed state. Paral-
lel tests were performed on non-treated material for reference. No carbonate
compounds were detected, suggesting that carbonate bonding had not oc-
curred in these tailing deposits. Pre-treatment of organic compounds made
very little difference to the tailings particle size distribution. Treatment with
a dispersant however, altered the measured grading from medium silt sized
(> 10pm) to a relatively uniform distribution in the fine sand and silt size
ranges (10% finer than 2um) (Figure 2.7). This difference in particle distri-
bution might be attributed to:

e Tailings being deposited in a flocculated state. Without dispersant, the

finer material aggregates into flocs with a diameter greater than 10um.

e The fine flaky tailings attaching themselves to the sand and coarse silt

particles in the flocculated state and settling out together. The dis-
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persant detached these fine particles from the coarser particle allowing

them to settle out separately.

Table 2.1 and Figure 2.8 summarize the grading properties of the dis-
persed gold tailings. Visual interpretation of the grading was conducted on
representative dispersed samples of the sieve and hydrometer analysis (Ver-
meulen, 2001). Each sample (representative of a size fraction) was investi-
gated under a scanning electron microscope (SEM) and the average diameter
of the particle measured. This measurement was then applied to the mass
fraction represented by the micrograph. It was found that the visual grad-
ing resulted in a coarser grading than obtained by the sieve and hydrometer
analysis. The reason for this is that the particle shape of the fine fraction
is platy whilst both the sieve and hydrometer analysis is based on the as-
sumption of a round particle shape. Terzaghi (1925) also identified the fact
that soil classification by means of grading analysis assumes round particle
shape while most soil particles have a different shape, thus resulting in an
inaccurate assessment of particle size.

In conclusion it may be said that tailings and gold tailings in particular
are granular materials consisting mainly of silt and sand sized particles with
very few clay particles present. The grading of the material depends on the
location of the tailings relative to the discharge point. Tailings appear to
exhibit very little plasticity, and based on this, it might be assumed that the
behaviour of the tailings would follow that of a granular material such as

sand.

2.2.3 Compressibility and consolidation

“Because of their loose depositional state, high angularity and grading char-
acteristics, both sand and slimes tailings are more compressible than most
natural soils of similar type.”, Vick (1990).

It is generally assumed that tailings are in a normally consolidated state

owing to their recent stress history, although over-consolidation could be



found in cases where the tailings are deposited in a sub-aerial fashion®. Pri-
mary and secondary consolidation occurs simultaneously in the tailings (Vick,
1990).

Matyas et al. (1984) conducted conventional oedometer tests on undis-
turbed and reconstituted uranium tailing samples obtained from below the
water table. The fine tailings appeared to be more compressible than the
coarse tailings (Figures 2.10 and 2.11), which was also noted by Robertson
(1987). It is interesting to note that the compressibility of the undisturbed silt
(fine) sample was higher than its reconstituted version. Vermeulen (2001) in-
vestigated the isotropic compressibility of undisturbed and reconstituted gold
tailing samples (Figure 2.9). The fine tailings appeared more compressible
than the coarse tailings. If the void ratio of the fine and coarse reconstituted
tailing samples were compared with each other for the stress range of 20kPa

to 500kPa in virgin compression, it would be seen that:

Mizpah pond tailings = efine = 1.5€c0arse

Pay dam penstock tailings = e€pine = 2€c0arse

Additionally Matyas et al. (1984) constructed a 5m high test embankment
consisting of sand tailings on top of the 11m high tailings dam to monitor
the corresponding settlement and excess pore pressure generation. The excess
pore pressures dissipated relatively quickly from the sand tailings, but at a
much-reduced rate in the silt tailings.

Table 2.2 summarizes the coefficients of compressibility and consolidation
for mine tailings as measured by several researchers such as Blight and Steffen
(1979), Matyas et al. (1984), Stone et al. (1994), Aubertin et al. (1996) and
Trojcek (2002). It is evident from the Table that both the compressibility
and consolidation of the tailings are affected by the grading. The tailings

slimes appear to be three times more compressible and up to six orders of

lachieved through open ended pipe discharge, spigotting or cycloning
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magnitude slower to consolidate than the tailings sand.

2.2.4 Stiffness

Hoeg et al. (2000) assessed the small strain shear stiffness (Gpme,) of fine
tailings collected from the Polish Zelazny tailings dam. The dam was built
by the upstream construction method, which is commonly used for tailings
dams in South Africa. Undisturbed tube samples were collected at 40m, 120m
and 200m from the dam crest in the direction of the pond. Reconstituted
specimens were also prepared by means of moist tamping to bulk densities
equal to that of the undisturbed specimens. The samples were anisotropically
consolidated (K, = 0.5) to confining pressures of 50kPa, 250kPa and 500kPa
after which G, was measured using bender elements. It was found that
Gmaz increased with increasing confining pressure (Figure 2.12). Apart from
the initial stiffness measurement of the specimen collected at 40m from the
dam crest, the recorded G,,q, value of the undisturbed specimens were 20%
to 30% higher than their reconstituted counterparts, despite similar void
ratios. No evidence of cementation could be found and consequently this
was ascribed to differences in soil fabric. G4, also seemed to decrease with
increasing distance from the dam crest, i.e. increasing fines content. The
literature review with regards to the small strain shear stiffness of tailings

were restricted to a single case study due to limited information on the topic.

2.2.5 Shear strength

As noted in the previous sections, mine tailings are predominantly granular
materials with low plasticity, despite the fact that their coefficient of com-
pressibility can be surprisingly high. It might thus be reasonable to expect
the shear strength behaviour of tailings to follow that of a granular material
such as sand. The effective internal friction angle (¢') of a sand is greatly
influenced by its density, particle size distribution and particle shape and

typically ranges from 27° to 50° (Terzaghi, Peck and Mesri, 1996). Bolton
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(1986) investigated the published data of several sands at different densities
and confining pressures in terms of their strength and dilatancy. It was found
that the critical state angle of shearing resistance is a function of mineralogy
with that of quartz and feldspar typically in the order of 33° and 40° respec-
tively. The extra angle of shearing of dense soil is correlated with its rate
of dilation and falls within a margin of about 2°. Literature on the subject
however suggests that the ¢’ value of tailings are independent of the above
factors.

Matyas et al. (1984) found the ¢’ of uranium tailings to be highly depen-
dent on the void ratio prior to shearing. The silt fraction exhibited higher fric-
tion angles than the sand tailing at equal void ratios. This was attributed to
the higher percentage of needle shaped particles present in the silt. Kuerbis,
Negussey and Vaid (1988) investigated the phenomenon of nearly constant
friction angles of the tailings sands and slimes by adding natural silt fines
to the tailings sands. The effective friction angle at phase transformation for
undrained compression and extension remained constant and proved to be
independent of both silt content and mode of deformation. It was thought
that the silt fines simply occupied the voids while the sand skeleton still con-
trolled the shear behaviour. The addition of silt fines did however result in
higher densities following sample preparation and increased dilatancy under
shear. This demonstrated that contrary to their initial belief, the addition of
silt particles did influence the shear behaviour of the tailings sand despite ¢’
remaining constant. Kuerbis et al. (1988) results were in direct contrast with
those of Matyas et al. (1984) who found ¢’ to be dependent on the fines con-
tent. A possible explanation for this is the difference in particle shape of the
fines. Kuerbis et al. (1988) results however, is supported by both Vermeulen
(2001) and Rassam (2002) (the effective friction angle to be independent of
particle size).

Vick (1990) investigated the shear strength behaviour of tailings by means
of undrained triaxial compression tests and found them to be cohesionless,

with typical effective friction angles (¢') ranging between 30° and 37°. The
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effective friction angle was found to be relatively unaffected by particle size
distribution, over consolidation ratio and density of the tailings. The effec-
tive stress level on the other hand, seemed to be the controlling factor, i.e.
an increase in effective stress results in an increase in effective friction an-
gle. Vermeulen (2001) conducted consolidated undrained triaxial compres-
sion tests on both reconstituted and undisturbed samples of whole, coarse
and fine tailings. All of the samples with the exception of the Pay Dam fine
tailings showed phase transfer dilation at failure followed by strain harden-
ing. Dilatancy was more pronounced with the coarser grades. In terms of the
Cam-Clay theory, it was found that the state boundary surface and criti-
cal state line of the fine and coarse tailings in the stress plane (q, p’) were
close to each other (Table 2.4). On the other hand, major differences exist in
the compression plane (e, p’) between the fine and coarse tailings owing to
differences in density and hence void ratio.

A summary of the shear strength parameters as measured by several
researchers such as Mittal and Morgenstern (1975), Qiu and Sego (2001) and
Byrne and Seid-Karbasi (2003) can be found in Table 2.3.

The stability of mine tailing dams is evaluated using slope stability anal-
ysis based on constant effective friction angle. Although the literature sug-
gests that ¢’ remains constant irrespective of the particle size and density,
caution should be exercised as the post failure stress paths of the fine and
coarse tailings differ. As noted, fine tailings compress whilst the coarse tail-
ings dilate (Vermeulen, 2001). Furthermore, idealised laboratory conditions
(undrained and drained) do not model field-loading conditions correctly. The
higher permeability of the coarse layers mobilises greater partially drained
shear strength. Ultimately, layers of coarse tailings on a tailings dam will
dissipate excess pore pressures more rapidly than layers of fine tailings. De-
pending on the rate of shear, coarse tailings will show a drained response
whilst fine tailings an undrained response when sheared. Vermeulen (2001)
showed that the drained shear strength of the coarse gold tailings were almost

three times that of the undrained shear strength of the fine tailings under
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similar initial isotropic confinement stress conditions. It should however be
noted that as the material is highly layered, a weighted permeability might
be more applicable and hence the mobilised shear strength would actually
lie somewhere between drained and undrained.

Following the above it can be concluded that:

e Tailings predominantly consist of quartz with very few clay particle

minerals.

e The behaviour of tailings is dependent on the content of fine particles,

which in gold tailings appear to be flat and platy.
e The void ratio of the slimes is higher than that of the sand tailings.

e “Tailings are more compressible than most natural soils of similar type”
(Vick, 1990).

e Tailings slimes appear to be three times more compressible and consol-

idate at a rate of up to six orders of magnitude slower than the tailings

sand.

o The material is cohesionless with an effective angle of friction that

appears to be largely unaffected by the particle size or density.

e Fine tailings reach failure at constant volume and shear strength. Coarse
tailings on the other hand, undergo phase transformation followed by

dilation and therefore strain hardening under undrained conditions.

2.3 Behaviour of geomaterials containing platy
particles

A number of researchers e.g. Vermeulen (2001), Vick (1990) and Matyas et al.
(1984) have recognized that the behaviour of mine tailings are governed by

the fine fraction. Several researchers such as Hamel and Gunderson (1973),
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Colin (1980) and Vermeulen (2001) noted that this fraction contains very
little colloidal clay minerals, but that they have a platy particle shape. The
mechanical behaviour of other geomaterials having similar particle shape will
now be investigated to establish their characteristic behaviour. This will then
be compared with that of mine tailings, previously described, to determine

whether any similarities exist.

2.3.1 Behaviour of rotund particles compared to platy

particles

The particle shape of the fine and coarse tailings have previously been de-
scribed as angular, sub-angular, platy and needle shaped. Particle charac-
terisation is thus addressed followed by a description of platy and rotund

particle behaviour.

Particle characterisation

Terzaghi and Peck (1948), Mitchell (1976), Bolton (1986), Terzaghi et al.
(1996) and Craig (1997) postulated that the behaviour of granular soil is

influenced by the inherent characteristics of the material such as :
e Particle size which is the size of the individual particles.

e Particle size distribution gives an indication of the distribution of the
particle sizes within a representative specimen of soil. This can be de-
termined from sieve and hydrometer analysis. Some discontinuity exist
where the two ranges overlap as the former presents the intermediate
particle dimension whereas the latter presents the diameter of a sphere

that would settle at the same rate as the soil particle.

e Particle shape describes the general shape of the particle in three di-
mensions (Yudhbir and Abedinzadeh, 1991). It is independent of angu-

larity and surface roughness of the particle (Sukumaran and Ashmawy,
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2001). Two parameters namely elongation (aspect ratio) (E) and flat-
ness (F) (Figure 2.14) are required for particle shape classification (Fig-

ure 2.15) which are defined as follows:

E=L/B (2.1)
F=B/H (2.2)
where
L = maximum dimension of particle
B = intermediate particle dimension
H = minimum dimension of a particle

Although characterisation in three dimensions is more representative
of the particle shape, it is often difficult to perform these measure-
ments, especially on fine particles. As a two dimensional approximation,

Wadell (1932) introduced the term Sphericity (x) which is defined as:

X = De/D (2:3)

0<x<1 (2.4)

x ~ 0 flaky grains
x ~ 1 bulky, spherical grains

where

D = diameter of smallest circle circumscribing projected area
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D, = (%)!3 equivalent diameter of grain

V = volume of grain

e Roundness (R) is defined as ratio of the curvature of the corners and
edges of particles to that of the overall particle (Figure 2.16) (Wadell,
1932). It is most sensitive to the sharpness of angular protrusions (Bow-
man, Soga and Drummond, 2000). Krumbein (1941) developed a two

dimensional equivalent where:

R=N/ ivj D/d; (2.5)

R > 0.6 high roundness

= (.4 to 0.6 medium roundness

Y

R < 0.4 low roundness

Lees (1963) proposed an alternative concept namely Angularity (A)
since Roundness was inadequate to describe particles with sharp cor-
ners. Angularity is calculated (Equation 2.17) from the projections of

the particle (Figure 2.17) (Miura, Maeda, Furukawa and Toki, 1997).

A=) (180—a)x X/r (2.6)
a = corner angle
r = radius of inscribed circle of grain projection
X = distance measured from the inscribed circle centre O to the corner
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e Surface roughness express the surface topography of particles. Wright
(1955) introduced a Roughness Factor (RF) that varies between 0

(smooth) and 20 (extremely rough) and is calculated as follows:

RF = 100Y/32 (2.7)

RF > 10 rough texture
RF = 7to 10 medium texture
RF < 7 smooth texture

where

Y = difference between the roughness line and a 32cm cord

According to BS812 (1975), surface roughness can be categorised in
six broad qualitative classes namely glassy, smooth, granular, rough

crystalline, honeycomb and porous.

e Specific gravity is the ratio of the unit weight of a given material to the

unit weight of water at 4°C.

Some of these inherent characteristics can be quantified using standard

techniques such as particle size analysis and specific gravity (Sukumaran and

Ashmawy, 2001). Such techniques however, do not provide enough informa-

tion regarding the shape of the particles (Barrett, 1980).

Rotund particles

Lade and Overton (1989) investigated the influence of non-plastic fines on

the maximum and minimum void ratio of sand. Spheres of two different
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grain sizes were used to model the behaviour of sand, with the diameter
of the one being much smaller than the other. The larger diameter spheres
present the primary fabric of the soil. The addition of smaller spheres to the
primary fabric increased the total mass whilst the overall volume remained
constant. A minimum void ratio was reached once the voids of the primary
fabric were completely filled with the smaller spheres. Beyond this point, the
large particles were being pushed apart and the void ratio increased. The
authors found that an optimum grain size ratio exists for rotund particles
of different sizes that result in the lowest voids ratio. Figure 2.18 illustrates
the relationship between void ratio to particle diameter ratio (large to small).
There is a sharp decrease in the minimum void ratio with increasing diameter
ratio up to 7, after which this relationship stabilises. A transition in packing
efficiency occurs at a diameter ratio of about 7. At about this value, finer
particles can migrate and fit through the pore paths formed between the
larger particles. At smaller diameter ratios, the finer grains push the larger
grains apart and hence increase the minimum void ratio.

Thevanayagam (1999) postulated that the undrained response of granular
mixes (i.e. equi-dimensional particles but of different particle diameter) is
governed by intergrain contacts and friction. The role of the finer grains
during undrained shear depends on the quantity of the finer grains present
in the granular mix. At high coarse grain content, the fines are inactive in
the transfer of inter particle forces. Once the fine grains are dominant so that
the coarse grains are fully dispersed in the fine matrix, the contact and shear
forces are carried by the fines.

Yamamuro and Lade (1997) investigated the stability of binary rotund
particles in terms of grain contacts. Three different grain contacts namely
“unstable”, “stable” and “passive” were identified (Figure 2.19). Upon low
energy deposition, the larger load bearing grains of the sand skeleton are
held apart by the smaller fine grains (Figure 2.19(a)) resulting in an unsta-
ble configuration. When sheared, the initial volumetric compressibility is high

resulting in the generation of excess pore pressures. With continued shear the
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larger grains move closer together and a more dilatant or stable material is
formed (Figure 2.19(b)). The fine particles resting on the sand within the
void spaces (passive contacts) do not contribute to the compressibility of
the material but do increase its density. Wood and Yamamuro (2000) inves-
tigated the particle contacts developed in Nevada sand containing various
percentages of non-plastic silt under a scanning electron microscope. Spec-
imens were prepared by means of dry pluviation and water sedimentation
to equal void ratios and an isotropic consolidation pressure of 25kPa. It was
found that the dominating grain contact changed from largely stable at 10%

silt to mostly passive contacts at 40% silt.

Platy particles

Olsen and Mesri (1970) investigated the mechanisms that control the com-
pressibility of clay minerals. Both mechanical and physio-chemical models
were evaluated for this purpose. According to the physio-chemical model,
the position of the swelling curve is greatly affected by pore water electrolyte
concentration. The mechanical model on the other hand predicts either no
change or a very small change, depending on whether it is assumed that
the electrolyte concentration influences the surface friction of the particles.
One-dimensional consolidation tests were conducted on kaolinite, illite and
smectite where the pore water was changed. These results were contrasted
against that of ground muscovite, a soil composed of platy particles, where
mechanical effects dominate. It was found that with the exception of smec-
tite, mechanical effects dominated the compressibility of the clay minerals
and muscovite.

Special reference should be made to the compressibility behaviour of the
ground muscovite as it has commonly been used in the research discussed
in the remainder of this chapter. Olsen and Mesri (1970) postulated that
at low consolidation pressures, the angle between particles is a maximum
and surface friction stabilizes the loose soil structure. At high consolidation

pressures, compressibility and swelling is controlled by the flexure of the
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plates due to the orientation of the plates being near parallel. As the aspect
ratio increases, the energy stored in the soil by particle bending and the slope
of the plates increases (Olsen and Mesri, 1970). This results in an increase in
the slope of the swelling curve. The aspect ratio? of muscovite varies between
20 and 50 and consequently it could be expected to have a steep swelling line

as confirmed by experimental data obtained by Olsen and Mesri (1970).

2.3.2 Addition of platy particles to rotund particles

The behaviour of a combination of platy and rotund particles will now be

considered.

Void ratio and density

Hammond and Hardcastle (1987) investigated the influence of mica (i.e. platy
particles) on the density of a micaceous sand. Model sand consisting of Ot-
tawa silica sand and muscovite particles of equal particle size (grain sizes
varying between 0.1lmm and 0.7mm with median of 0.42mm) as well as nat-
ural micaceous sand found in the national forests of northern Idaho, was
used. Various percentages of mica by weight were investigated namely 0%,
5%, 10%, 26%, 50%, 75% and 100%. Model sand containing more than 5%
of mica resulted in lower limiting dry densities (i.e. both maximum and min-
imum dry density) than that obtainable by sand particles of equal parti-
cle dimension. This was attributed to the platy mica particles bridging the
equi-dimensional sand grains (Audibert, Ismael and Clough, 1976). A similar
result was obtained for natural micaceous sand.

Hight, Georgiannou, Martin and Mundegar (1999) investigated the influ-
ence of mica content on the void ratio of micaceous sand. This was done by
increasing the mica (MF 60) content of a fine dumped silica sand from 0% to
20% by weight and noting the difference in void ratio (Figure 2.21). As pre-
viously demonstrated by Gilboy (1928), the addition of mica to equally sized

Zthe aspect ratios for clay minerals are typically in the order of 3 to 100
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quartz sand, increased the void ratio of the material dramatically. The im-
portance of particle shape and position of the fines was illustrated by adding
an angular silt and clay (kaolin) to the sand (Figures 2.21 and 2.22). Both
of these had a very small influence on the void ratio of the sand and in fact,
slightly reduced the void ratio (Hight and Leroueil, 2003; Mundegar, 1997).
This supports the conclusions of Miura et al. (1997) who found that the void
ratio extent (emin and enq) is a function of the grain shape and grading
i.e. the void ratio extent is indirectly proportional to the mean diameter and

directly proportional to angularity.

Compressibility and stiffness

Terzaghi (1925) postulated that the compressibility of cohesionless material
is governed by the grain size, uniformity, volume of voids and mica content.
This was supported by laboratory test results in which the compressibility of
sand samples of different particle shape and surface condition were evaluated.
Following this research, Gilboy (1928) investigated the influence of mica con-
tent on the compressibility of sand. Mixtures of smooth round quartz sand
and mica particles were prepared by pouring them into a compression ap-
paratus. The sand and mica were uniformly graded (particle size ranging
between 0.417mm and 0.589mm) and of equal particle size. An increase in
mica content resulted in an increase in void ratio of the uncompressed ma-
terial as well as an increase in compressibility (both positive and negative
compression) until ultimately it approached that of clay. It was also found
that at low percentages of mica, a slight variation in mica content resulted
in a substantial variation in compressibility. Moore (1971) added mica par-
ticles to Chattahoochee sand (described as medium, uniform, sub-angular)
and measured the compressibility of the material. Each sample was consoli-
dated anisotropically in a triaxial apparatus fitted with lateral deformation
sensors to 345kPa (50psi). It was found that the compressibility is directly
proportional to mica content. The rate of increase in compressibility however,

reducing with mica content. This confirmed Gilboy (1928)’s results which in-
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dicated that the compressibility of sand is most influenced by low percentages

of mica.

Shear strength

Hammond and Hardcastle (1987) assessed the influence of platy particles on
the shear behaviour of sand. This was done by conducting isotropically con-
solidated drained triaxial compression tests on the model sand consisting of
Ottawa sand with varying amounts of mica as well as natural micaceous soil
found in the forests of northern Idaho. The Ottawa sand and mica particles
were of equal particle size. Comparing equal relative density model sand spec-
imens with each other, it was found that an increase in mica content results
in a decrease in the effective friction angle (Figure 2.23(a)). The opposite ef-
fect was noted when comparing specimens of equal absolute density (Figure
2.23(b)). The addition of mica in excess of 5% increased the dilative nature
of the material. Confining pressure had a greater influence on the effective
friction angle than mica content. Audibert et al. (1976) conducted a series
of triaxial and plane strain tests on Chattahoochee sand, a uniform slightly
alluvial micaceous sand. Small amounts of crushed mica of similar particle
size (2% and 10% by weight) were added to the sand so as to establish its
influence on the friction angle. It was found that the mica had very little
influence on the friction angle, if any. This was contrary to the results of
Hammond and Hardcastle (1987).

Differing from the above investigations where the shear behaviour of mi-
caceous soil were evaluated on the basis of a change in friction angle with
mica content, Hight et al. (1999) investigated the effect of mica content on
the stress strain relationship of the material. Fine silica sand with various
percentages of mica by weight (0%, 1%, 2.5%, 5%, 10%, 20% and 40%) was
tested in a constant volume simple shear (CVSS) apparatus. It was found
that small percentages of mica had the greatest influence. The addition of
1% mica altered the sand from a dilative to a brittle material with collapse

potential. It should however be noted that due to the aspect ratio of the
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mica (50:1), the addition of 1% mica by weight is equal to 25% by number of
grains. A further increase in mica content increased the stability of the sand
(Figure 2.24). In order to prove that the influence of mica on the sand is not
purely related to a change in void ratio, three samples were prepared: two
samples with 5% mica at different void ratios (0.7 and 0.91) and a pure sand
sample with a void ratio of 0.7. The two mica samples behaved similarly,
despite differences in void ratio (Figure 2.25).

Undrained triaxial compression and extension tests were conducted on
air-pluviated sand specimens with increasing mica content as well as natural
micaceous sand from the Bangabandhu bridge site in Bangladesh. The spec-
imens were subjected to anisotropic normal consolidation prior to undrained
shearing. In compression, the addition of mica increased the initial stability
of the specimen and decreased the undrained brittleness, whilst in extension a
greater collapse potential was noted with increased brittleness (Figure 2.26).
The natural material behaved in a similar fashion with the undrained shear
strength in compression and extension being 180kPa and 10kPa respectively.
This extreme weakness of the micaceous sand in extension loading was found
to be the cause of several flow slides.

Lupini, Skinner and Vaughan (1981) found that the residual shear strength
behaviour of a soil mass is governed by the proportion of platy particles to
rotund particles present in the soil mass. Three different types of residual

shear strength behaviour were identified namely:

e Turbulent shear occurs when the behaviour of the soil is dominated by
the rotund particles or when platy particles with a high coeflicient of
interparticle friction are dominant. Residual strength is high with no
preferred particle orientation and brittleness is the result of dilation.
The mobilized friction angle is equal to or slightly smaller than the

critical friction angle (Leroueil, Guerriero, Picarelli and Saihi, 1997).

e Sliding shear occurs when the behaviour is dominated by low friction

platy particles. The particles orientate themselves in the direction of
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shear and a progressive decrease in shear strength towards residual

shear strength occurs (Leroueil et al., 1997).

e A transitional shear mode occurs when there is no dominant particle
shape. Turbulent and sliding shear occur in different parts of a shear

zone.

The soil discussed in this section consists of platy particles in the form
of mica and round to sub-rounded sand particles, be it natural or artificially
prepared. Most of the research conducted on this material was concerned
with assessing the influence of the platy particles on the behaviour of sand
by varying the mica content of the material. It was found that the addition
of mica particles altered the void ratio (and hence density), compressibility
and shear behaviour of the sand so that it approaches that of clay at large
percentages. The change in soil behaviour was greatest at small mica per-
centages. It should be noted that the particle size of the rotund and platy
particles was similar in all of the cases reported above. The change in soil
behaviour could thus only be attributed to particle shape of the mica and
not particle size.

As already mentioned, the behaviour of the tailings change with distance
from the discharge, becoming more clay-like towards the pond. The tailings
physically change in particle size and shape becoming platier towards the
pond. A similar change in behaviour was noted for the micaceous sand. This
change however, was only brought about by particle shape. It may thus be
true that the platy particle shape of the fines and not the particle size as
previously believed governs the behaviour of tailings.

This research project aims to investigate this hypothesis by conducting a
series of isotropic consolidation and triaxial compression tests on micaceous
sand of which the particle size is representative of mine tailings. The small
strain shear and elastic stiffness of the micaceous sand were also measured.
Prior to doing so, bender elements which measures the small strain shear

stiffness of the soil, was investigated (Chapter 3).
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Table 2.1: Summary of the grading properties of dispersed gold tailings from Vaal River operations (after Vermeulen

(2001))

Tailings dam Description Dy D3 Dgqo Dgq Ch (%?g) CC (T)Tlo)%ﬂff;;)
(pm) | (pm) | (pm) | (um)
Whole tailings | 2.0 10.0 55.0 125.0 27.5 0.91
Mizpah Pond fines 1.5 4.5 16.0 55.0 10.7 0.84
Pond coarse 3.0 25.0 75.0 145.0 25.0 2.78
Pay dam Penstock fines | 1.7 3.2 8.3 41.0 4.9 0.75
Penstock coarse | 2.0 9.0 43.0 115.0 21.5 0.94
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Table 2.2: Typical values for the coefficient of compressibility and consolidation

Reference Tailing de- Coefficient of compressibility (C.) Coefficient of consolidation (c,) m?yr~!
scription
Fine Coarse Fine Coarse
Vick (1990) Gold 0.23 - 0.3 0.05-0.1 | 0.3 to 30 1.6 % 10° to 0.3 * 106
Blight and Steffen (1979) | Gold 0.35 198
Stone et al. (1994) Gold 0.75 (centrifuge) 0.35 (Rowe cell) 15 - 26
Vermeulen (2001) Gold 210 - 1200 800-6900
Gold 0.083-0.156 13.58 - 80.07
Qiu and Sego (2001) Copper 0.056 - 0.094 22.32 - 104.23
Coal 0.37-0.396 1.48 - 17.26
Matyas et al. (1984) Uranium 0.2-0.48 0.05 - 0.1
Trojcek (2002) Uranium 0.6 - 0.79 0.04 - 0.08
Aubertin et al. (1996) | Hard rock 0.046 - 0.13 15.8 - 8830

tailings
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Table 2.3: Summary of shear strength parameters of mine tailings

Reference

Tailings Description

Test

Cohesion | Effective  internal
(kPa) angle of friction
(degree)

Vick (1990) General 0 30 - 37

Mittal and Morgen- | Copper sands Direct shear

stern (1975)

Rassam (2002) Gold Drained compression 41.7 - 40.7

Vermeulen (2001) | Gold, undisturbed and | Undrained compression and extension | 0 31.5-36

reconstituted

Byrne and Seid- | Gold Triaxial test 0 30 - 39

Karbasi (2003)

Qiu  and  Sego | Gold, reconstituted Undrained compression 0 33

(2001)

Qiu  and  Sego | Copper, reconstituted Undrained compression 0 34

(2001)

Qiu  and  Sego | Coal, reconstituted Undrained compression 10 32

(2001)
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Table 2.4: Critical state properties derived from undrained triaxial shear (after Vermeulen (2001))

Dam

Description A N r M
Mizpah | Reconstituted (whole tailings, delivery pulp) | 0.066 | 2.082 | 1.025 | 1.4
Pond fines (recounstituted) 0.105 | 2.512 | 1.442 | 1.4
Pond coarse (reconstituted) 0.045 | 1.856 | 0.826 | 1.35
Pay Dam Penstock fines (reconstituted) 0.176 | 3.126 | 1.99 | 1.27
Penstock coarse (reconstituted) 0.068 | 2.040 | 0.980 | 1.27
Penstock fines (undisturbed) 0.162 | 3.053 | 1.935 | 1.37
Penstock coarse (undisturbed) 0.080 | 2.134 | 1.07 | 1.46
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Table 2.5: Selected definitions of Sphericity (after Santamarina et al. (2001))

Definition

Value

Relative to

Sphericity

surface area of a sphere with the same vol-

ume as the particle

actual surface area of the particle

True sphericity

diameter of a sphere with the same volume

as the particle

diameter of circumscribing sphere

Projection

sphericity

area of the particle projection

area of the circle with diameter equal to

the longest length of projection

Inscribed circle

sphericity

diameter of the largest inscribed circle

diameter of the smallest circumscribed cir-

cle
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Figure 2.1: Particle size sorting of diamond tailings (after Blight and Bentel
(1983))
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Figure 2.2: Layout of typical South African gold tailings dam showing (a)
plan view and (b) cross section (after McPhail and Wagner (1989))
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Figure 2.3: Vertical layering in a gold tailings dam noticeable from piezocone

results (after Vermeulen (2001))
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Figure 2.4: Scanning electron micrograph of the (a) coarsest and (b) finest

fraction of gold tailings delivery at Mizpah Dam (after Vermeulen (2001))
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Figure 2.5: Flocculation of flaky slimes onto (a) coarser sand particles and
(b) into flocs of slimes (after Vermeulen (2001))
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Figure 2.7: Influence of dispersant on grading analysis of Mizpah pond fine

tailings (after Vermeulen (2001))
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Figure 2.12: Small strain shear stiffness of silty sand tailings, with distance

from dam crest and sample preparation (after Héeg et al. (2000))
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Figure 2.14: Particle dimension (after Santamarina, Klein and Fam (2001))
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Figure 2.16: Illustration of Wadell’s procedure for evaluating particle Round-
ness (after Sukumaran and Ashmawy (2001))

Figure 2.17: Definition of Angularity (after Miura et al. (1997))
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Figure 2.19: Schematic diagram of particle structure of silty sand following
(a) low energy deposition and (b) isotropic compression and shear (after

Yamamuro and Lade (1997))
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Figure 2.20: Effects of fines content and relative density on volume compress-

ibility (after Lade et al. (1998))
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Figure 2.24: Influence of mica content on the undrained behaviour of sand in
simple shear (after Hight and Leroueil (2003))
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Chapter 3

DEVELOPMENT OF A
BENDER ELEMENT
TECHNIQUE

The influence of particle shape on the compressibility, stiffness and state of
gold mine tailings have been investigated by considering laboratory model
tailing specimens made up of sand particles consisting of two different particle
shapes i.e. platy and rotund. The instrumentation required to measure com-
pressibility and state are well developed and details of these will follow in the
next chapter. The emphasis of this chapter will be placed on work carried out
to develop bender elements as a means of assessing shear stiffness. A further
literature review was therefore conducted to identify possible problems that
might arise. Experiments using different bender element configurations and
interpretation techniques were set-up in an attempt to improve the reliability
of the technique.

Bender elements are piezoelectric transducers that transform electrical
energy into mechanical energy and vice versa. They consist of piezo-ceramic
plates (bimorph elements) that are separated by a layer of high compliance
material (Shirley, 1978) (Figure 3.1a). As the one plate contracts, the other

expands under an applied voltage causing the element to bend. Bender el-
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ements are normally embedded in the end plate of a triaxial testing cell or
other soil testing apparatus and act as a cantilever system (Figure 3.1b).
Shear and compressive stresses are induced in the surrounding soil, propa-
gating mainly in a direction normal to the end face of the benders (Brignoli,
Gotti and Stokoe, 1996). Elastic shear waves travel through the sample and
force the receiver element on the opposite side of the sample to bend. An
electrical current is then produced by the receiver element. The function of
the bender element i.e. transmitter or receiver governs the electrical connec-
tion between the two piezoceramic plates. A parallel connection results in a
maximum displacement as the voltage is applied to each plate and is nor-
mally used for the transmitter element. The receiver element is connected in
series as this doubles the voltage output since this then becomes the sum of
the potentials available to each of the plates.

If isotropic soil conditions are assumed, the very small strain shear mod-
ulus (Gmez) is a function of shear wave velocity and bulk density (Equa-
tion 3.1) (Shirley and Hampton, 1978). The shear wave velocity is the ratio
of the travelled distance to the time required to travel this distance. In prin-
ciple, the latter can be obtained from the time lag between the transmitted

and received signal, displayed on a digital oscilloscope.

Gmes = pvz = p(d/t) (3.1)
where
p = mass density of the sample
v, = shear wave velocity
d = distance between bender elements
t = travel time

It should be noted that errors in distance and travel time are squared

when obtaining the shear modulus.
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3.1 Bender element uncertainties

Bender elements have been incorporated in many laboratory apparatuses
such as the triaxial cell, oedometer and simple shear (Kuwano, Connolly and
Kuwano, 1999). The configuration of bender elements in an experimental set-
up creates various uncertainties. These uncertainties stem from inaccuracies
in the determination of wave travel time due to mechanical and electrical
phenomena (Phillips, 1998). Electrical phenomena can be compensated for
by placing the bender elements in direct contact with each other and mea-
suring the response time (Brignoli et al., 1996; Gajo, Fedel and Mongiovi,
1997). Mechanical phenomena on the other hand are difficult to quantify, as
they are concerned with the energy absorbing nature of soil and the damped
movement of the elements due to the higher stiffness of the soil (Shirley and
Hampton, 1978; Arulnathan, Boulanger and Riemer, 1998; Brocanelli and
Rinaldi, 1998).

3.1.1 D:aispersion

The dynamic interaction between the transducer and the soil causes the signal
frequency of the transmitter to be lower than the electrical input frequency
(Brignoli et al., 1996; Brocanelli and Rinaldi, 1998). Propagation of a shear
wave through the soil appears to follow Biot’s theory (Santamarina et al.,
2001). According to Biot (1956) the soil response lags the induced oscillation
due to frame losses (movement of particles against each other) and viscous
effects (movement of pore fluid relative to soil particles). This phase delay
causes the shear waves to propagate faster at higher frequencies than at
lower frequencies, despite the fact that they travel in the same medium. The
shear wave energy then drives the receiver element as a harmonic oscillator,
although once again its movement is damped by the soil (Blewett, Blewett
and Woodwards, 2000).

Figure 3.2a illustrates the phase lag (solid line) and relative velocity (dot-

ted line) with frequency response of a theoretical forced harmonic oscillator.
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It can be seen that as the resonant frequency is approached from a lower
frequency, the phase lag between the drive and response increases. The am-
plitude response has a similar behaviour (Figure 3.2b). Once the driving
and resonant frequencies are equal, the amplitude reaches a maximum and
the phase delay changes rapidly. Beyond resonance, the amplitude response
decreases and the phase lag changes to being out of phase. The width of
the resonant region is governed by the damping of the subsystem, i.e. heavy
damping results in a wider resonant region while light damping results in a
narrow but high resonance.

Figure 3.3 illustrates the velocity (solid line) and relative amplitude (dot-
ted line) response with frequency for a Biot medium. Dispersion causes the
shear wave velocity to increase with frequency which is opposite to the forced
harmonic oscillator behaviour where the velocity decreases as resonance is ap-
proached. The amplitude response of the medium is similar to that of the
forced harmonic response although the resonant region is large when com-
pared with a heavily damped harmonic oscillator response.

Figure 3.4 illustrates a velocity-frequency profile as a shear wave is firstly
induced in a soil sample (Figure 3.4a) and secondly received by the opposite
bender (Figure 3.4b). The soil behaviour is modelled by Biot’s theory whilst
the bender element by forced harmonic oscillation. Considering the bender
element-soil response (Figure 3.4a), it can be seen that the bender element
(forced harmonic oscillation) response initially dominates. The velocity de-
creases at resonance (approximately 1kHz in this example) followed by an
increase in velocity at higher frequencies as the soil response becomes active.
In the second case (Figure 3.4b), the velocity is initially governed by the Biot
response (soil) and increases until resonance (3.5kHz in this example). The
forced harmonic response then becomes active and the velocity decreases.
Consequently, the measured response is not a true measure of the soil char-
acteristics as was initially postulated. Blewett et al. (2000) investigated the
phase and amplitude response of sand using bender elements. Experiments

were carried out simulating the response in both finite and infinite sand lay-
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ers. The experiments confirmed the combined theoretical behaviour.

“The relation between attenuation® and dispersion can be generalized: in
a linear, casual system attenuation implies dispersion.” Santamarina et al.
(2001). Although bender elements are not traditionally employed for assess-
ing the attenuation characteristics of soil, some estimate could be obtained.
The attenuation of a soil can be estimated from a combination of its geomet-
ric, apparent attenuation as well as material losses. According to Santamarina
et al. (2001), the last two contribute very little to the total attenuation of

the soil and can thus be ignored. Geometric attenuation can be estimated

from: 4
2 T1.¢
22 3.2
4~ (3.2)
where
A1 = amplitude of first receiver
As; = amplitude of second receiver
r1 = location of first receiver relative to transmitter
ro = location of second receiver relative to transmitter

¢ = constant

The following values can be assumed for ¢, depending on the shape of the

wavefront:

0 = plane waves in infinite media
0.5 = cylindrical fronts

1 = spherical fronts

lamplitude decay as a function of time and distance due to geometric spreading, ma-

terial losses and partial transmission and scattering (Fratta and Santamarina, 1996)
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In decibel notation, attenuation can be expressed as:

iB = ZOlog(%z-) (3.3)
1

3.1.2 Near field effects

Detection of the shear wave arrival is complicated by what is called the near
field effect (Santamarina et al., 2001). The near field effect is the result of
coupled waves that have similar particle motion but different propagation
velocities and attenuation rates. Reflective body energy is created at the
interface between soil layers and boundaries (Zywicki, 1991) and has the

following properties:

e the type and amount of energy reflected is governed by the elastic

parameters, mass density and angle of incidence (Zywicki, 1991),

e the reflected waves travel at a velocity equal to that of the compression
waves (induced by the bender oscillation, but to a lesser extent than

the shear wave) (Sanches-Salinero, Roesset and Stokoe, 1986) and

e once the energy is reflected, it propagates cylindrically at a decaying
rate equal to y/z, where z is the radial distance from the source (Zy-
wicki, 1991).

These additional waves created by the near field effect arrive as an apparent
compression wave prior to the actual shear wave but with a smaller amplitude
(Gordon and Clayton, 1997). The influence of the near field effect on the
measured travel time can be minimized by separating the source and receiver
element by an adequate distance (Stokoe and Santamarina, 2000). The exact
distance by which to separate the transmitter and receiver is unclear as the
extent of the near field or Fresnel zone (Santamarina et al., 2001) is unknown.

Various empirical relationships exist that attempt to define the bound-
ary between near and far field. The ‘field’ around a point source could be

described by means of a two-region model i.e. the near field (Fresnel zone)
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and the far field (Fraunhofer zone) or a three-region model namely Fresnel,
transitional and Fraunhofer zone (Capps, 2001). Depending on the model
adopted, the boundary between the near and far field varies from a clear
boundary to a zone.

Sanches-Salinero et al. (1986) evaluated the assumptions made by the
different methods for interpreting the travel time from methods such as the
down-hole or cross-hole tests. An analytic solution for body waves generated
by point sources in a 3-D elastic space was used to illustrate that wave fronts
spread in a spherical manner and involved coupling. It was shown that cross
correlation could be used to derive the shear wave velocity provided that
the distance (d;) between the source and first receiver was greater that one
wavelength (A) and the distance between the source and second receiver was
twice di. The transverse motion (S) of waves through an infinite isotropic
elastic medium following a sinusiodal pulse transmitted from a point source

could be represented by the following equation:

- 473; - (3.4)
where
vy = shear wave velocity
p = density of the medium
I' = coupling

It was found that the shear wave has three coupled components namely:
F=I1+1Iy—-TI% (3.5)

These three terms represent transverse motion, but with different propa-
gation velocities. The first two terms (I'; and ') propagate with the velocity
of a shear wave while the last with the velocity of a compression wave. At-

tenuation due to geometrical damping occurs at different rates for the three
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components with the last two terms attenuating an order of magnitude faster
than the first term. The first term (I';) presents the far field shear wave. A
travel distance/wave length (d/)) ratio was defined and results were pre-
sented accordingly. It was noted that the shape of the received signal is
controlled by this ratio through the degree of attenuation. Consequently it
was recommended to separate the receiver and transmitter by at least 2 to 4
wavelengths (Sanches-Salinero et al., 1986; De Alba and Baldwin, 1991; Gohl
and Finn, 1991; Stokoe and Santamarina, 2000). Care should be taken when
applying this approximation to a laboratory bender element configuration as
it was developed for field conditions employing multi receivers (Arroyo, Wood
and Greening, 2003), a transmitter that acts as a point source and the prop-
agation of planar waves. Brignoli et al. (1996) demonstrated the existence
of near field effects in bender element tests. Near field effects are potentially

more complicated in a triaxial specimen (Arulnathan et al., 1998) as:

e Interpretation techniques that use the input signal, correspond to a
d/X of zero. Consequently, near field waves will be stronger than were

considered in Sanches-Salinero et al. (1986) analysis.

e The spherical spreading of the wave front generated by the transmitter
element can reflect from boundaries and thus travel between benders

by indirect paths (Rio, Greening and Medina, 2003).

e The transmitting element is not a point source and hence the assump-
tion of planar waves moving one dimensionally between caps will intro-

duce errors.

Arulnathan et al. (1998) investigated the influence of bender element
length (i.e. bender element protrusion) (l,), travel distance (L) and wave-
length (A) on the derived shear wave velocity within a conventional bender
element configuration. Following tests on a variety of soils, they suggested
that the optimum input frequency range for these instruments often corre-
spond to a A/l of 8 to 16. This range of input frequencies seems to balance

the following competing factors:
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e the transmitting element appears as a “point source” at the receiver
element for values of A/l > 4,

e waves generated by the transmitting element can become more complex

at A/l values close to 4 due to resonance of the bender element,

e the output signal is strongest for A/l, near 4 and decreases with in-

creasing A/ly,

e theoretically, distortion of the output signal increases with increasing
A / lb and

e in order to reduce the influence of near field effect, L/A needs to be a

maximum and A/l, minimum.

Following the discussion above it can be concluded that the extent of
the near field is unknown. It is not clear which ratio would yield the most
reliable results. The approximation of Sanches-Salinero et al. (1986) is widely
adopted by other researchers such as Viggiani and Atkinson (1995), Joviéic,
Coop and Simic (1996), Brignoli et al. (1996) and Arulnathan et al. (1998).

3.1.3 Effective travel length

The effective travel length of the shear wave presents some uncertainty as
bender elements protrude some distance into the sample. Dyvik and Olsen
(1989) investigated the possibility of incorporating bender elements into oe-
dometer and simple shear apparatuses. The results were compared with those
obtained from triaxial and resonant column apparatuses. Comparable results
were only obtained if a tip-to-tip travel distance was used. In order to de-
termine what the effective sample length should be, Gordon and Clayton
(1997) and Viggiani and Atkinson (1995) experimented with sample height.
The effective stress of a sample was varied and the corresponding travel time
was noted. A linear regression analysis of the travel time and sample height

indicated that the effective travel distance of the shear wave was equal to the
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distance between the bender tips. Similar results were obtained if the ben-
der protrusion height as opposed to the sample height was varied (Brignoli
et al., 1996). As all of the above experiments yield similar results, it seems

reasonable to use a tip-to-tip travel distance in calculations.

3.1.4 Travel time

The accuracy of measured shear stiffness using bender elements is governed
mostly by the accurate measurement of the arrival time. The literature sug-
gests that this is not a simple matter as the driving signal separates into
several frequency components, distorting the received signal. It is then up to
the experimentalist to decide which part of the distorted signal best repre-
sents the arrival of the shear wave. Figure 3.5 illustrates this phenomenon.
The transmission of the input wave is clearly defined, but some doubt exists
about the shear wave arrival time, it being point 0, 1 or 2 (Viggiani and
Atkinson, 1995). Abbiss (1981) proposed that the first deflection of the re-
ceived wave (Point 0) should be adopted as the arrival of the signal. This
proposal was based on an investigation where the polarity of the received
signal was reversed and compared. Viggiani and Atkinson (1995) measured
the shear stiffness of an over consolidated clay using bender elements. The
aim of the investigation was to determine the correct point at which the shear
wave arrives. The results of a numerical analysis indicated that shear wave
arrival should be taken as the first point of inversion, i.e. Point 1 in Figure

3.5.

3.2 Bender element techniques

Interpretation of bender element results is not as simple as initially suggested
in the literature. As noted in the above discussion, complicated interference
patterns are established within the sample due to, among other things, the
sample geometry (Rio et al., 2003). The quality of the received signals are

governed by a combination of these patterns, the resonant frequency of the
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bender elements itself and the dispersive nature of the material (Brocanelli
and Rinaldi, 1998). Researchers such as Dyvik and Madshus (1985), Viggiani
and Atkinson (1995), Joviéit et al. (1996), Blewett, Blewett and Woodwards
(1999) and Airey (2003) have developed alternative techniques for determin-
ing the shear wave velocity to reduce the influence of these. These techniques
can be divided into two categories namely time-of-flight and phase sensi-
tive techniques. The former determines the group velocity by considering the
travel time of a shear pulse. Phase sensitive techniques on the other hand
are based on the phase velocity of a shear wave (i.e. the phase shift between
the transmitted and received waves at a given frequency). Table 3.1 sum-
marises the various bender element interpretation techniques as adopted by
the various researchers.

As already mentioned, interpretation of bender element results is compli-
cated with the result that the reliability of these instruments is unknown. The
reliability of an instrument is normally evaluated in terms of its uncertainty
in measurement. This is quantified in terms of its conformance, noise, accu-
racy, precision (repeatability), resolution and sensitivity (Dunnicliff, 1988).
Only two of these namely accuracy and precision is affected by bender ele-
ment interpretation technique. Few instruments are currently available that
can measure the small strain shear modulus of soil. The accuracy of these
measurements is also unknown so that the accuracy of bender element results
is difficult to quantify. It is however, possible to determine the repeatabil-
ity (precision) of the bender element results and this will thus be used to
evaluate the reliability of the various techniques.

In order to simplify comparison between bender element interpretation
techniques, a material with a low intrinsic attenuation was selected. The
group and phase velocity of a Leighton Buzzard sand specimen (particle size
300pm to 600um, silver in colour) was measured by exciting the transmitter
with a single pulse and continuous wave respectively. A conventional bender
element configuration, i.e. bender elements embedded in the end platens of a

triaxial apparatus, was adopted (Figure 3.6). The sample was prepared using
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wet pluviation to a bulk density of 1977kgm ™2 (relative density 68%) and

consolidated to an isotropic effective stress of 305kPa.

3.2.1 Time-of-flight techniques

Several group velocity techniques (Table 3.1) were investigated. The trans-
mitter element was excited with a 20V peak-to-peak square or sinusoidal
pulse, generated by a TTi (Thurlby Thandar Instruments) TG1010 function
generator. An input frequency of 15kHz was adopted for comparative rea-
sons. The internal trigger of the function generator was set to generate a
single pulse every 5ms. The transmitted and received signals were monitored
and logged by a LeCroy 9314 AM Quad 400MHz digital storage oscilloscope.
Arrival of the shear wave was taken as the first peak, obtained from hand
picking. In order to simplify the picking process, the input signal was reversed
(Figure 3.7). Typical recorded signals are shown in Figures 3.8 and 3.9. A
shear wave velocity of between 348ms~! and 358ms~! and corresponding
shear modulus of 240MPa and 254MPa was measured (Table 3.2).

3.2.2 Phase sensitive technique

The transmitter element was excited with a 20V peak-to-peak continuous
sinusoidal wave, generated by the function generator. The phase velocity of
the specimen was measured using a low frequency spectrum analyser (Hewlett
Packard 3582S) which recorded the transmitted and received amplitudes as
well as the phase angle and coherence between the two signals. The coherence
of two waves provides a measure of the extent that the output signal is the
result of the input signal (Fratta and Santamarina, 1996). Only phase angles
with a coherence of 0.98 or greater were considered. This implied that only
the frequency range common to both signals was processed, thus minimizing
the influence of noise and allowing for the correct interpretation by averaged
data (Mancusco, Simonelli and Vinale, 1989). The recorded results in this

research were averaged to a RMS (root-mean-square) of 16.
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Figure 3.10 shows the recorded results in the frequency domain. The
change in phase angle and relative amplitude with frequency are represented
by the solid and broken lines respectively. The data was obtained by sweeping
the input frequency between 5.4kHz and 15kHz at 0.2kHz intervals. The shear
wave velocity is related to frequency and wavelength through the fundamental

equation:

L
At any given input frequency, the wavelength can be determined from the

phase lag in measurement made between two points

27
= — 7
A= (3.7

From this it follows that the slope of the phase difference/frequency curve

is inversely proportional to the shear wave velocity, since

0P _ 2nL

= 3.8
57 o (3-8)
where
L = travel distance (m)
t = travel time (s)
d® = change in phase angle (radians)

f = frequency of the driving wave (Hz)

A linear regression (between phase angle and frequency) was fitted to
each cycle (180° to —180°) to determine the travel time of the shear wave
(Equations 3.6 to 3.8). It can be seen from Figure 3.10 that this relationship
is frequency dependent, as suggested by Blewett et al. (2000). The high-
est correlation factor (R? = 0.9996) was obtained between input frequencies
of 11.4kHz and 12.4kHz. The output amplitude also varied with frequency.
Three peaks were found at 9.6kHz, 11.8kHz and 14.7kHz respectively with
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the last being the maximum. The correlation factor obtained over the in-
put frequency range of 12.6kHz to 15kHz however, proved to be the lowest
for the data set (0.6824), indicating that some other mechanism may be at
work. Depending on which frequency range was considered, the wave velocity
was found to vary between 216ms~* and 575ms™! (giving a shear modulus
between 92MPa and 651MPa).

Initially it was expected that it might be possible to derive a single shear
wave velocity from the data set. It was soon realized that the measured
velocity incorporated the effects of interference as well as Biot coupling (dis-
persion). According to Santamarina and Aloufi (1999), Biot dispersion can
lose its relevance in soil due to scattering effects. This however, will only
happen when the wavelength approaches the grain size which was not the
case. In order to isolate the true phase velocity from these effects, the ben-
der element configuration was changed. This will be considered in Section
3.3. A preliminary estimate of the phase velocity using the current bender
element configuration was obtained from the relationship between the cu-
mulative phase angle and frequency (Figure 3.11) over the entire frequency
range. This resulted in a shear wave velocity of 215.54ms™! and shear mod-
ulus of 92MPa. This differs from the previous (Figure 3.10) results as an
average shear wave velocity was obtained from the input frequency range of
5kHz to 15kHz whereas the previous results were based on the shear wave

velocity for a phase shift of 27.

3.3 New bender element technique: Two side

bender receiver elements

It was noted in Section 3.2 that several factors noticeably influenced the
measured shear wave velocity when employing a phase sensitive technique.
In order to measure the shear wave velocity more reliably, these factors should
be avoided. It was considered that this could be achieved by measuring the

change in phase velocity between two side bender receiver probes (R1 and
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R2) as opposed to the phase shift between a transmitter and receiver (Figure
3.12). The two receiver elements are subjected to similar interference pat-
terns, resonant frequency, coupling effects and dispersion and would hence
contain more similarities. The dispersion results partly from forced harmonic
oscillation (Blewett et al., 2000) and relatively high strains induced in the
vicinity of the transmitter by its movement. This configuration would also
hopefully simplify the determination of the group velocity from time-of-flight
techniques, as the recorded signals would closely resemble each other, perhaps
with differences in amplitude and frequency due to attenuation.

Although this configuration has been in use for several years in the geo-
physical discipline (for example in parallel cross hole testing (Hope, Clayton
and Butcher, 1999)), it is considered to be the first laboratory application.

3.3.1 Specimen preparation

The conventional wet sand pluviation technique was slightly modified to al-
low for bender element probes to be inserted along side of the specimen. A
three-part split mould was modified to incorporate the side bender element
probes at third height intervals. Small holes were cut into the membrane
at predetermined locations and the probes were inserted using a technique
similar to that used for mid-plane pore pressure measurement (Hight, 1982).
Figure 3.13 shows the equipment used for this task. The inside of the mem-
brane was filled with de-aired water to three quarters of the height of the
mould after which Leighton Buzzard sand (size 300um to 600um) was plu-
vated into the mould to a similar density as before. Once the top-cap was
in place, a suction of 20kPa was applied to the specimen. The mould was
removed and the cell filled with de-aired water. An effective effective consol-

idation pressure of 305kPa was applied to the specimen.
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3.3.2 Time-of-flight technique

In this experiment, the shear wave velocity of the specimen was derived from
the travel distance and time required for a pulse to travel between the two
receiver element probes. The distance used to calculate the group velocity
was taken as the difference in distance between the centre of the transmitter
and centre of each of the receivers (r; — ro = 57.6mm, Figure 3.14). This
is less than the tip-to-tip distance (66.1mm). Figure 3.15 is an example of
the recorded signals measured by each of the receiver element probes (R1
and R2) when the transmitter was excited with a single sinusoidal pulse
at a frequency of 15kHz. The received signals were once again reversed to
assist in picking of the first peak (Figure 3.16). The use of the square input
pulse was abandoned due to its high frequency content. It can be seen from
Figure 3.16 that the frequency content varied significantly with the input
frequency of a single sinusoidal pulse. In order to investigate the extent of
this, the frequency content of the received signals was measured with the
spectrum analyser (Figure 3.17). As expected, a wide range of frequencies
was generated. It should however, be noted that the measured amplitude is
displayed on a logarithmic scale and that the dominant frequencies follow
that of the input frequency.

In order to establish whether the group velocity was also frequency de-
pendent, the transmitter element was excited with a range of frequencies
(3kHz to 30kHz) (Figure 3.18). The average velocity over this frequency
range was calculated as 355ms~! with a standard deviation of 11ms™! (i.e.
measurements are within 3.1% of the average measurement). The measured
shear wave velocity below 8kHz appeared to be more scattered than above
this value. This may be attributed to the influence of near field effects. As
mentioned in Section 3.2.1, the extent of the near field is unknown and conse-
quently various equations exist to obtain some approximation (Section 3.1.2).
Sanches-Salinero et al. (1986) approximation was adopted as multi receivers
were used which is similar to the configuration employed by them. The dis-

tance between the transmitter and first receiver (R1) in this experiment was
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78.4mm. If the wavelength were calculated from the average measured shear
wave velocity divided by the frequency, two wavelengths would only be ob-
tained at an input frequency of 9kHz. The average shear wave velocity and
standard deviation calculated from 9kHz and beyond equates to 351.5ms™*

and 5ms~! respectively (i.e. a coeflicient of variation of 1.4%).

3.3.3 Phase sensitive technique

The shear wave velocity of the specimen was then derived from the change in
phase angle with frequency between the transmitter and Receiver 1 (A®;),
transmitter and Receiver 2 (A®;) as well as between the two bender receivers
(A®3). Figure 3.19 shows the change of phase angle (A®3) between the two
receiver elements and relative amplitudes with input frequency of the two
receivers. It can be seen that the ratio of phase angle to frequency varies
with input frequency and does not bear any resemblance to that measured
in Section 3.2.2. Considering the relative amplitude of the two side benders,
it can be seen that both reach a maximum at 14kHz (possibly implying
resonance at this point). In order to establish whether the unanticipated
results which could not be interpreted were due to an experimental error
or an inherent problem, the phase difference between the two receivers was
calculated from independent data. This was done by subtracting A®, from
A®,. Figure 3.20 shows the measured (solid line) and calculated (broken
line) change in phase angle with input frequency. It is evident that the two
are similar, implying that the measured results were indeed correct and thus
not caused by an experimental error.

Whilst the measurement of the shear wave velocity using a phase sensi-
tive technique showed that the phase velocity is frequency dependent, the
measured group velocity did not suffer from the same problem. In order to
understand why this difference arises, the two cases need to be addressed
separately.

In the case of a single input pulse, a wave front is generated that initially

propagates through the sample in a spherical pattern. Once a boundary is

66



encountered, it is reflected back and an interference pattern is established. It
is of short duration as the reflected wave front decays and is thus strongest in
the vicinity of the induced wave front. On the other hand, if the transmitter
element is excited with a continuous wave, energy is continuously put into
the system, implyi’ng that the amplitude remains constant. In this case a
complex interference pattern is set up. The complexity of the pattern is a
function of the geometry of the sample and is frequency dependent.

Figure 3.21 considers the cumulative phase angle as a function of input
frequency. The relationship between the two is clearly not as consistent as
previously (Figure 3.11) and also differs quite significantly from the previous
correlation factors. If the calculated correlation was adopted, a shear wave
velocity of 168ms™! and shear stiffness of 56MPa would be obtained which
greatly differs from the previous results. A possible explanation for this is
that due to radiation and reflection, interference patterns are established in
the specimen.

The position of the receiver elements for the two configurations differ,
which implies that the amplitude and phase angle varies, depending on
whether constructive of destructive interference occurs. The time-of-flight

technique would thus be considered henceforth.

3.4 Three side bender element probes

On the basis of the previous results, it was concluded that shear wave velocity
measurement using a time-of-flight technique would provide more repeatable
results. As a final refinement, the bottom transmitter was replaced with a
side bender transmitter, thereby reducing reflection from the base pedestal
(Figure 3.22).

A Leighton Buzzard sand specimen was prepared (using a similar tech-
nique as before) to a bulk density of 1961kgm 3. The mould used for doing
so was modified to incorporate the three bender element probes. The sample

was consolidated to a confining pressure of 300kPa prior to shear stiffness
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measurements.

In order to compare the results with those obtained in Section 3.3.2,
the transmitter probe was excited with a sinusoidal pulse over a range of
frequencies (6kHz to 30kHz). The influence of attenuation and pulse broad-
ening on the travel time was investigated by considering the first 6 peaks
of the received signals (Figure 3.23). It could be seen from this Figure that
the amplitude of the first peak is fairly low in comparison with the rest. The
group velocities derived from these 6 peaks are shown in Figure 3.24. The
group velocity obtained from the first peak is more scattered than those of
the second and third peak. The group velocities derived from Peaks 5 and
6 appear to be lower than the rest, implying an overestimation in the travel
time. This may be the result of pulse broadening caused by attenuation of
the higher frequencies. Based on these observations it was decided to derive
the travel time from the time difference between second peaks of the two
receiver signals.

The group velocity derived in this fashion is shown in Figure 3.25. The
average shear wave velocity was calculated as 339.4ms~! with a standard
deviation of 5.4ms™! (i.e. coefficient of variation of 1.6%), resulting in an av-
erage shear stiffness of 225.9MPa. The transmitter and first receiver (66.8mm
apart) were two wavelengths removed from each other at an input frequency
somewhere between 9kHz (1.8 wavelengths) and 12kHz (2.4 wavelengths). If
the measured result between 12kHz and 30kHz is considered, a shear wave
velocity and standard deviation of 337.2ms™' and 3.6ms~! respectively are
obtained.

The laboratory investigation indicated that shear wave velocity obtained
from time-of-flight techniques is more repeatable than that of a phase sen-
sitive technique. The bender element configuration was altered to two side
bender receiver probes as it was anticipated that they would be subjected
to similar interference patterns, resonant frequency, coupling effects and dis-
persion. The travel time of the shear wave was derived from the time lag

between the two received signals and since these two contained more simi-
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larities, this configuration greatly simplified interpretation of bender element
results. It should be noted that near field effects could not be eliminated by
the change in configuration. Shear wave velocity measurements employing a
time-of-flight technique, appeared to be repeatable. The use of a third side
bender element (transmitter) slightly improves the standard deviation of the
results by 0.4%. This may be attributed to the reduced reflection from the
base pedestal. This improvement in standard deviation however, is so small
that it probably falls within the experimental error. The advantage that this
configuration has over the previous two is its simplicity. Very little modifi-
cation to the triaxial apparatus is required for small strain shear modulus
measurement. Interpretation of bender element results using a time-of-flight
technique and the current configuration however, still had some element of
operator dependency.

In order to reduce operator dependency, cross correlation was investigated
as an alternative. It was anticipated that cross correlation would suppress the
effects of noise on the signal to some extent and can be automated. Cross
correlation has been employed by other researchers such as Viggiani and
Atkinson (1995) and Airey (2003) to determine the travel time between the
transmitter and receiver elements. It should be noted that cross correlation
should be applied to the transmitted signal and not to the actual shape
of the of pulse generated by the bender element (Gajo et al., 1997). Cross
correlation between the received signals of the two bender element receivers
eliminates this problem. A Visual Basic program was written by the author
for this purpose (Appendix A).

In order to assess the repeatability and reliability of the technique, the
shear wave velocity derived from cross correlation was compared with that
obtained from hand picking for input frequencies ranging between 6kHz and
30kHz. Both the normal and reversed signals were considered. Figure 3.26 is
an example of a cross correlation function obtained from the recorded signals
of the two bender receiver probes for an input frequency of 12kHz. It can be
seen from Figure 3.27 and Table 3.3 that the results of the two techniques
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compare well. The average group velocity, derived from cross correlation is
338.6ms~! with a standard deviation of 1.8ms™! as opposed to the 339.4ms™1
and 5.4ms~! obtained from hand picking. Clearly the standard deviation
obtained from the cross correlation is less than that obtained by the hand
picking. In fact the travel time derived from the normal and reversed signals
using cross correlation differed by only 0.2us to 0.5us.

The results obtained using the authors cross correlation program were
further compared with that of an independently written program. Small dif-
ferences in the travel time were found. The reason for this was that the
program written by the author only considered that part of the recorded sig-
nal that is concerned with the arrival of the shear wave (Figure 3.28) hence
ignoring the noise preceding and following the received shear wave. In or-
der to illustrate the influence of the selected time base on the derived travel
time, the time base of the received signals were varied. Table 3.4 illustrates
the influence of noise on the results. The independent program on the other
hand, considered all of the recorded data. The program written by the author
would be used for further analysis of the results.

As mentioned in Chapter 2, bender elements would be employed to assess
the influence of particle shape on the small strain shear stiffness of a mica-
ceous sand. A bender that appears to measure the small strain stiffness more
reliably. The final phase of the experimental program, namely assessing the
influence of particle shape on the consolidation, stiffness and shear strength

behaviour of artificial micaceous sand (soton soil) would thus now follow.
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Table 3.1: Summary of bender element interpretation techniques

References

Interpretation technique

Wave form

Shirley and Hampton (1978)
Dyvik and Madshus (1985)
Dyvik and Olsen (1989)
Mancusco et al. (1989)
Viggiani and Atkinson (1995)
Jovicit et al. (1996), Jovicie (1997)

Arulnathan et al. (1998)

Blewett et al. (1999), Blewett et al. (2000)
Karl, Haegeman, Pyl and Degrande (2003)
Mohsin and Airey (2003)

Rio et al. (2003)

Time-of-flight

Time-of-flight

Time-of-flight

Time-of-flight and cross correlation
Time-of-flight and cross correlation
Time-of-flight, pulse train, distort-
ing the amplitude of first half cycle
Time-of-flight and cross correlation
Phase sensitive technique

Phase sensitive technique

Cross correlation

Phase sensitive technique and nu-

merical analysis

sine and square pulse

sine and square pulse

sine and square pulse
sine pulse

sine and square pulse

sine pulse

sine pulse
continuous sine wave
continuous sine wave
sine pulse

sine pulse
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Table 3.2: Time delay and shear wave velocity obtained from time-of-flight techniques using a sinusoidal and square

pulse for an input frequency of 15kHz

Input pulse

Time of input pulse

Time of received signal

Travel time

Shear wave velocity

Small strain

shear modulus

ms ms ms ms MPa
Sinusiodal 0.02 0.543 0.523 358 253
Sinusiodal reversed 0.023 0.545 0.522 358 254
Square 0.011 0.548 0.537 348 240
Square reversed 0.011 0.546 0.535 350 242
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Table 3.3: Time delay and shear wave velocity obtained from cross correlation interpretation

Input frequency

Normal signal (first beak)

Reversed signal (first beak)

Cross correlation | Time delay | Group velocity | Cross  correlation | Time delay | Group velocity
factor factor
kHz ys ms™! s ms™!
6 0.968 197.4 338.4 0.972 197.8 337.7
9 0.969 195.8 341.2 0.958 196.2 340.5
12 0.953 195.9 341.0 0.902 195.7 341.3
15 0.777 197.8 337.7 0.876 196.4 340.1
18 0.842 196.2 340.5 0.727 197.1 338.9
21 0.796 197.0 339.1 0.677 198.2 337.0
24 0.751 197.5 338.2 0.652 198.7 336.2
27 0.695 197.8 337.7 0.638 198.8 336.0
30 0.657 198.2 337.0 0.622 198.9 335.8




Table 3.4: Influence of time range on the travel time obtained from cross

correlation for an input frequency of 12kHz

Time range Cross correlation factor | Travel time
Start time | End time | Cross correlation factor | Travel time
ms ms ms

1 0.6555 0.2
0.8 0.6914 0.2
0.5 0.9530 0.195
0.1 0.5 0.9534 0.195
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Figure 3.1: Schematic representation of ceramic bender element with a) com-

position and b) cantilever action (after Shirley and Hampton (1978))
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Figure 3.2: Forced harmonic response with regards to a) phase and velocity

and b) amplitude (resonant frequency at 3500Hz and width 200Hz) (after
Blewett et al. (2000))
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lowed by a Biot response (sender) and b) Biot response followed by a forced
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Figure 3.13: Equipment used for inserting bender element probes

Description Symbol DITI:':"S;O“
Diameter of sample d 101.9
Height of sample H 195.5
Distance between centre of transmitter element and side of
sample X4 51
Protrusion of transmitter element into sample P 4.3
Distance between centre of R1 and top of base pedestal Y1 64.7
Protrusion of R1 into sample P2 1.09
Distance between centre of R1 and R2 Y2 66.1
Protrusion of R2 into sample Pa 1.24

Figure 3.14: Dimensions of a two-side bender configuration
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Figure 3.18: Group velocities measured between side bender elements (R1

and R2) for a range of single sinusoidal input frequencies
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Chapter 4

LABORATORY TESTING OF
SOTON SOIL

The influence of platy particles on the behaviour of gold tailings in terms
of its compressibility, stiffness and state was assessed by testing mixes of
rotund and platy sands i.e.Soton Soil. The fabric of the material was also
investigated using thin sections viewed under an optical microscope. Typical
test results are given in this chapter. Further analysis, interpretation and

discussion of the results will follow Chapter 5.

4.1 Experimental set-up

A description of the laboratory equipment employed for the experimental

program is given.

4.1.1 Triaxial apparatus

Experiments were conducted in a conventional 100mm diameter Wykeham
Farrance triaxial apparatus (Figure 4.1). An instrumentation access ring was
added between the base and cell top of the apparatus to provide additional

ports for the instrumentation cabling. GDS Instruments Ltd. pressure and
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volume controllers were used to control the cell and back pressure. Deviatoric

load was applied by a Wykeham Farrance 50kN loading frame.

4.1.2 Instrumentation
Pressure transducers

The applied pressure to the base, top-cap and cell was measured with Druck
PDCR 810 pressure transducers (10 bar pressure rating) connected to de-
airing blocks. Valves were placed on both sides of the de-airing block to
assist in the de-airing process and to simplify calibration of the pressure

transducers.

Load cell

A Wykeham Farrance STALC 13073 internal submersible load cell was used
to measure the applied load. A load cell with adequate range capabilities and
high sensitivity was required. It was decided to employ a 10kN load cell, as it

would be sufficient in terms of range and resolution for all materials tested.

Local strain devices

Displacement of the sample was measured locally by three submersible LVDT's
(linear variable differential transformers) (RDP D5/40W/745) manufactured
by RDP Electronics Ltd. UK. The signal from the LVDTs was amplified by al-
ternating current amplifiers (RDP Type S7AC). Two LVDTs were employed
to measure the axial displacement over the middle third of the specimen
while a third measured radial displacement in a radial calliper. The design
of the radial calliper was similar to that of Bishop and Henkel (1962). Each
of the LVDTs had a linear range of £1mm.

The axial displacement LVDTs were held in position on the sample by
means of specially designed brackets (Figures 4.2). The LVDT fitted through
a hole in the top bracket and was kept in place by a plastic screw. The

diameter of the hole was only slightly greater than the outside diameter
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of the LVDT to improve alignment. The bottom bracket contained a finely
threaded screw that could move vertically to adjust the gauge length of the

LVDT to ensure that it was within its linear range.

External strain device

Strain was measured externally partly because the local strain devices were
expected to run out of range at large strains, but also to provide redun-
dancy. A single linear displacement sensor (HS25MG0163), manufactured
by Measurement Group Ltd. UK, was used. The instrument was capable of
measuring axial displacements of up to 25mm. The linear displacement sen-
sor (LDS) was fastened to the load cell with a standard fitting supplied by

Wykeham Farrance.

Bender elements

The bender element configuration was based on the results of Chapter 3.
Three side bender element probes were used, one acting as the transmitter
and the other two as receivers. Great care was taken to improve the signal

to noise ratio. This was achieved by the following actions:
e shielding around all bender element cables,
e power supply cables were separated from bender element cables and

e the triaxial apparatus and cable shielding had a common earth provided

by the oscilloscope.

The transmitter element probe was excited with a single sinusoidal pulse,
generated by a Thurlby Thandar Instruments (TTi) TG1010 programmable
function generator. Both the transmitted and received signals were measured

and displayed by a digital storage oscilloscope (Gould Integra 20).
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Data acquisition

The output from the instrumentation measurements during calibration, con-
solidation and shearing, with the exception of the bender elements, was
logged using the software package GDSLAB developed by GDS Instruments
Ltd. The logging system consisted of a GDS 4 channel RS232 Multiplexer,
8 channel interface and GDSLAB modular system. Bender element signals

were logged with the Gould Integra 20 digital oscilloscope.

4.1.3 Calibration

Transducers were calibrated to assess their accuracy of measurement. Cali-

bration of the transducers were conducted using the following procedure:

e Calibration of the transducer system (i.e. transducer with amplifier)

was conducted against a suitably accurate reference.

e The straight line relationship between engineering units and milli Volts

was derived using a least square linear fit.

e A calibration graph was produced, showing the above relationship as
well as that of the error (taken as the difference between the calculated

and measured value).

e The accuracy of each transducer was quoted as twice the standard
deviation of the error. Assuming a Gaussian distribution of errors, this
implies that 95% of the measured values would fall within the stated

accuracy.
Table 4.1 summarises the instrumentation used as well as its calibration
characteristics.
Dead-weight calibration system

The load cell and pressure transducers were calibrated using a 580 Series

hydraulic dead-weight calibration system manufactured by Budenberg Gauge
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Co. Ltd. The system operates on the principle of pressure balance between

a piston loaded by dead weights and the pressure at the outlet port.

Pressure transducer calibration

The pressure transducers were calibrated within their fitted positions in the
triaxial cell. The pressure outlet of the Budenburg was connected to the
de-airing block of the corresponding pressure transducer. The valve nearest
to the cell was closed to isolate the pressure to the pressure transducer.
The applied pressure was increased in increments of 50kPa starting from
100kPa to a maximum of 900kPa followed by a decrease in pressure again, in
50kPa pressure increments to 100kPa. This provided information about the
hysteresis of the instrument. Calibration of the pressure transducers was done
relative to atmospheric pressure. Figure 4.3 presents a typical calibration

result, obtained using the following procedures.

Load cell

The load cell was calibrated against the dead weight calibration system for
compressive loads only. This was done by following a similar procedure as
described for the pressure transducer calibration.

The sensing element of the load cell is situated in the middle of the main
body. In order to determine the zero readout value, the weight suspended
below the sensing element had to be calculated. This was done by averaging
the milli Volt reading when suspended under it own weight and when turned
upside down. As mentioned, the range of the load cell was selected on the
basis of its range and resolution. Figure 4.4 confirmed that this was the case.
An accuracy of 15.8N was obtained which is equal to a diviatoric stress of

2.0kPa (considering a 100mm diameter sample).

LVvDT

The three submersible LVDTs were calibrated against a micrometer (Mitu-

toyo Series 152 — 348). The micrometer had a 25mm range with a quoted
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accuracy of £1um. A purpose built calibration frame was used to position
both the micrometer and LVDT.

The LVDTs were calibrated in two stages. The first stage entailed a rough
calibration of the LVDT to establish its linear range. The gain setting of the
AC RDP amplifier was then set to achieve the highest possible resolution.
This process was repeated until the gain was such that only the linear portion
of the instrument was covered. The second calibration stage consisted of a
precise calibration where the output was noted every 100um. Figure 4.5 shows

the calibration of one of the two axial deformation LVDTs.

Linear displacement sensor

The linear displacement sensor was calibrated using a similar device as that
used for calibrating the LVDTs. Measurements were taken every 0.5mm for
the full range of the instrument (25mm). Figure 4.6 displays the resulting

calibration graph.

4.2 Laboratory Testing

The aim of the experimental program was to assess the influence of different

proportions of platy fines on the behaviour of rotund particles.

4.2.1 Description of materials

“Soton soil”, in this thesis, is defined as the combination of platy fine and
rotund coarse sand particles. Classification of this material as a sand was
based purely on the particle size of the material. The termm “rotund sand” is
used for equidimensional rotund particles. The behaviour of the Soton Soil,
containing various percentages of platy particles in the form of mica, was
contrasted with that of loose and dense rotund sand. The percentage of mica
quoted in this thesis refers to the dry weight of mica relative to the total dry

weight of the specimen. Four mica percentages were considered namely: 5%,
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10%, 15% and 20%.
Microscope pictures were taken of the platy and rotund particles (Fig-

ure 4.7) to classify the particles according to the criteria outlined in Section
2.3.1. A summary of these together with some basic properties of the material
are found in Table 4.2. Soton Soil consisting of lmm Leighton Buzzard sand
and 52pm to 105um mica powder were used for this laboratory investigation.
Minimum and maximum dry densities of the Leighton Buzzard sand were de-
termined by adopting procedures as outlined in BS1377 (1990) and Cresswell,
Barton and Brown (1999). Estimating that of the mica on the other hand
was not as straightforward. Due to the particle shape of the mica particles,
particle orientation changed when falling through the air and consequently
standard techniques did not yield the desired results. A series of techniques
such as pluviation using different funnel apertures and a pluviation tube as
well as vibration were thus employed and the values cited in Table 4.2 should
be viewed in that context. Determination of the minimum and maximum dry

densities of mica is a possible avenue for future research.

4.2.2 Preparation of undrained isotropic triazial spec-

mens

Various reconstituted specimen preparation techniques were investigated to
determine which technique would produce the most uniform specimen. It
should be reiterated that the aim of this research was not to reproduce field
conditions, but to illustrate a mechanism that prevails in mine tailings by
simulating it on Soton Soil.

Mulilis, Seed, Chan, Mitchell and Arulanandan (1977) investigated the
influence of specimen preparation technique on the uniformity of Dover 40-50
sand specimens. It was found that specimens prepared by means of dry pluvi-
ation and low frequency vibrations in the horizontal direction were relatively
uniform. Following the results of Mulilis et al. (1977), De Alba, Baldwin,
Janoo, Roe and Celikkol (1984) assessed the influence of specimen prepa-

ration technique on the shear wave velocity of uniform sand. Dover sand
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specimens were prepared by means of dry pluviation and moist tamping and
their shear wave velocity measured with bender elements at various relative
densities. The shear wave velocity of the moist tamped specimen was on aver-
age 25ms~! higher than that of the dry pluviated sample. Vaid, Sivathayalan
and Stedman (1999) prepared uniform, medium graded sand specimens by
means of moist tamping and water pluviation to similar global relative den-
sities. Specimen preparation by means of moist tamping produced highly
non-uniform specimens with the local relative density differing as much as
10% from the average value over the height of the specimen. In contrast to
this, the local relative density of the water pluviated specimens differed by
only 2% from the average value. Frost and Yang (2002) conducted a similar
experiment on well graded, sub-rounded quartz sand. Specimens were pre-
pared by means of air and water pluviation as well as moist tamping. The
water pluviated specimen obtained the greatest uniformity.

Hight et al. (1999) prepared sand specimens consisting of lmm quartz and
mica particles by means of air pluviation, dry spooning and moist tamping.
The first two techniques produced a relatively uniform distribution of mica
particles with the particles aligning themselves horizontally. The distribution
of mica in a specimen prepared by moist tamping, on the other hand was
less uniform and particle orientation was random. According to Fourie and
Papageorgiou (2003), wet pluviation of silty sand or mine tailings results in a
non-uniform specimen. Segregation of the fines occurs, which results in some
layering.

Oda (1972a) found that the orientation of the interparticle contact planes
is governed by the compaction method employed for preparing sand speci-
mens. Following this discovery, Mulilis et al. (1977) investigated the inter-
particle contact planes of uniformly graded fine sand prepared by dry pluvi-
ation, moist tamping and high frequency vibrations applied horizontally to
dry sand. Specimens prepared by means of dry pluviation had the highest
distribution of particles aligned parallel to the loading axis whilst the moist

tamped specimen had the lowest. A good correlation was found between the
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dynamic strength of the specimens and the orientation of the interparticle
contact plane. Specimens with the highest distribution of particle contacts,
whose normals were parallel to the direction of axial load, exhibited the high-
est dynamic strength. This confirmed observations made by Oda (1972b)
regarding static strength and particle orientation.

It is evident that all of the above mentioned specimen preparation tech-
niques suffered from some limitation and consequently a new technique was
designed for preparing soton soil specimens. The technique aimed to limit
the falling height of the material to minimize segregation of platy and ro-
tund particles, but at the same time produce relatively uniform specimens.
A description of the techniques employed for preparing the dense and loose

rotund sand as well as the soton soil specimens is given below.

Preparation of dense rotund sand specimens

1. The required amount of dry sand was weighed and placed in a des-
iccator. It was then submerged in de-aired water and subjected to a

vacuum for at least one hour.

2. Preparation of the apparatus and instrumentation was carried out whilst

de-airing the sand. This included:

e testing the membrane for leaks,
e de-airing the top-cap and base by flushing it with de-aired water,
e de-airing the GDS pressure controllers,

e cleaning the surface of the LVDT brackets to ensure good contact

with the rubber membrane,
e cutting the radial calliper pads and

e marking the LVDT bracket positions on the membrane using a
marker pen at mid-height. Where bender elements were used,
these were also marked on the membrane and the holes were cut

at the allocated positions.
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3. The circumference of the base pedestal was coated with a thin layer of
silicon grease to ensure a watertight connection between the membrane
and O-rings. The membrane was then slipped over the base pedestal
and two 100mm diameter O-rings were pushed into place using an O-
ring stretcher. Where bender elements were used, these were inserted
using a similar technique as that adopted for a mid-plane pore water
probe (Figure 4.8(a)). Details of these could be found in Hight (1982).

4. A modified three-part split mould was used firstly to retain the shape of
the specimen during construction and secondly to support the specimen
until an effective pressure was applied to it. The modified mould had
three holes cut into it along one of the contact seams. The diameter
of these holes was 2mm greater than the outer diameter of a bender
element probe and their centre points were located at 24mm, 100mm
and 167mm from the base of the mould. Great care was taken to ensure
that the electrical cables of the bender element probes were in the
correct position before slipping the mould ring into position. A cable

tie was placed around the base of the mould for additional support.

5. The top of the membrane was then folded back over the mould (result-
ing in a relatively tight fit between the membrane and mould) and filled
3/4 with de-aired water which pushed the membrane tightly against the

inside of the mould.

6. A wet 100mm diameter filter paper was placed on top of the base

pedestal to prevent any material from entering the base port.

7. The vacuum was removed from the desiccator and the sand was pluvi-
ated into the mould in thin layers. After each consecutive layer (approx-
imately 3cm), the mould was tapped 25 times to increase the density of
the specimen. Great care was taken to ensure that the sand remained
submerged in the de-aired water. This procedure was repeated until

the mould was filled. The top of the specimen was flattened by gently
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10.

11.

sliding the sand particles from the centre of the specimen to its side,

using the tip of a small screwdriver.

The O-ring stretcher with two O-rings was slipped over the top-cap
which was placed on top of the specimen. The membrane was slipped
over the top-cap, ensuring that no material was trapped between the

two before creating a seal using the O-rings.

A suction of 20kPa was applied to the top of the specimen. The suction
was maintained by specifying a target pressure of -20kPa to the GDS
pressure controller, connected to the top-cap. Once the pore pressure
(measured at the bottom of the specimen) stabilized at this pressure,
the mould was removed. The specimen dimensions (i.e. height and di-
ameter) were measured as well as the exact distance between bender

element probes, when used.

The LVDT brackets were glued to the membrane using impact adhesive
(Loctite) at the allocated positions. The distance between the top sur-
faces of each bracket pair was measured as well as the distance between
the top surfaces of the top bracket to the top of the specimen. Elastic
bands were placed around the brackets for extra support. The LVDTs
were then inserted and secured in place with the screw on the side of

the top bracket (Figure 4.8(b)).

The position of the radial calliper was marked on the membrane, taking
care to ensure that it was horizontal. In order to reduce the effects
of membrane penetration on the radial displacement measurements,
the radial calliper was glued to the calliper pads and membrane. The
calliper pads consisted of thin rectangular plastic pads, but of which the
edges were round. This was done to prevent the pads from puncturing
the membrane during glueing. Once the glue had dried, the position
of the radial calliper relative to the top of the specimen was measured
and the radial LVDT was inserted (Figure 4.8(c)).
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12. The gauge length of the LVDTs was adjusted to ensure a maximum
linear range during testing. This was achieved either by adjusting the
screw in the bottom axial LVDT bracket or by moving the radial LVDT

up and down of its bracket.

13. The cell was then sealed, filled with de-aired water and a cell pressure
applied to it. The specimen was left overnight to ensure that any air
trapped in the specimen would dissolve into the high quality de-aired
water. Sand remaining in the dessicator was washed into a metal con-
tainer and oven dried. The dry weight of the specimen was calculated
by subtracting the dry weight of the sand retained in the dessicator
from the original dry weight. Dry density was calculated using the dry
weight of the specimen, specific gravity and initial dimensions of the

specimen.

Preparation of loose rotund sand specimens

1. The procedure followed Steps 1 to 6 for the preparation of the dense

rotund sand specimens.

2. A funnel with an enlarged base (Figure 4.9) was used to prepare the
loose specimens. The funnel was placed inside the mould and filled with
saturated sand. The volume of the enlarged funnel was equal to that
of the completed specimen. Care was taken to ensure that the sand
remained submerged in de-aired water at all times. Excess water was
retained in the base of the pedestal. The funnel was then slowly lifted
clear from the mould. Once again the top of the specimen was flattened
by gently sliding particles towards the side of the specimen, using the

tip of a small screwdriver.

3. Steps 8 to 13 of the procedure for preparing dense rotund sand speci-

mens were then repeated.
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Preparation of Soton Soil specimens

1. A sufficient amount of platy and rotund sand particles were weighed
out and transferred to the desiccator. The specimen was submerged in
de-aired water and stirred to obtain a uniform mixture. The mixture

was then placed under a vacuum for at least one hour.

2. Steps 2 to 6 of the procedure for preparing dense rotund sand specimens

were repeated.

3. During this period some of the mica particles came out of suspension
and formed a layer on top of the other material. Careful mixing was
therefore required before making the actual specimen. The Soton Soil
was spooned into the mould in thin layers, stirring after each layer to
prevent segregation of the platy and rotund particles. Once the platy
particles had settled out, excess water was drawn off using a syringe.
Care was taken to ensure that the Soton Soil remained saturated at all
times. The Soton Soil was stirred a second time before placing the next

layer. The process was repeated until the mould was filled.

4. Steps 8 to 13 of the procedure for preparing dense rotund sand speci-

mens were then completed.

4.2.3 Description of test procedure and results

Isotropic consolidation tests with shear stiffness measurements, followed by
undrained triaxial compression tests were conducted on specimens prepared
according to the procedures outlined in the previous section. Table 4.3 con-
tains a list of all the tests that were carried out. With the exception of the
Soton Soil containing 5% mica, each material type was subjected to three
triaxial tests, with effective consolidation pressures of 100kPa, 200kPa and
400kPa. Only the specimen with the highest maximum effective isotropic

consolidation pressure (400kPa) had bender elements installed.
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Isotropic consolidation

Isotropic consolidation tests were conducted on each of the material types on
the specimen subjected to 400kPa isotropic consolidation pressure. The tests
were carried out in eight effective consolidation pressure stages namely 25kPa,
50kPa, 100kPa, 150kPa, 200kPa, 250kPa, 300kPa and 400kPa. The first ef-
fective consolidation pressure (25kPa) was applied by raising the back and
cell pressure in increments to final pressures of 200kPa and 225kPa respec-
tively. Care was taken to ensure that the applied effective pressure remained
below 25kPa at all times. The following effective consolidation pressures were
achieved by raising the cell pressure whilst keeping the back pressure con-
stant. Pore pressure coefficients (B) obtained for the Soton Soil were typically
in the order of 0.98 whilst those of the rotund sand were 0.95. Pore pressures
were measured at the base of the specimen and drainage allowed through the
top-cap.

The volumetric strain of the specimen was measured using two indepen-
dent methods. External volumetric strains (g,z) were based on the volume
change of the GDS controller connected to the drainage port on the top-cap
of the specimen, whilst local volumetric strains (e,;) were calculated from

the measured LVDT displacements using Equation 4.1.

€y = Eor + 2% &5, (4.1)
where
g,z. = local volumetric strain
€. = axial strain
g, = radial strain

It can be seen from Figure 4.10(a) that the external volumetric strains
(eyg) of the Soton Soil containing 15% mica particles are similar to the local

volumetric strains with a difference of approximately 1%. However, this was
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not the case for the dense rotund sand specimen (Figure 4.10(b)). The very
large difference in volumetric strains between that measured locally and ex-
ternally in this case is probably due to membrane penetration. Consolidation

results were thus based on £,7,.

Development of shear stiffness during isotropic consolidation

The shear stiffness of the Soton Soil containing various percentages of platy
particles was assessed during isotropic consolidation. The measured shear
wave travel time was obtained from cross correlation analysis of bender ele-
ment results, as described in Chapter 3. Travel distances used for calculating
the shear wave velocity of the Soton Soil took the axial deformation of the
specimen into account. Specimen densities were also adjusted using mea-
sured volumetric strains. Figures 4.11 and 4.12 show typical recorded signals
(of different quality) as well as the cross correlation function derived from
these signals. Note the decrease in amplitude with distance from the receiver
(Figure 4.11(a)).

In Chapter 3 it was shown that the shear wave velocity of a Leighton
Buzzard sand specimen could be assessed using three side bender element
probes. The results were relatively repeatable for input frequencies ranging
between 12kHz and 30kHz. Based on the repeatability of the results it was
assumed that the receivers were in the far field and wave attenuation accept-
ably low. The rotund sand tested here is similar to that employed for the
preliminary tests discussed in Chapter 3. The bender element configuration
and the relative positions of the bender elements in the specimen remained
unchanged. It thus seemed reasonable to assume that the material properties
would remain similar, as would the input frequencies applicable to the far
field and low attenuation. An input frequency of 15kHz was thus adopted
for measuring the small strain shear stiffness of the loose and dense rotund
sand. Table 4.4 summarizes the shear wave velocity results of the loose and
dense rotund sand specimens. The normalised cross correlation of two data

sets is the ratio between the cross correlation obtained at some point to the
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maximum cross correlation value. A normalised cross correlation value of one
implies a perfect fit between two data sets.

The addition of mica to the Leighton Buzzard sand increased compress-
ibility and damping and changed the dynamic response of the bender element-

soil system:

e It was therefore necessary to re-evaluate the frequency range to ensure

that the receivers were in the far field.

e Attenuation reduced the signal-to-noise-ratio and affected the repeata-

bility of the travel time determination for some specimens.

e At high frequencies the identification of the first array shear wave be-

came problematic.

The addition of platy mica to the Leighton Buzzard sand changed the
compressibility and density of the sand. It was thus anticipated that the dis-
persion and attenuation characteristics of the material would also change. In
order to determine the repeatability of bender element tests on the Soton
Soil, the shear modulus of the 10% mica specimen was measured for input
frequencies of 10kHz, 15kHz, 20kHz, 26kHz and 30kHz (Table 4.5). Figure
4.13 illustrates the relationship between measured travel time and effective
consolidation pressure. Note that the repeatability of the measurements im-
proved with effective consolidation pressure. At low effective consolidation
pressures, the attenuation of the Soton Soil is relatively high, resulting in
a low signal-to-noise ratio and hence low repeatability. Interpretation of the
bender element results of the Soton Soil became more complicated as the
mica content increased, especially for the lower effective consolidation pres-
sures. This could be attributed to the decrease in stiffness of the Soton Soil
with increasing mica content and hence a decrease in the signal-to-noise ratio.

Calculating the wavelength of the shear wave from the average shear
wave velocity and input frequency, it was found that the first receiver probe
was in the far field (i.e. the distance between the two bender elements were

greater than two wave lengths) at input frequencies of more than 15kHz
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(Figure 4.14). Measurements below this value should thus best be ignored.
Consequently the shear stiffness of the remaining specimens was assessed for
input frequencies of 15kHz, 20kHz and 30kHz (Tables 4.6 and 4.7). Figure
4.15 shows the influence of mica content on the travel distance between the
transmitter and first receiver in terms of the wavelength. The travel distance
of the dense and loose rotund sand specimens are also shown. A reference
effective consolidation pressure of 200kPa and input frequency of 15kHz was
adopted. Considering both the rotund sand and Soton Soil specimens, it

should be noted that:

e the travel distance of the dense rotund specimen is lower than that of

the loose specimen and
e the travel distance increases with increasing mica content.

Following these observations it could be concluded that the travel distance
in terms of wavelength decreases with density. In order to confirm this, the
relationship between travel distance in terms of wavelength and effective con-
solidation pressure of the 10% mica specimen was investigated (Figure 4.16).
A reference input frequency of 15kHz was used. Apart from the data point at
50kPa, the travel distance decreases with increasing effective consolidation
pressure, hence confirming the above conclusion.

Figure 4.17 shows the bottom receiver signal of a 15% mica specimen for
an effective consolidation pressure and input frequency of 400kPa and 30kHz
respectively. Initially the period of the received signal was very short but
increased at approximately 0.0004 seconds. The same trend was noted for
the top receiver signal. The travel time obtained from the first part of the
two received signals (i.e. below 0.0004 seconds) was equal to 0.000077s. This
results in a shear wave velocity of 901ms~! and shear stiffness of 1576 MPa.
The obtained “shear wave” velocity is in the same order of magnitude as
that of a compression wave which suggests that a compression wave precedes
the shear wave. It was uncertain what the cause of this was. This behaviour

seemed characteristic for the Soton Soil when excited with an input frequency
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of 30kHz. The shear wave velocity of the Soton Soil was thus derived from
averaged travel times obtained from input frequencies of 15kHz and 20kHz.

The geometric attenuation of the Soton Soil and rotund sand specimens
was estimated using Equations 3.2 and 3.3. It was assumed that the waves
spread in a planar fashion and consequently a value of O was adopted for ¢
resulting in a geometric attenuation of 1. Several researchers such as Bro-
canelli and Rinaldi (1997) and Karl et al. (2003) employed bender elements
to determine material attenuation or damping. The specimen however, was
excited with a continuous sinusoidal wave of which the frequency was varied
to obtain the resonant frequency. Following the discussion in Chapter 4, it
was decided not to employ a phase sensitive technique as it was found that
the shear wave velocity is frequency dependent. The material damping of the
sand specimens could thus not be determined as a time-of-flight technique

was employed.

Triaxial compression

Isotropically consolidated undrained triaxial compression tests with pore
pressure and local strain measurement were conducted under isotropic ef-
fective consolidation pressures of 100kPa, 200kPa and 400kPa to determine
the shear behaviour of the various Soton Soils. Following consolidation, the
drainage valves to the specimen were closed and an axial compressive load
was applied using the loading frame. The strain rate (2% per day) at which
the tests were conducted was governed by the maximum logging rate of the
GDSLAB system. A flat top-cap was used to reduce sample disturbance
caused by misalignment of the loading ram (Baldi, Hight and Thomas, 1988).

A combination of local and external strain measurements was adopted. In
order to establish at which point the transition from the local to the external
strain measurements should be made, the change in deviator stress with axial
strain was compared (Figure 4.18). At lower axial strain ranges (0% to 0.3%)
the global strain measurements exceeded that of the local strain which may

be attributed to bedding errors and system compliance. Beyond this value,
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the two measurements coincided up to an axial strain of 1%. This procedure
was applied to all of the specimens to establish the strain level at which
external strain measurements should be applied.

The gauge length of the local strain devices (LVDT’s) was of the order of
35mm, which is approximately half of that normally employed. The reason
for this is that part of the research was concerned with the compressibility
of the material at small strains. The reduced gauge length provided greater
sensitivity at these strains, although at the expense of accuracy. If the full
linear range of these instruments were employed (2mm), an axial strain of
5.7% could be measured. Local strain however, was typically measured only
to an axial strain of 4.3% since a proportion of the linear range was employed
during consolidation.

Figures 4.20 and 4.19 illustrate the development of deviatoric stress and
excess pore pressure with axial strain for the loose rotund and Soton Soil
containing 15% mica specimens respectively. The displayed axial strain is
based on a combination of local and external axial strain measurements.

The undrained secant Young’s modulus of the rotund sand and Soton Soil
specimens was derived from the effective pressure and local as well as external
displacement measurements. Figure 4.21 shows the relationship between un-
drained secant Young’s modulus and axial strain of a 15% Soton Soil and
loose rotund sand specimens isotropically consolidated to 200kPa effective

consolidation pressure.

4.3 Microscopic investigation of Soton Soil
specimens

Thin sections of Soton Soil specimens containing 0%, 5%, 10%, 15% and
20% mica were examined under a microscope. This was done to investigate
the fabric and structure of the specimens. According to Rowe (1972), fabric
refers to the “size, shape and arrangement of the solid particles, the organic

inclusions and the associated voids” whilst structure is defined as that “ele-



ment of fabric which deals with the arrangement of a particular size range.”
Burland (1990) defined structure as the combination of bonding and fabric.
The latter is described as the arrangement and distribution of the particles

comprising the soil (Cuccovillo and Coop, 1997).

4.3.1 Specimen preparation for thin sections

Preparation of the thin section specimens was carries out in two phases. The
first phase consisted of preparing a representative specimen in the laboratory
that had some strength once dried. This phase was carried out by the au-
thor. The second phase entailed the actual making of the thin section. This
was done by the School of Ocean and Earth Science at the University of
Southampton.

Representative specimens were prepared using a 100mm diameter triaxial
base pedestal, top-cap and mould. Specimens were prepared in accordance
with the procedure outlined in Section 4.2.2. The mould supported the spec-
imens so that no cell pressure need be applied. It should be noted that the
soil structure of the specimens might influenced by the lack of effective stress.
In order to ensure that the specimens retained their shape once dried, they
were saturated with diluted PVA glue (Cresswell, n.d.). The concentration
of the PVA glue was 7.5% by weight which resulted in a milky fluid with the
viscosity close to that of water. PVA glue was introduced from the bottom
of the specimen under a pressure head. Once the colour of the fluid exiting
the top-cap turned milky, the pipe connected to the base port was removed
from the glue and the PVA was drained from the specimen using a vacuum.
The suction was then removed and the specimen left to dry. Drying of the

specimen was carried out in three stages namely:

e The specimen ports (top and bottom) were left open to the atmosphere

for a period of 24 hours.

e Thereafter the top-cap was removed to expose a larger surface to the

atmosphere. The specimen was left for another 48 hours.
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e Finally, the membrane was gently removed, and the specimen was left
for another 36 hours to dry before cutting into smaller sections for

preparation of the thin sections.

Sub-samples for thin sectioning were prepared from vertical and horizon-
tal sections of each specimen. This was done by cutting the representative
specimens into two smaller sections, with the length of the sides approxi-
mately 6cm. Only the middle third of each specimen was considered as it
was assumed that fabric disturbances in this part of the specimen would be
minimal. The sections were then impregnated with an epoxy resin. A blue
dye was added to the epoxy resin to simplify identification of the voids. The
sections were left to cure. The impregnated section was then mounted onto
a glass plate and sanded to a thickness of 0.3mm. It was then polished and
covered with the resin to protect it.

Photographs were taken of each thin section under polarized and cross-
polarized light. These two were adopted as the former gives an indication of
the pore spaces, shape and orientation of the particles whilst the latter is
more suited to distinguish between the different minerals as well as particle
orientation. Two magnifications (22.5 and 47.5 times) were used to obtain
an overview of the composition of the material and closely inspect the shape
and contacts between the particles.

Figure 5.5 is an example of a photograph taken of Soton Soil containing
20% mica particles at a magnification of 22.5 under polarized and cross-
polarized light. Under polarized light the quartz particles (Leighton Buzzard
sand) appear colourless with their shape being rounded to sub-rounded. The
mica particles are light brown and platy. A feldspar particle could be seen
in the top left corner. The feldspar could be distinguished from the quartz
particles by the inclusions on its surface so that it almost appears dirty
(Erricson, n.d.). The small black dots could indicate the presence of some iron
in the sand. Under cross-polarized light, the quartz particles change colour as
their polarization changes. Their birefringence is weak (0.009) so that they

have first order white interference colour with a slight tingle of yellow (Rogers
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and Kerr, 1942). In the right hand corner a quartz particle could be noted of
which the colour varies over its surface. According to Erricson (n.d.), this is
an indication that the particle has been subjected to high pressure during its
formation. It is difficult to distinguish feldspar under cross-polarized light, as
its colour is similar to that of the quartz. The interference colour of the mica
particles is second order and varies between red, orange and yellow. Figure
4.23 shows the same specimen under 47.5 magnification. In the top left hand
corner one of the quartz particles is coloured by some iron oxide and appears
darker (brown) than the rest in polarized light. Some air bubbles, trapped
during the preparation of the thin section, were noted. The multi-crystalline
quartz particles were identified by their two to three distinctive colours under
cross polarization. The shape and orientation of the mica particles are easily

distinguished at this magnification.
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Table 4.1: Summary of instrumentation and calibration

Transducer Measurement, Manufacturer  and | Design Calibration | Resolution | Accuracy
type range range (95%  confi-
dence)
Load cell Axial load Applied  Measure- | 10kN 10kN 2.1N/bit 15.81N
ments Ltd., UK,
STALC 13073
Pressure Cell pressure Druck PDCR810 1000kPa 900kPa 0.10kPa/bit 0.67kPa
transducer
Pressure Back pressure (top) Druck PDCR810 1000kPa 900kPa 0.10kPa/bif 1.26kPa
transducer
Pressure Back pressure (bottom) | Druck PDCRS810 1000kPa 900kPa 0.10kPa/bif 1.08kPa
transducer
LVDT Axial local displacement | RDP Electron- | + Imm + Imm 0.2um/bit | 7.6 pum
ics  Ltd., RDP
D5/40W /745
LVDT Axial local displacement | RDP Electron- | + 1mm 4+ 1mm 0.2um/bit | 7.8um
ics Ltd., RDP
D5/40W /745
LVDT Radial local displacement | RDP Electron- | & 1mm + Imm 0.2um/bit | 6.8um
ics  Ltd., RDP
D5/40W /745
LDS Axial global displacement, | Measurement Group | 25mm 25mm 1pm/bit 30pm
Ltd, HS25MG
Bender ele- Shear wave velocity SGC

ments
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Table 4.2: Leighton Buzzard sand and mica properties

Leighton Buzzard sand

Mica

Supplier

Dawid Ball Group plec.

Dean and Tranter Ltd.

Particle size

Fraction B (1.18mm-600um)

100 Mesh (52-1054m)

Description

Natural wuncrushed silica sand,
washed, dried and graded. Free

from silt, clay or organic matter

Dry ground muscovite

mica powder

Geological clas- | Lower Greensand, Leighton Buz- | Muscovite
sification zard, Beds, UK

Particle shape | rounded to sub-rounded Flat, platy
Sphericity fairly spherical flaky
Roundness medium to high low
Colour Pale silver to brown White
Specific gravity | 2.65 2.9
Maximum 1752 916

dry density

(kgm™3)

Minimum 1496 728

dry density
(kgm™?)
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Table 4.3: Summary of isotropic undrained triaxial tests

Test Specimen Isotropic consolidation test with bender element Undrained triaxial compression
number | description measurement of G, with pore pressure and local
strain measurement
Effective consolidation pressure Excitation Effective isotropic consolida-
frequencies tion pressure
kPa kHz kPa
1 n.a. 100
2 Dense sand | n.a. 200
3 25, 50, 100, 150, 200, 250, 300, 400 | 15 400
4 n.a. 100
) Loose sand | n.a. 200
6 25, 50, 100, 150, 200, 250, 300, 400 | 15 400
7 5% mica 25, 50, 100, 150, 200, 250, 300, 400 400
8 n.a. 100
9 10% mica n.a. 200
10 25, 50, 100, 150, 200, 250, 300, 400 | 10, 15, 20, 25, 30 | 400
11 n.a. 100
12 15% mica n.a. 200
13 25, 50, 100, 150, 200, 250, 300, 400 | 15, 20, 30 400
14 n.a. 100
15 20% mica n.a. 200
16 25, 50, 100, 150, 200, 250, 300, 400 | 15, 20, 30 400
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Table 4.4:

Shear wave velocity calculations for sand samples

Sample de-

Isotropic  effec- | Input frequency | Travel dis- | Normalised Travel Shear wave
scription tive  consolida- tance cross correla- | time velocity
tion pressure tion
kPa kHz mm ms ms™?
25 15 68.10 1.00 0.19 358.4
50 15 68.09 1.00 0.16 425.6
100 15 68.07 1.00 0.14 504.3
Dense sand | 150 15 68.06 1.00 0.12 555.6
200 15 68.06 1.00 0.12 579.2
250 15 68.05 1.00 0.11 604.9
300 15 68.05 1.00 0.11 618.6
400 15 68.04 1.00 0.10 663.8
25 15 68.70 1.00 0.26 264.2
50 15 68.69 1.00 0.21 327.1
100 15 68.68 1.00 0.17 404.0
Loose sand | 150 15 68.67 1.00 0.2 440.1
200 15 68.66 1.00 0.15 467.1
250 15 68.65 1.00 0.13 497.6
300 15 68.65 1.00 0.12 525.7
400 15 68.63 1.00 0.12 571.9




Table 4.5: Shear wave velocity calculations for Soton Soil containing 10%

mica
Isotropic consoli- | Input fre- | Travel Normalised cross | Travel | Average Shear wave
dation pressure quency distance | correlation time | travel time | velocity
kPa kHz mm ms ms ms~ 1
10 1.00 0.70
15 1.00 0.63
25 20 66.78 1.00 0.11 0.28 236.4
25 1.00 0.11
30 1.00 0.63
10 1.00 0.13
15 0.64 0.16
50 20 66.72 0.73 0.17 0.16 406.8
25 0.72 0.17
30 1.00 0.16
10 1.00 0.24
15 0.88 0.24
100 20 66.62 0.73 0.24 0.24 281.1
25 0.63 0.24
30 0.53 0.24
10 1.00 0.21
15 1.00 0.21
150 20 66.57 1.00 0.021 | 0.21 316.0
25 1.00 0.21
30 1.00 0.11
10 1.00 0.19
15 1.00 0.19
200 20 66.53 0.96 0.19 0.19 351.4
25 0.98 0.19
30 1.00 0.11
10 1.00 0.18
15 1.00 0.18
250 20 66.44 1.00 0.18 0.18 367.8
25 1.00 0.18
30 1.00 0.19
10 1.00 0.18
15 1.00 0.17
300 20 66.50 1.00 0.17 0.17 394.9
25 1.00 0.12
30 1.00 0.17
10 1.00 0.17
15 1.00 0.16
400 20 66.44 1.00 0.16 0.16 413.6
25 1.00 0.16
30 1.00 0.16
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Table 4.6: Shear wave velocity calculations for Soton Soil containing 15%

mica

Isotropic Input fre- | Travel Normalised Travel Average | Shear

consolidation | quency distance | cross correla- | time travel wave

pressure tion time velocity

kPa kHz mm ms ms ms™? ms™!
15 1.00 0.10

25 20 68.2 1.00 0.20 0.15 446.4
30 1.00 0.16
15 1.00 0.16

50 20 67.9 1.00 0.16 0.16 433.9
30 1.00 0.19
15 1.00 0.25

100 20 67.6 1.00 0.25 0.25 271.6
30 1.00 0.11
15 1.00 0.21

150 20 67.6 1.00 0.21 0.00021 | 316.9
30 1.00 0.21
15 1.00 0.19

200 20 67.2 1.00 0.19 0.19 3561.2
30 1.00 0.19
15 1.00 0.18

250 20 67.0 1.00 0.18 0.18 377.7
30 1.00 0.18
15 1.00 0.17

300 20 66.93 1.00 0.17 0.17 396.7
30 1.00 0.16
15 1.00 0.16

400 20 66.76 1.00 0.16 0.16 423.9
30 1.00 0.16
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Table 4.7: Shear wave velocity calculations for Soton Soil containing 20%

mica,

Isotropic Input fre- | Travel Normalised Travel Average | Shear

consolidation | quency distance | cross correla- | time travel wave

pressure tion time velocity

kPa kHz mm ms ms ms™1 ms™!
15 1.00 0.12

25 20 67.52 1.00 0.12 0.12 579.6
30 1.00 0.11
15 1.00 0.37

50 20 66.98 1.00 0.37 0.37 181.0
30 1.00 0.16
15 0.63 0.28

100 20 66.13 0.69 0.27 0.27 241.4
30 0.7 0.27
15 0.49 0.23

150 20 65.52 0.5 0.23 0.23 281.2
30 0.43 0.23
15 0.63 0.21

200 20 65.11 0.69 0.21 0.21 307.1
30 0.8 0.22
15 1.00 0.19

250 20 64.78 1 0.19 0.00019 | 342.8
30 1.00 0.19
15 1.00 0.18

300 20 64.61 1 0.18 0.18 367.1
30 1.00 0.18
15 1.00 0.17

400 20 64.44 1 0.17 0.17 390.6
30 1.00 0.16
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De-airing block

GDS pressure controller

Global strain
measuring devise

Internal load cell

Loading frame

Alternating current
amplifier for LVDT

Extension ring

Figure 4.1: The triaxial equipment used during the experimental program
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Figure 4.7: Microscope picture showing particle shape of platy and rotund

sand particles
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(a)

(b)

(c)

Figure 4.8: Pictures of specimen preparation showing (a) completed bender
element configuration, (b) specimen with bender elements and LVDT and

(c) specimen with complete instrumentation
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Figure 4.9: Schematic presentation of enlarged funnel used for preparing loose

rotund sand specimens
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Figure 4.20: Example of stress vs strain and pore water curves for loose rotund
sand specimen isotropically consolidated to 200kPa effective consolidation

pressure
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Figure 4.22: Horisontal section of Soton Soil containing 20% mica for (a)

polarized and (b) cross polarized light at 22.5 magnification
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Figure 4.23: Horisontal section of Soton Soil containing 20% mica for (a)

polarized and (b) cross polarized light at 47.5 magnification
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Chapter 5

DISCUSSION

5.1 Introduction

A literature review was conducted to develop a framework for the mechanical
behaviour of mine tailings as well as to investigate the behaviour of other
geomaterials containing similar particle shapes (Chapter 2). The influence
of platy fines on the behaviour of rotund coarse particles was assessed by
means of a laboratory investigation on Soton Soil (Chapter 4). The Soton
Soil consisted of coarse rotund particles containing various amounts of platy
fines in the form of mica. The particle shape of the fine and coarse particles
employed in this study was similar to gold mine tailings investigated by Ver-
meulen (2001). The intention was to draw a parallel between the behaviour
of the Soton Soil and gold mine tailings. A new bender element configuration
and novel interpretation technique was developed to measure the small strain
shear stiffness of the Soton Soil. This was discussed in detail in Chapter 3

and will thus not be included in this chapter.
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5.2 Influence of platy fines on the behaviour
of rotund coarse particles

The influence of platy particles on the behaviour of rotund particles has
been investigated by other researchers such as Gilboy (1928), Moore (1971),
Audibert et al. (1976), Hammond and Hardcastle (1987) and Hight et al.
(1999). In all of these studies, particles of equal diameter were used. Several
researchers such as Miura et al. (1997), Zlatovic and Ishihara (1997), The-
vanayagam (1998), Thevanayagam (1999) and Yamamuro, Covert and Lade
(1999) investigated the influence of silt sized particles on the behaviour of
sand. These investigations however, were limited to equi-dimensional parti-
cles (i.e. non-platy particles). The research in both fields of interest indicated
that both particle size and shape influence the mechanical behaviour of sand.
The combination, to the knowledge of the author, however has not been ad-
dressed.

Natural soil and mine tailings incorporate both of these particle charac-
teristics (shape and size). It is hypothesized that the platy fines govern the
mechanical behaviour of mine tailings, especially that of gold tailings. As the
combination of particle shape and size has not yet been investigated, this
could not be confirmed from the literature.

This research project investigates the influence of platy fines on the be-
haviour of coarse rotund particles by means of an experimental program. The
diameter of the platy fines was a tenth of the coarse rotund particles. The

observed behaviour was then compared with that of gold mine tailings.

5.2.1 Fabric

The influence of platy fines on the mechanical behaviour of coarse rotund
particles was firstly assessed in terms of fabric'. This was achieved by study-

ing the change in density and void ratio with a range of platy fines content.

ldefinition of fabric is found in Chapter 4
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Photographs taken of magnified thin sections were also used.

Terzaghi and Peck (1948) developed a classification system for sands
based on their standard penetration resistance. Numerical values for the rel-
ative densities corresponding to these descriptions were later added by Gibbs
and Holtz (1957) (Table 5.1). Table 5.2 summarizes the global bulk and rel-
ative densities of the Soton Soil and rotund sand specimens at an effective
consolidation pressure of 400kPa. Global densities were calculated from the
measured specimen weight and dimensions. The relative densities cited in
this table refer to the coarse rotund particles only. Comparing the relative
density of the Soton Soil containing 5% platy particles with those proposed
by Gibbs and Holtz (1957), it could be seen that the material could be clas-
sified as a loose sand. The measured density (bulk and relative) should thus
be viewed in the light of this description.

The addition of 5% platy fines to the rotund coarse particles increased the
bulk density of the sand. This was due to the fact that the platy fines partially
fill the voids between the rotund particles without changing the volume of the
specimen. The addition of platy fines in greater percentages reduces the bulk
density until finally, it falls below that of the loose rotund sand specimen.
Yamamuro et al. (1999) investigated the behaviour of a silty sand and found
that an increase in fines (silt) resulted in an increase in relative and bulk
density. This discrepancy could be attributed to the difference in particle
shape of the fines. Hight et al. (1999) also noted the influence of particle
shape on the density of a rotund sand.

An increase in platy fines content above 10% resulted in a decrease in
relative density of the rotund particles until finally negative values were ob-
tained at 15% and 20% mica (Table 5.2). A relative density of -114% was
obtained for the latter. As mentioned, the aspect ratio of the mica particles
is relatively high (in the order of 252) and the addition of 1% mica by weight
is equal to 25% by number of grains (Hight et al., 1999). If this argument
is followed through, the addition of 20% mica by weight is thus equal to

Zaspect ratio of mica particles obtained from microscope photographs
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500% by number of grains. In the light of this, the negative relative densities
obtained for the rotund particles at high mica content seem realistic.

The rate at which the relative density of the rotund particles decreases,
reduces as the platy particle (mica) content is increased. In order to establish
how this is brought about, the change in fabric of the Soton Soil was investi-
gated. Initially the addition of platy fines partially fills the voids between the
rotund particles, thereby increasing the weight of the specimen without al-
tering its volume. The void ratio decreases whilst the bulk density increases.
Specimens containing 5% and 10% platy fines satisfy this condition (Table
5.2). The particle shape (i.e. rotund or platy) controlling the mechanical be-
haviour of the Soton Soil depends on whether or not clean contact between
the rotund coarse particles exists. The course rotund particles are in clean
contact with each other as the platy fines only partially fill the voids and
hence the mechanical behaviour of the Soton Soil at these mica contents are
governed by the rotund particles. As the platy fines fill the voids, the rotund
grains are pushed apart and the governing particle shape changes from ro-
tund to platy. This transition appears to take place for mica content in excess
of 10%. The rotund particles become “suspended” in the mica matrix and
the behaviour is controlled by the fines.

In order to validate this mechanism, results were interpreted in terms of
an equivalent void ratio (€*). The equivalent void ratio is defined as the void
ratio of the platy fine particles if it were to occupy the same volume as the
corresponding Soton Soil (Equation 5.1). A similar definition but with regards
to coarse particles was employed by Kuerbis et al. (1988), Mitchell (1993),
Thevanayagam (1998), Lade et al. (1998), Bouckovalas, Andrianopoulos and
Papadimitriou (2002) and Vermeulen, Rust, Clayton and Powrie (n.d.) to
investigated the influence of fines on behaviour of silty sand and gold mine

tailings.

e = (5.1)
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where

fe = proportion of coarse particles by weight

e = void ratio of Soton Soil specimen

The influence of platy fines on the equivalent void ratio is illustrated
in Figure 5.1. At 5% platy fines the equivalent void ratio is relatively high
(11.12) but decreases drastically with the addition of only 5% platy fines (i.e.
10%). The particle arrangement at 5% platy fines is clearly governed by the
rotund sand grains. Above 10% platy fines, the rate at which the equivalent
void ratio reduces, decreases until it stabilizes around a value of 3.78 for 15%
and 20% fines content. The rotund coarse particles are suspended in the platy
fine matrix and the fines dominate the mechanical behaviour of the Soton
Soil. This illustrates the importance of the amount and location of the platy
mica particles in the sand.

Microscope photographs taken of the thin sections were employed to study
the fabric of the Soton Soil on a local scale. Figures 5.2 to 5.5 show polarised
and cross-polarised photographs of the thin sections in the horizontal plane
at 22.5 magnification of the 5% to 20% platy fines specimens. The field of
view of the photographs differ slightly as the additional lens for cross po-
larization changed the lighting and hence focus. The quartz sand particles
appear colourless whilst the mica appear pale green to black in the polarized
thin sections. In terms of the cross polarized photographs, the colour of the
quartz particles varied between white, yellow, light and dark grey whilst that
of mica between bright yellow and orange. It can be seen that the mica flakes
align themselves parallel against the surface of the rotund quartz particles. In
the voids between the quartz particles, mica particle orientation is random.
At 10% mica content, the fines are mostly confined to the voids between the
quartz although some could be noted between quartz particles. This is high-
lighted when investigating a cross polarized photograph at 47.5 magnification

of the 10% Soton Soil specimen (Figure 5.6). As the mica content increases,
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the presence of mica particles between the quartz grains is more pronounced
and less clean contacts between the quartz particles exist. Finally, at 20%
mica content, the mica particles appear to cover the quartz eliminating al-
most all of the clean contacts between the rotund particles. A similar trend
was noted when investigating thin sections in the vertical plane.

The equivalent void ratios of the Soton Soil in the vertical and hori-
zontal plane were calculated from thin section photographs to investigate
specimen uniformity and fabric anisotropy. The equivalent void ratio in this
case, refers to the coarse rotund particles present in the specimens. Polar-
ized photographs of the thin sections at 47.5 magnification were employed
for this purpose. A computer package named “Image Tool” was used to
analyse the specimens. This was done by specifying the scale of the pho-
tographs and manually outlining each of the rotund specimens. The area of
the photograph as well as the rotund sand particles were then calculated. A
“two-dimensional” equivalent void ratio was then calculated and compared
with the ‘three-dimensional” equivalent void ratio calculated from specimen
measurements (Table 5.3). Harr (1977) considered a cross-section through a
sample of particulate media and found that the average area porosity is the
volume porosity. “Relating the geometric definition of probability, it follows
that in concept the porosity of a particulate material is the propability of
finding (hitting) a void in a unit of material,” (Harr, 1977). Since porosity
and void ratio are related to each other (e = 13, this implies that the area
(two-dimensional) and volume (three-dimensional) void ratio are also equal,
which makes them fit for comparison. Good agreement was obtained between
the three-dimensional and averaged two-dimensional equivalent void ratios
of the specimens.

The vertical and horizontal equivalent void ratios differed with the former
being greater, suggesting fabric anisotropy. Anisotropy appeared to increase
with mica content. In order to confirm these observations, the average lo-
cal axial and radial strains of the Soton Soil was compared. Similar to the

equivalent void ratio, some anisotropy could be noted that increased with
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mica content (Table 5.4). This could be attributed to the compressibility
of the mica flakes. Particle arrangement of the mica particles changes dur-
ing construction of the specimen. Initially mica orientation is random as the
voids between the rotund particles are relatively large. As the Soton Soil is
spooned into the mould, the voids decrease and the mica flakes progressively
arrange themselves parallel to the surface of the rotund particles. An increase
in mica content would thus result in an increase in platy particles that ori-
entate themselves parallel to the rotund particle surfaces thereby increasing
compressibility. In the horizontal dimension the specimen was confined by
the mould while in the vertical dimension by the base pedestal and top-cap.
As the diameter of the mould was less than the length of the mould, the
compressibility in the horizontal direction was less, resulting in a lower void
ratio. The adopted specimen procedure thus did not produce uniform speci-
mens. It was however, doubted that any of the reviewed techniques discussed

in Chapter 4 would produce better results.

5.2.2 Compressibility

The influence of particle shape on the compressibility of sand was assessed
by isotropically consolidating Soton Soil specimens containing various per-
centages of platy fines (mica) by weight, in a triaxial apparatus. Effective
consolidation pressures ranging between 25kPa and 400kPa were employed.
The compressibility behaviour of the soton soil and rotund sand are shown in
Figure 5.7. The slope of the isotropic consolidation line (C,) of the specimens
are indicated. The loose and dense rotund specimens appear to be incom-
pressible with the dense rotund specimen being more so. This is noticeable
from the difference in the slope of the isotropic consolidation line (the slope
of the dense rotund sand specimen is one order of magnitude less than that
of the loose rotund sand specimen).

Compressibility of the Soton Soil increased with increasing platy fines
content. A similar behaviour was noted by Gilboy (1928). Been and Jefferies

(1985) illustrated that the compressibility of a uniform quartz sand increased
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with silt content although less than observed from the Soton Soil containing
platy particles. The increase in compressibility with the addition of 5% platy
fines is relatively low. As mentioned before, platy fines in such a low quantity
partially fill the void spaces between the rotund particles. The increase in
compressibility is thus the result of some of the load being carried by the
platy fines. However, the addition of 10% mica fines increased the compress-
ibility of the soil by an order of magnitude. This relatively large change in
soil behaviour between 5% and 10% mica content was also noted when in-
vestigating the equivalent void ratio, calculated from specimen weight and
dimensions.

The increase in compressibility of the Soton Soil could be explained in
terms of the change in fabric of the material. Platy particles are more com-
pressible than the rotund grains due to their particle shape i.e. bedding can
take place and tend to align themselves perpendicular to the loading di-
rection. As the platy fines content increased, the rotund grains are further
removed from each other and the sand becomes progressively more compress-
ible. Ultimately, the rotund grains are suspended in the platy fines matrix

and the compressibility of the Soton Scil is that of the fines.

5.2.3 Small strain stiffness

The influence of particle shape on the small strain stiffness of Soton Soil was
investigated by considering both shear and Young’s modulli. The small strain
shear modulus (G,,,;) of the specimens was measured using side bender ele-
ment probes (i.e. a transmitter and two bender receivers). This configuration
was adopted on the basis of the conclusions drawn from Chapter 3.

The repeatability of the measured travel time of the Soton Soil containing
10% mica, was evaluated by exciting the transmitter element by a range of
input frequencies (10kHz to 30kHz at 5kHz intervals). The measured travel
times appeared to be repeatable for input frequencies ranging between 15kHz
and 30kHz. The travel time obtained from an input frequency of 10kHz de-
viated from the rest of the results. Back analysis indicated that the first
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receiver was still in the near field. A large scatter preceded the shear wave of
the remainings specimens when excited by an input frequency of 30kHz. The
scatter took on the form of a “compression wave”, although this was unlikely
as the receivers were in the far field at this input frequency. This phenomenon
was ascribed to the particle shape of the Soton Soil, as such a trend was not
observed when investigating rotund sand specimens. It was thought that the
difference in particle shape and hence the nature of the contacts between the
particles resulted in different interference patterns being set up than those
typically found in a specimen of equi-dimensional particles such as rotund
sand.

Figure 5.8(a) shows the normalised cross correlation function derived from
the two received signals of the Soton Soil specimen containing 20% platy
fines for an input frequency and consolidation pressure of 15kHz and 250kPa
respectively. Two prominent peaks were observed, with the first having a
greater normalised cross correlation value. The travel time obtained from
this peak resulted in an unrealistically high shear wave velocity while the
shear wave velocity of the second peak was within reasonable bounds. This
phenomenon was noted on more that one occasion. Table 5.5 presents the
travel times of the 20% Soton Soil specimen obtained from the first and sec-
ond peaks of the cross correlation function as well as that obtained from
characteristic peaks (hand picking) for a range of input frequencies and ef-
fective consolidation pressures. It should be noted that not all of the travel
times derived from the first peak of the cross correlation function were un-
realistic. Unrealistic travel times corresponded to cross correlation functions
with two prominent peaks. In the event of two prominent peaks, the travel
times obtained from the second peak compared well with those obtained from
characteristic peaks. Consequently, the travel time obtained from the second
peak was assumed to be correct for two prominent peaks.

In comparison, the cross correlation of the dense sand specimen for a sim-
ilar input frequency and effective consolidation pressure is shown in Figure

5.8(b). A single clear peak could be seen of which the corresponding travel

149



time is realistic and compared well with the travel times obtained from other
effective consolidation pressures. In order to establish the cause of the two
cross correlation peaks of the 20% Soton Soil specimen, the recorded re-
ceived signals were considered. In terms of characteristic peaks, it could be
seen that two possible travel times exist (Figure 5.9) which explains the two
peaks in the cross correlation function. The only possible way of telling the
“true” travel time is by evaluating the derived shear wave velocity in terms
of characteristic shear wave velocity values. It is thus recommended that
cross correlation analysis results should not be adopted blindly, but should
be checked against those obtained from characteristic peaks and that mea-
surements should be made for at least two input frequencies. This will allow
for comparison of results.

The addition of platy fines to rotund coarse particles resulted in reduced
specimen stiffness and consequently, reduced received signal quality. This
complicated interpretation of the bender element results. The quality of the
received signals was assessed by considering the signal-to-noise ratio of the
recorded signals. In order to illustrate this point, the change in signal-to-noise
ratio with effective consolidation pressure and mica content of the bottom
bender receiver was calculated. This was done by dividing the amplitude
corresponding to the arrival of the shear wave by the average noise. The noise
was taken as the change in amplitude prior to the arrival of the shear wave
(Figure 5.10). Figure 5.11 shows the relationship between the signal-to-noise
ratio and effective consolidation pressure of a Soton Soil containing 20% fines
(mica). A reference input frequency of 20kHz was used. The signal-to-noise
ratio was especially low at 25kPa effective consolidation pressure. It then
slightly increases up to an effective consolidation pressure of 250kPa after
which there is a sharp increase. An increase in signal-to-noise ratio implies
an increase in signal quality. Consequently an increase in the repeatability of
the travel time with effective consolidation pressure was thus found as shown
by Figure 4.13.

Figure 5.12 shows the signal-to-noise ratios of the rotund sand and Soton
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Soil specimens. A reference effective consolidation pressure of 250kPa and
input frequency of 15kHz were adopted. The influence of specimen density
on the quality of the received signals could clearly be noted by the large
difference in signal-to-noise ratio of the dense and loose rotund specimens.
The addition of only 10% mica reduces the signal-to-noise ratio significantly.
As already noted, the voids between the rotund coarse particles are partially
filled by the platy fines, which have a lower stiffness. The mechanical be-
haviour of the Soton Soil however, is still controlled by the rotund particles
which explains the relative high signal-to-noise ratio obtained. Beyond this
platy fines content, the controlling particle shape progressively changes from
rotund to platy as the platy fines fill the voids. At 20% platy fines the be-
haviour of the Soton Soil is essentially that of the platy fines, confirmed by
the low signal-to-noise ratio.

Figure 5.13 shows the small strain shear modulus (G4, ) results obtained
from bender element measurements. The derived G4, of the Soton Soil spec-
imens containing 10% to 20% platy particles, were unrealistically high at ef-
fective consolidation pressures of 25kPa and 50kPa. This was due to the low
signal-to-noise ratio as previously illustrated (Figure 5.11). The measured
Gz at these pressures should be ignored. Apart from the initial erroneous
measurements of the Soton Soil specimens containing 10% to 20% platy fines,
G ez increased with increasing effective consolidation pressure. As the effec-
tive consolidation pressure of the specimens increased, so did the bulk density.
Greater particle contacts are thus established which allows for greater propa-
gation of the shear wave and consequently, higher shear stiffness. Fioravante
and Capoferri (2001), Jovi¢i¢ and Coop (1997) and Jovi¢i¢ and Coop (1998)
also noted the influence of effective consolidation pressure on the Gnay 0f
clay and sand.

The addition of 10% platy fines to the rotund coarse particles reduced
the Gmay considerably. However, the addition of platy fines in this quan-
tity resulted in an increase in bulk density (Table 5.2) which at first glance

would lead one to expect the opposite reaction. As discussed, platy fines are
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predominantly situated in the voids between the coarse rotund particles. De-
pending on the fines content, the coarse particles are in clean contact with
each other. However, as not all of the fines are located in the voids, rotund
sand particles may be separated from each other to some degree. This results
in a change in inter-particle contacts and therefore the small strain shear
stiffness. It thus seems reasonable to assume that the addition of platy fines
would result in a further decrease of G,,q5. Surprisingly however, the G4, of
the 10% and 15% Soton Soil specimens were similar. The reason for this was
not certain and the results will later be compared with small strain Young’s
modulus results obtained from local strain and pressure measurements. A
minimum G,,,, was obtained for the 20% Soton Soil specimen. At this point
the coarse rotund particles are suspended in the fines matrix and the small
strain stiffness of the specimen is essentially that of the fines.

Degradation of the undrained effective secant Young’s modulus (E.,..)
of the Soton Soil and rotund sand was measured at effective consolidation
pressures of 100kPa, 200kPa and 400kPa (Figures 5.14 to 5.16). In order to
establish whether the E!

.cec Of the soton soil was also a function of effective

consolidation pressure and platy fines (mica) content, results were compared

at an axial strain of 0.01%.
The E’

usee increased with effective consolidation pressure as expected. In

terms of platy fines content, a reference effective consolidation pressure of
400kPa was adopted (Figure 5.16). Once characteristic behaviour at 400kPa
was established, the results were confirmed by comparison of the stiffness
at the remaining effective consolidation pressures. As before, a maximum
stiffness was obtained for the dense rotund sand specimen. The E! . of the
loose rotund and soton soil specimen containing 5% platy fines, were almost
similar. This was not surprising as very little platy fines were present and the
mechanical behaviour of the soil was that of the coarse rotund particles. The
addition of 10% platy fines however, greatly reduced the E,,. of the Soton
Soil as sufficient platy fines were present in the voids between the coarse

particles to influence its behaviour to some extent. The rate of decrease in
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E!... with increasing fines content reduced until finally there were hardly
any differences between the E! .. of the 15% and 20% platy fines content. As
noted, the equivalent void ratio also stabilized at these platy fines content
which could be attributed to the platy fines controlling the behaviour of the
Soton Soil.

Comparing the small strain Young’s modulus behaviour of the Soton
Soil and rotund sand at 400kPa effective consolidation pressure with that

at 100kPa and 200kPa effective consolidation pressures, it was noted that:

e A maximum FE! . value was obtained for the dense rotund sand spec-

usec

imen.

e Apart from the 200kPa effective consolidation pressure, the E, of
the loose rotund sand specimen was greater than the 10% platy fines
content specimen. It is not clear what the reason for this exception was
as this was not noted when investigating the small strain shear stiffness

(Gimaz) of the specimens (Figure 5.13).

e The £/, of the 15% and 20% platy fines content specimens were sim-
ilar.
e F! . results of the 10% and 15% Soton Soil specimens thus differed

usec

from the small strain shear stiffness results obtained from bender ele-

ment tests.

Following the above, it can be concluded that the E . of the sand decreases
with increasing platy fines content.

In a summary given by Matthews, Clayton and Own (2000) regarding
the elastic strain limit of certain geomaterials, Leighton Buzzard sand was
estimated as 0.002%. Bender elements impose strains of less than 0.001% on
soil (Brignoli et al., 1996) which in theory makes them suitable for measuring
the stiffness of soil within the linear stress-strain range. If it is assumed that

the limit of the linear stress-strain behaviour of the soton soil and Leighton

153



Buzzards sand is similar, F. .. and Gp.,; results would lie within an al-
most straight line. Small strain shear modulus (Gpez) results were calibrated
against the E] ... The measured G, values of the specimens are shown as
enlarged data points on Figures 5.14 to 5.16. A reasonable correlation exists
between the measured small strain shear and Young’s modulus. It should
however be noted that the shear stiffness and Young’s modulus are differ-
ent stiffness measurements and consequently, a good correlation can not be

expected.

5.2.4 Shear strength

Triaxial compression tests were conducted on the Soton Soil and rotund sand
specimens at effective consolidation pressures of 100kPa, 200kPa and 400kPa.

The shear strength behaviour of the Soton Soil and rotund sand was
investigated for a reference effective consolidation pressure of 400kPa to es-
tablish whether shear behaviour is characteristic of cohesionless soil. The
shear response of cohesionless soil is typically dilative or contractive by na-
ture (Figure 5.17) (Verdugo and Ishihara, 1996). Contractive behaviour (C) is
characterised by a monotonic increase in deviator stress to an ultimate state
at large strains. It then continues to deform under constant shear and mean
effective stress. Such behaviour is characteristic of loose sand (Bishop and
Henkel, 1962). The shear response of dense sand on the other hand, is par-
tially contractive followed by dilation (C-D) or dilative from the onset of shear
(D). In the case of the former, a minimum strength is reached at some point
after which it gradually increases until ultimate failure is reached at large
strains. The condition of minimum strength has been referred to as quasi-
steady state (C-D) (Alarcon-guzmand, Leonards and Chameau, 1988). The
term steady state deformation, defined by Poulos (1981), was adopted as the
criterion for continued deformation under constant shear stress, and constant
normal stress was satisfied to some extent. Additional criteria such as con-
stant volume and velocity are satisfied by the nature of the test (undrained)

and strain controlled loading system.
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The change in deviator stress and build up of excess pore pressure with
axial strain are shown in Figure 5.18. In terms of shear stress, the dense
rotund sand specimen does not reach peak shear strength. Dense sand typ-
ically reaches steady state at large strains (Lo Presti, Pallara, Maniscalco
and Pedroni, 2000) and since shear behaviour was measured only up to an
axial strain of 3.2%, steady state was not be reached. Dilation however, could
be noted from the excess pore pressure response of the specimen. The shear
behaviour of the loose rotund sand specimen was also not characteristic as it
appeared to be slightly dilative. This was due to the difficulty in preparing
a loose sand specimen that displays true contractive behaviour.

The addition of 5% platy fines to the rotund sand particles increased the
dilative behaviour of the soil to somewhere between that of the dense and
loose rotund sand specimens. As can be seen from Table 5.2, the addition of
5% platy fines resulted in an increase in bulk density. An increase in bulk
density implies an increase in the number of particles per unit volume and
consequently an increase in the number of interparticle contacts. The soil is
in a denser state than the loose sand specimen, thus explaining the increase
in dilation. As mentioned, the behaviour of the soil at this platy particle
percentage is partly controlled by the fines. Some of the platy fines are located
between the coarse rotund particles, forming bridges between them. During
shear, the bridging is dislodged and a sudden collapse occurs producing quasi-
steady state. Once this has happened, the coarse rotund particles are in
clean contact and shear behaviour follows that of the rotund sand specimens.
Thevanayagam (1998) noted a similar effect when investigating the behaviour
of kaolin silt (10%) and host sand. Soton soil specimens containing 15% and
20% platy fines were purely compressive. The rotund particles are suspended
in a platy matrix at these fine contents and hence the shear behaviour is that
of the fines. An increase in platy fines content thus suppresses dilation thereby
reducing the stability of the sand. All of the specimens with the exception
of the dense rotund sand specimen, displayed some degree of quasi-steady

state. Quasi-steady state is thus a function of the fabric and dilatancy of the
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soil (Verdugo and Ishihara, 1996; Wan and Guo, 2001).

In order to asses the influence of effective consolidation pressure on the
shear behaviour of the material, the results of the 100kPa and 200kPa ef-
fective consolidation pressures were investigated (Figures 5.19 and 5.20). As
expected, both the deviatoric stress and excess pore pressure increased with
increasing effective consolidation pressure. The shear behaviour of the dense
and loose rotund sand as well as the 15% and 20% Soton Soil specimens
remained unchanged. The dilative nature of the 10% Soton Soil specimen,
however increased with increasing effective consolidation pressure. The rea-
son for this is that the behaviour of the Soton Soil is partly controlled by the
platy particles. As the effective consolidation pressure increases, so does the
number of clean contacts between the rotund particles.

Figure 5.21 shows the stress paths (p’-q plane) of the rotund sand and
Soton Soil specimens for 100kPa, 200kPa and 400kPa effective consolidation
pressures. All but the dense rotund sand specimen displayed phase transfer®.
According to Verdugo and Ishihara (1996), Yamamuro et al. (1999) and Wan
and Guo (2001) the point of phase transfer coincides with quasi-steady state.
Comparing Figures 5.19 to 5.18 with Figure 5.21, can be seen that this was
indeed the case. Lo Presti et al. (2000) noted that these two points do not
coincide at low consolidation pressures (= 50kPa) for very loose specimens.
However, as effective consolidation pressures in excess of this value were
adopted in this investigation, this was not noted. The degree of phase transfer
appeared to increase with increasing fines content.

The effective internal friction angles (¢’) of the rotund sand and Soton
Soil specimens were based on Mohr-Coulomb failure criteria. The principal
stresses required to construct the Mohr circles were that at failure state and

were derived based on the following:

e the shape of the triaxial paths with regards to the deviator and mean

normal effective stress as well as the excess pore pressure response with

3defined as a temporary state of transition from contractive to dilative behaviour of
sand Ishihara, Tatsuoka and Yasuda (1975)
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shear strain and
e the maximum stress ratio n = ¢/p'.

The effective internal friction angle of the rotund and Soton Soil speci-
mens are shown in Figure 5.22. The influence of density can clearly be noted
from the relatively large difference in effective friction angle between the
loose and dense rotund sand specimens. The effective friction angle of the
Soton Soil (mica content ranging between 10% and 20%) on the other hand,
remained relatively constant around a value of 28.3° with a standard devi-
ation of 0.5°. This average value was achieved regardless of the change in
particle size distribution, shape and bulk density (Table 5.2). The effective
friction angle of the 5% Soton Soil was not included as it was only sheared at
400kPa effective consolidation pressure. It could however be noted that the
effective friction angle changed drastically by the addition of 10% mica par-
ticles. Based on the previous analysis, one might expect the effective friction
angle of the 5% Soton Soil specimen to be close to that of the loose rotund
sand sample. The turning point from changing to constant effective friction
angle thus remain uncertain. This might be a good field for future research.

Been and Jefferies (1985) introduced a state parameter () which incor-
porates the influence of void ratio and stress. It is defined as the difference
in void ratio between the initial sand state and steady state conditions at
the same effective stress. Depending on the polarity of the state parameter,
sand will dilate or contract at large strains. Been and Jefferies (1985) found
that the shear behaviour of Kogyuk sand (containing various percentages of
silt) and the polarity of the state parameter are related to each other in the

following way:

small positive or negative state parameter = dilative

high positive state parameter = contractive
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The state parameter of the Soton Soil and loose rotund sand specimens
was determined at the various effective consolidation pressures to establish
whether they follow the suggested trend. Not all of the specimens reached
steady state and hence only those that did were considered (Table 5.6). The
steady state line was calculated from the steady state condition? of the re-
spective specimens and their corresponding virgin compression line slope ().
It could be seen that a good correlation exists between the predicted and
observed shear behaviour of the 10% and 15% Soton Soil specimens. This
however, were not the case for the 20% Soton Soil, which was surprising
as the platy particles was cohesionless and would be expected to fit within
the framework. It should be noted that the correlation between the observed
shear behaviour and predicted employing the state parameter, was based on
sand and silt particles which have low aspect ratios. The mica particles used
in this study however, have a high aspect ratio and may thus not behave in
a similar manner. The 10% and 15% Soton Soil specimens contained a suffi-
cient amount of rotund particles so that their behaviour is governed by the
rotund particles to some extent and thus react in the predicted way. At 20%
platy fines, the rotund particles are suspended in the platy fines and shear
behaviour follows that of the latter, which as mentioned might not behave
as predicted.

The Nor-Sand model (Jefferies, 1993) was employed to analyse the be-
haviour of the rotund sand and Soton Soil as they were essentially granular.
As mentioned, not all of the specimens reached steady state or critical state
as referred to by Jefferies (1993) and Andrianopoulos, Bouckovalas and Pa-
padimitriou (2001). Critical state parameters could thus only be determined
for those specimens that reached critical state (Table 5.7). The slope of the
critical state line (A) and specific volume at a reference pressure of 10kPa (I")
increased with increasing mica content. The addition of platy particles thus

changed the position of the state boundary surface in the compression plane.

“achieved when the pore pressure become constant under continued shear at large

strains (Yamamuro et al., 1999)
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The slope of the critical state line (M) however, remained constant around a
value of 1.19, thus verifying the nearly constant friction angles obtained for
the Soton Soil specimens. Bouckovalas et al. (2002) conducted a statistical
analysis on published data to assess the influence of fines on the location of
the critical state line. Their results confirmed that of the author, namely that
M is unaffected by fines content whilst A and I increased.

Taylor (1948) suggested that the strength of dense sands consisted in part
of internal rolling and sliding friction between the particles and in part of
interlocking. Following on this research, Rowe (1969) proposed a dilatancy

rate (D) for granular material given by:

de
D=(1--2) (5.2)
0€,
where
€, = volume decrease per unit volume
€, = major principle strain in compression test

Bolton (1986) proposed the use of a dilatancy index (Ig)

where
Ip = relative density
p = mean effective stress (kPa)

The dilatancy index relates the effective critical friction angle and rate of

dilatancy in the following fashion:

$ -4, = 3IR
—(56,,/56(1)77“193 = 03[}3
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Referring to Table 5.2, it was noted that the relative densities of the 10%
to 20% Soton Soil specimens are extremely low with that of 15% and 20%
platy fines being negative. The proposed correlation thus does not apply
as very low or negative values for the dilatancy index would be obtained.
The difference between the effective friction angle obtained from the Mohr-
Coulomb failure criteria and that of critical state were none the less calculated
(Table 5.8) as it would provide some indication of the dilative nature of the
material. It could be seen that the difference between the two effective friction
angles reduced with increasing platy fine content. This implied a decrease in
the dilative nature of the soil with increasing fines content which confirmed

previous results.

5.3 Influence of platy fines on the behaviour
of mine tailings

An hypothesis is presented to explain the behaviour of mine tailings, using
gold mine tailings as an example, namely that: the mechanical behaviour of
mine tailings are governed by the platy fines present in the tailings. A test was
designed to validate this hypothesis. An experimental program was conducted
(Chapter 4) to establish whether platy fines influence the behaviour of coarse
rotund particles. This was found to be the case. The observed behaviour of
the Soton Soil (platy fines and coarse rotund particles) and the documented
behaviour of mine tailings were compared. The hypothesis would prove to be
true if a good correlation between the two was obtained.

In order to confirm that the Soton Soil was fit for comparison with the
mine tailings, the particle shape and size of the two were compared.

Hamel and Gunderson (1973), Mittal and Morgenstern (1975), Colin
(1980) and Vermeulen (2001) described mine tailings fines as platy or needle
shaped (appearing flaky) with the coarse particles being angular (Pettibone
and Kealy, 1971; Colin, 1980; Vermeulen, 2001). Photographs taken of the
magnified mica and Leighton Buzzard sand particles (Figure 4.7) showed
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that they fit the above description.

Considering the particle size distribution of the dispersed gold tailings
(Figure 2.8), the ratio of the mean particle diameter (Djsq) of the coarsest
tailings (0.06) to the fine tailings (containing some platy particles) (0.006) is
0.10. In comparison, the diameter ratio of the rotund to platy particles is in
the order of 0.09. The relative particle sizes of the Soton Soil are thus a good
approximation of the tailings.

Several researchers such as Hamel and Gunderson (1973), Aubertin et al.
(1996) and Vermeulen (2001) have noted the presence of muscovite or biotite
particles in mine tailings. Aubertin et al. (1996) estimated the mica content
in four different hard rocks as 5% to 10% while Vermeulen (2001) estimated
that in gold mine tailings as 7% to 9%. The mica content of the Soton Soil
varied between 5% and 20%. According to Vick (1990), the percentage fines
present in tailings varies between 10% and 20%, but could be as much as
50%. The platy fines contents of the Soton Soil thus fall within the typical
range found in mine tailings.

Following the above, it is concluded that based on particle shape and size,
the Soton Soil is fit for comparison with mine tailings. A comparison of the

behaviour of the two materials now follows.

5.3.1 Compressibility

In order to draw a comparison between the compressibility behaviour of mine
tailings and Soton Soil, field conditions need to be identified to establish
whether similar conditions prevailed during the laboratory testing of Soton
Soil.

Tailings are in a normally consolidated state owing to their recent stress
history (Vick, 1990). Exceptions to the rule could be found when the tailings
are deposited sub-aerially. Tailings appear to be anisotropic due to deposi-
tional processes. This is especially evident from the permeability of the ma-
terial as reported by Matyas et al. (1984), Robertson (1987) and Byrne and

Seid-Karbasi (2003). Isotropic normally consolidation tests were conducted
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on the Soton Soil and the observed behaviour would thus only be comparable
to normally consolidated tailings. Soton soil was not anisotropically consol-
idated as it was expected that some degree of anisotropy might be brought
about by the nature of the particles. Calculation of the equivalent void ra-
tio of the soil from magnified thin sections, confirmed that some degree of
anisotropy was present and that it increased with platy fines content.

The adopted effective consolidation pressures (25kPa, 50kPa, 100kPa,
150kPa, 200kPa, 250kPa, 300kPa and 400kPa) were in accordance with ver-
tical effective pressures to which tailings are typically subjected in a tailings
dam. Vermeulen (2001) employed a similar stress range (20kPa to 500kPa)
during the testing of gold mine tailings.

A quantitative comparison was drawn between the coefficient of compress-
ibility of the Soton Soil (Figure 5.7) and mine tailings as documented in the
literature (Table 2.2). It could be seen that the coefficient of compressibility
of the Soton Soil is lower than that of the mine tailings. This was ascribed
to the coarser grading of the Soton Soil.

Several researchers such as Mittal and Morgenstern (1976) and Aubertin
et al. (1996) have noted that the compressibility of mine tailings increased
with distance from the discharge point i.e. with increasing fines content,
despite the fact that very little colloidal clay minerals are present. The rel-
atively high compressibility of the mine tailings should thus be ascribed to
some other mechanism. The fines consist of platy or needle shaped particles.
An increase in compressibility with fines content may imply an increase in
compressibility with platy fines content. To establish whether this might be
the case, the influence of platy fines on the compressibility of Soton Soil was
considered (Figure 5.7). The coefficient of compressibility (C,.) of the loose
rotund sand specimen was included for comparative purposes as tailings are
considered to be in a loose state. The addition of only 5% platy particles,
more than doubles the coefficient of compressibility of the sand. A platy fines
content of 10% increases the coefficient of compressibility of the material by

an order of magnitude, when at 20% it more than doubles again.
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The addition of platy fines thus greatly influences the coefficient of com-
pressibility of Soton Soil, and since similar particle size ratio and consolida-

tion conditions prevail, this may also be applicable to mine tailing.

5.3.2 Small strain stiffness

Hoeg et al. (2000) noted that the small strain shear stiffness (Gpqe) of fine
tailings, collected from the Polish Zelazny tailings dam, decreased with dis-
tance from the discharge point. This implies a decrease in the G, with
platy fines content.

The G4z behaviour of the Soton Soil was investigated to establish whether
similar behaviour could be noted. Small strain shear stiffness was measured
using similar equipment, namely bender elements, to those employed by Hoeg
et al. (2000). Referring to Figure 5.13, it can be seen that the addition of
10% platy fines decreased the G,,q, of the Soton Soil drastically. The rate of
decrease of G, decreases with increasing platy fines.

Considering the undrained effective secant Young’s modulus (E,,,,) of the
Soton Soil at effective consolidation pressures of 100kPa, 200kPa and 400kPa
(Figures 5.14 to 5.16), it can be seen the that influence of 10% platy fines
is less pronounced than that of the G,,.;. It should be noted that the strain
level at which the G,,., was measured was at least one order of magnitude
less than that of E ..,
1996). Similar to the G4, behaviour, the rate of decrease of E. . decreases

with increasing platy fines content so that it is unchanged from 15% to 20%.

which would explain this difference (Brignoli et al.,

It appears as though small quantities of platy fines (10%) have the great-
est influence on the G4, and E ., of Soton Soil, a fines content typically

found in mine tailings.

5.3.3 Shear strength

As mentioned in Chapter 2, the effective internal friction angle (¢’) of sand

is governed by density, particle size distribution and shape. Mine tailings on
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the other hand, has an almost constant ¢’ that is unaffected by the above.
It would thus be fair to expect the Soton Soil specimens shear strength
behaviour to follow that of sand, as the addition of mica particles not only
affects the particle size distribution and shape, but also its density.

Figure 5.22 shows the ¢’ of the Soton Soil as well as that of the rotund
sand specimens. The ¢’ of the Soton Soil were unaffected by platy particle
content and consequently density and particle size. An average value of 28.3°
and standard deviation of 0.5° were obtained for the soton soil. The deposi-
tional nature, mineral composition, particle size distribution and density of
the Soton Soil and mine tailings (as reported by among others, Vermeulen
(2001)) differ and yet the characteristic feature of a nearly constant ¢’ was
noted in both cases. The only common feature of the two materials is the
platy particle shape of the fines. It is thus assumed that the nearly constant
@’ is associated with the platy particle shape of the fines. The effective in-
ternal friction angle of the mine tailings is higher than the Soton Soil (Table
2.3). It should be noted that the particle shape of the fine tailings is not only
platy which might explain this difference. Both materials have a constant
critical state line slope, which confirms the nearly constant effective friction
angles.

Traditional soil mechanics has and continues to develop strength models
for two types of materials namely clay and sand. In terms of the undrained
response of clay, shear is associated with the build-up of excess pore pressure
with the available shear strength remaining constant with shear whilst that of
loose sand is brittle. Man-made typical mill tailings streams however, produce
a unique material that tends to be simulated by the traditional methods
(Martin and Roberts, 1998). As noted by several researchers such as Vick
(1990), Martin and Roberts (1998) and Vermeulen (2001), the shear response
of tailings varies with fines content and is either dilative of contractive.

In order to establish whether the platy fines might be responsible for such
behaviour, the shear behaviour of the Soton Soil was investigated. An effec-

tive consolidation pressure of 400kPa was adopted for illustrative purposes

164



(Figure 5.23). Comparing the shear behaviour of the Soton Soil specimens at
1% axial strain, it could be seen that the shear stress is high for the 5% Soton
Soil specimen while the remaining specimens relatively low. This difference
in behaviour is confirmed by the relatively high excess pore pressures of the
10% to 20% Soton Soil specimens. Platy particles increase the compressibility
of the material (as noted before) and hence increase the build up of excess
pore pressures. This implies that for a given axial strain, soil having a low
platy particle content will exhibit higher mobilised shear strength than those
with high platy particle content. On the other hand at 3% axial strain, the
5% Soton Soil specimen has strongly dilated, thus is increasing its mobilized
strength with axial strain. Dilation of the 10% Soton Soil specimen reduced,
implying a decrease in the stability of the soil with continued axial strain. The
15% and 20% Soton Soil specimens compressed, however, thereby reducing
mobilised shear strength considerably.

This means that especially for the tailings slimes, the true stability con-
ditions may drastically differ from those predicted. Hight et al. (1999) inves-
tigated the stress anisotropy of micaceous material by conducting undrained
triaxial compression and extension tests on model and natural sand. The
platy mica particles increased the stability of the sand in compression, but
reduced its strength considerably in extension. It was thought that flow slides
occurring in such material could be attributed to this phenomenon. As men-
tioned in Chapter 2, friction angles following failure for this material were
much lower than mobilised friction angles at failure, on which stability anal-
ysis was based. Although this aspect of the fabric has not been investigated
in this research, the effect of platy mica particles has been illustrated in com-
pression and the results are in accordance with those obtained by Hight et
al. (1999). It is assumed that a similar mechanism prevails in mine tailings
as it has been proved that the behaviour of mine tailings is governed by the
particle shape of the fines.

The stability of tailings impoundments is generally assessed by means

of effective or undrained limit state equilibrium analysis where some failure
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surface is assumed to slide as a rigid body. The effect of internal deformation
within this sliding mass is thus ignored. Tailings failure however, often occurs
as flow slides which contradicts the assumption of a rigid body (Vick, 1990).
Effective stability analysis assumes that the effective stresses during shear
remain unchanged from that at the onset of shear (Ladd, 1991; Carrier, 1991).
This implies that shear occurs gradually enough and/or that the material is
sufficiently free-draining so that no excess pore pressures are induced and
are usually applied to frictional material. Undrained stability analysis on
the other hand, is employed to cohesive material where it is assumed that
undrained conditions prevail during shear (Martin and Roberts, 1998). It is
commonly found in South Africa that the stability of upstream tailings dams
is normally assessed by means of effective stability analysis since the rock
flour is non-plastic and hence frictional. Undrained stability analysis is often
ignored irrespective of whether shear response is dilative or contractive.
Ladd (1991) found that the shear stress at failure for effective stability
analysis was twice that of undrained stability analysis. This discrepancy in
mobilised shear strength at failure was confirmed by Vermeulen (2001) who
found the undrained shear strength of the coarse tailings was almost three
times that of the drained shear strength of the fine tailings. The use of effec-
tive stability analysis for upstream tailings dams does not take into account
the true physical behaviour of tailings under shear. This type of analysis is
usually applied to compacted embankments that exhibit a different behaviour
to that of uncompacted loose tailings slopes. Undrained stability analysis
carried out in isolation however, ignores the need for some disturbance to
trigger the undrained behaviour. It is thus concluded that both effective and

undrained stability analysis should be conducted on tailings slopes.
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Table 5.1: Classification of sands according to their relative density (after
Terzaghi and Peck (1948))

Classification | Relative density(%)
Very loose 0-15
Loose 15-35
Medium dense 35-65
Dense 65-85
Very dense 85-100

Table 5.2: Initial bulk and relative densities of Soton Soil and rotund sand

specimens
Specimen description | Bulk density | Relative density of sand in speci-
men, without the mica content

kgm=3 %

Dense rotund sand 2036 75

Loose rotund sand 1904 14

Soton Soil containing | 2017 36

5% mica

Soton Soil containing | 2010 9

10% mica

Soton Soil containing | 1989 -3

15% mica,

Soton Soil containing | 1843 -114

20% mica
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Table 5.3: Calculated and measured equivalent void ratios

5% mica

10% mica

15% mica

20% mica

Horizontal | Vertical

Horizontal | Vertical

Horizontal | Vertical

Horizontal | Vertical

Measured equiva-

lent void ratio

0.52 0.53

0.53 0.5

0.68 0.74

0.77 0.90

Average “two-
dimensional”
equivalent void

ratio

0.52

0.54

0.71

0.84

“Three-
dimensional”
equivalent void

ratio

0.53

0.57

0.72

0.81




Table 5.4: Measured radial and average axial strain for an effective consoli-

dation pressure of 400kPa

strain (%)

5% mica | 10% mica | 15% mica | 20% mica
Radial strain 0.08 0.90 1.25 2.28
(%)
Average axial 0.18 1.65 2.08 4.56
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Table 5.5: Travel time obtained from cross correlation and characteristic peak

Effective con- | Input fre- | Travel time ob- | Travel time obtained from | Normalised cross cor- | Travel time obtained
solidation quency tained from max | 2" prominent cross corre- | relation value of 2" | from characteristic
pressure cross correlation lation peak peaks peak
kPa kHz 8 s S
15 0.00012 0.00274
25 20 0.00012 0.00031
30 0.00012 0.00007
15 0.00037 0.00038
50 20 0.00037 0.00038
30 0.00016 0.00032
15 0.00015 0.00028 0.63 0.00028
100 20 0.00015 0.00027 0.69 0.00027
30 0.00016 0.00027 0.70 0.00027
15 0.00011 0.00023 0.49 0.00023
150 20 0.00011 0.00023 0.50 0.00024
30 0.00011 0.00023 0.43 0.00022
15 0.00010 0.00021 0.63 0.00021
200 20 0.00010 0.00021 0.69 0.00021
30 0.00011 0.00021 0.80 0.00022
15 0.00019 0.00018
250 20 0.00019 0.00020
30 0.00019 0.00018
15 0.00018 0.00017
300 20 0.00018 0.00018
30 0.00018 0.00018
15 0.00017 0.00016
400 20 0.00017 0.00017
30 0.00017 0.00017




TLT

Table 5.6: Comparison between predicted and observed shear behaviour at large strains

Mica content

Effective consol-

idation pressure

Steady state

State parameter

Predicted shear behaviour

Observed shear behaviour

% kPa
100
0% mica 200
400
100 X -0.011 dilative dilative
10% mica | 200
400
100 X -0.012 dilative contractive
15% mica | 200 X 0.008 dilative or contractive contractive
400 0.000 dilative or contractive contractive
100 X 0.024 dilative or contractive contractive
20% mica | 200 X -0.001 dilative contractive
400 X -0.023 dilative contractive




Table 5.7: Summary of critical state parameters of Soton Soil

Sample description A r M
10% mica 0.0217 | 1.650 | 1.19
15% mica 0.0256 | 1.677 | 1.19
20% mica 0.0657 | 1.979 | 1.15

Table 5.8: Estimate of dilatancy obtained from effective friction angles of
Soton Soil

Mica content ) Oes O — Pes
% degrees | degrees | degrees
10% mica 32.1 24.9 7.2
15% mica 29.1 25.1 4.0
20% mica 25.9 25.8 0.1
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Equivalent void ratio, e*

0 5 10 15 20 25
Percentage Mica

Figure 5.1: Influence of mica content on the equivalent void ratio of Soton

Soil
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(b)

Figure 5.2: Horizontal section of Soton Soil containing 5% mica at a magni-

fication of 22.5 for (a) polarization a1n7d4 (b) cross polarization



(b)

Figure 5.3: Horizontal section of Soton Soil containing 10% mica at a mag-

nification of 22.5 for (a) polarization and (b) cross polarization
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Figure 5.4: Horizontal section of Soton Soil containing 15% mica at a mag-

nification of 22.5 for (a) polarization and (b) cross polarization
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Figure 5.5: Horizontal section of Soton Soil containing 20% mica at a mag-

nification of 22.5 for (a) polarization and (b) cross polarization
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Figure 5.7: Void ratio vs. mean effective stress for isotropically consolidated
rotund sand and Soton Soil specimens containing various percentages of mica
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Figure 5.8: Cross correlation of (a) 20% Soton Soil and (b) dense rotund sand

specimen at an effective consolidation pressure of 250kPa
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Figure 5.9: Recorded traces of 20% Soton Soil specimen at 250kPa effective

consolidation pressure
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Figure 5.10: Recorded bottom receiver signal and noise amplitudes employed

for calculating the signal-to-noise ratio
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Figure 5.13: Small strain shear stiffness derived from bender element results

for Soton Soil and rotund sand specimens
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Figure 5.17: Undrained stress-strain behaviour (after Poulos (1981))
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Figure 5.18: Stress-strain and pore water vs strain curve for rotund sand and

Soton Soil at 400kPa effective consolidation pressure
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188



1600
---- loose sand

~——-dense sand !
‘

—_—— O, i
1400 + 10% mfca e £ o U MU R
—--~15% mica ,
20% mica ;
1200 +-------- R I T e

600 - - - - -

Deviator stress (kPa)

200 4+f -

150

100

100 4 -~ -

-1860 -+

Excess pore pressure (kPa)

-250 +

-300
Axial strain (%)
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Figure 5.23: Influence of mica content and internal deformation on the shear

behaviour of Soton Soil at an effective consolidation pressure of 400kPa
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Chapter 6

CONCLUSIONS AND
RECOMMENDATIONS

It has been widely recognised that the behaviour of mine tailings are governed
by its fines content. Although very few colloidal clay minerals are present,
tailings appear to be more compressible than other natural soils of similar
type. Vermeulen (2001) noted that the particle shape of gold tailing slimes
is predominantly flat and platy. The author postulated that the behaviour of
tailings could be attributed to the particle shape of the fines. Similar com-
pressibility and shear behaviour was noted for other geomaterials containing
platy particles such as mica, which strengthened this belief. This chapter
summarizes the conclusions drawn from the research in terms of the influ-

ence of particle shape on the behaviour of a rotund sand as well gold mine

tailings.

6.1 Bender elements

6.1.1 Interpretation of bender element results

Interpretation of bender element results are complicated by several uncertain-
ties (Chapter 2). As a result of this, several bender element interpretation

techniques were developed in an attempt to reduce these uncertainties.
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Time-of-flight and phase sensitive techniques were investigated to estab-
lish which yield the most reliable results. Results obtained from the phase
sensitive technique proved to be frequency-dependent. This was considered
to be the result of complex interference patterns being set up within the

specimen by the reflected waves.

6.1.2 Development of a new bender element configu-

ration and novel interpretation technique

The bender element configuration was altered to measure the shear wave
velocity between two side bender receivers, inserted along the side of a tri-
axial specimen. The two receivers were subjected to similar dispersion and
coupling effects and consequently, the recorded traces contained more simi-
larities than those recorded from conventional sender-receiver bender element
configuration. The group velocity measured using this configuration proved
to be repeatable. It also allowed for the use of cross correlation within the
time domain, improving the repeatability of the results.

The use of a side bender transmitter and two receivers allowed for the
measurement of the small strain shear modulus of a specimen within a simple
triaxial configuration. Results compared well with those obtained from an

embedded transmitter and two side mounted bender receivers.

6.2 Influence of platy particles on the behaviour

of rotund sand

6.2.1 Fabric

Platy fines occupy the voids between coarse rotund particles. Depending
on the percentage of platy fines present, the coarse rotund particles are in
clean contact with each other and the behaviour of the soil is controlled

by the rotund particles. As the clean contacts between the rotund particles

194



reduce, the behaviour becomes progressively more like that of the fines. A
critical mica content of 10% by weight was identified as the transition point
where after behaviour was governed by the fines (mica). This was noted when
investigating the change in bulk and relative density of the coarse rotund
particles as well as the equivalent void ratio, with platy fines content.

Thin section photographs of the soton soil specimens were employed to
study the fabric of the soil. Platy fine orientation between two adjacent ro-
tund particles appeared to be parallel to the surface of the rotund particles,
while in the voids it was random. Clean contacts between the coarse ro-
tund particles appear to decrease with platy fines content. This implies that
the governing particle shape changed from coarse rotund to platy fine. A
“two-dimensional” equivalent void ratio in terms of the coarse rotund parti-
cles were calculated from thin section photographs. Average two-dimension
equivalent void ratios compared well with three-dimensional equivalent void
ratios obtained from specimen measurements.

The measured horizontal and vertical two-dimensional equivalent void
ratios differed with the former being the lesser. The difference between the
two increased with platy fines content. Measured local axial and radial strain
also indicated a disparity between horizontal and vertical behaviour, thus
confirming thin section measurements. The difference in behaviour was at-

tributed to the compressibility of the mica flakes and specimen preparation

technique.

6.2.2 Compressibility

The compressibility of the soton soil increased with platy fines content. Ten
percent mica content had the greatest influence on the compressibility of the
soil. This confirmed results from other researchers such as Gilboy (1928) and
Hight and Leroueil (2003), namely that small percentages of mica had the
greatest influence on the compressibility of sand, in this case the Soton Soil.

The increase in compressibility was attributed to the shape of the platy fines.
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6.2.3 Limitations of the new bender element technique

and Soton Soil results

Travel times of the Soton Soil were repeatable for input frequencies of 15kHz
to 25kHz. The first receiver was still in the near field at 10kHz whilst at
30kHz, the shear wave was preceded by a large scatter. The latter was not
noted when investigating the small strain shear stiffness of the rotund sand.
The scatter was attributed to different interference patterns being set up due
to the nature of the particle contacts.

Cross correlation analysis between the two received signals of the Soton
Soil resulted in two prominent peaks with the value of the first being greater.
However, two prominent peaks were not observed in all of the test scenarios.
Travel time obtained from the first peak was unrealistically high while that
of the second peak was in good agreement with those at the remaining ef-
fective consolidation pressures. Travel times obtained from the second peak
compared well with those from characteristic peaks (hand picking). It was
assumed that travel time obtained from the second peak is correct. Following
the above, it is thus concluded that cross correlation analysis results should
not be applied blindly.

Interpretation of the bender element results of the Soton Soil was com-
plicated by low signal-to-noise ratios. This was especially the case at low
effective consolidation pressures of 25kPa and 50kPa. As a result, the small
strain shear modulus results of the Soton Soil at these pressures were unre-
alistically high. It was also found that signal-to-noise ratio decreased with

increasing platy fine (mica) content.

6.2.4 Small strain stiffness (Gpq.)

The small strain shear modulus of the Soton Soil was governed by effective
consolidation pressure and platy fines content. It was directly proportional
to effective consolidation pressure and inversely proportional to platy fines

content. The rate of decrease of the small strain shear stiffness decreased
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with platy fines content. The undrained effective secant Young’s modulus
was effected in a similar manner by effective consolidation pressure and platy
fines content.

Bender elements impose very small strains (in the order of 0.001%) on
soil and are thus able to measure the stiffness of soil in the elastic zone.
Consequently, the small strain shear stiffness and effective undrained secant
Young’s modulus results can be compared. A reasonable correlation between
the two was obtained (Figures 5.14 to 5.16). This proved that the bender

element results were reliable.

6.2.5 Shear strength

The shear behaviour of sand can be classified as contractive or dilative. Nei-
ther the dense nor loose rotund sand specimens displayed characteristic shear
behaviour. The shear behaviour of the dense rotund specimen was measured
only up to an axial strain of 3.2% and thus did not reach steady state. The
observed shear behaviour of the loose sand specimen was associated with
the difficulty in preparing a loose sand specimen that is truly contractive.
The addition of platy fines to the coarse rotund particles, reduced the dila-
tancy of the soil until finally the Soton Soil appeared to be contractive at
20% platy fines. Platy fines formed bridges between the rotund particles that
dislocate with continued shear, thereby displaying quasi-steady state. Phase
transfer was noted for all of the specimens with the exception of the dense
rotund sand specimen (Figure 5.21). Phase transfer coincided with quasi-
steady state, which confirmed results from other researchers such as Verdugo
and Ishihara (1996), Yamamuro et al. (1999) and Wan and Guo (2001).

An increase in effective consolidation pressure resulted in an increase in
deviatoric and excess pore pressure. Shear behaviour of all of the specimens
with the exception of the 10% platy fine specimens, remained unchanged.
The dilatancy of the 10% Soton Soil increased with effective consolidation
pressure. This was attributed to an increase in clean contacts between the

rotund particles with effective consolidation pressure.

197



The effective internal friction angle of the Soton Soil was unaffected by
particle size, shape and density. This was surprising as the literature reports
the opposite for granular material.

The state parameter of the Soton Soil was determined to establish whether
shear behaviour followed the suggested trend in terms of dilatancy as pro-
posed by Been and Jefferies (1985). Not all of the specimens reached steady
state and hence only those that did, were taken into account. A good cor-
relation was obtained between the proposed and observed behaviour of the
10% and 15% Soton Soil. This however was not the case for 20% Soton Soil.
The discrepancy was ascribed to differences in the aspect ratio of the Soton
Soil (high) and the soil (low) for which the state parameter was developed.
The two other percentages did not follow the behaviour of the 20% Soton
Soil as sufficient rotund sand particles were present to reduce the infiuence
of the platy fines.

Bolton (1986) dilatancy index could not be employed to the Soton Soil as
the relative density of the sand was too low. The difference between the effec-
tive internal friction angle at failure and critical state was however, calculated
as it provided some indication of the dilatancy of the soil. The difference be-
tween the two decreased with platy fines content thus confirming previous
observed behaviour (Figures 5.19 to 5.21).

The addition of platy fines to the coarse rotund particles changed the
location of the critical state line in the compression plane, while it remained

unchanged in the stress plane.
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6.3 Influence of platy fines on the behaviour

of gold mine tailings

6.3.1 Comparison between gold mine tailings and So-

ton Soil characteristics

A good agreement was obtained between the particle size and shape as well as
relative percentages of fines present in the Soton Soil and gold mine tailings.
The behaviour of the Soton Soil was thus fit for comparison with the gold
mine tailings.

Mine tailings are mostly in an anisotropic normally consolidated state.
Isotropic normally consolidated tests were conducted on the Soton Soil.
Thin section analysis however revealed that the fabric of the Soton Soil was
anisotropic. The effective consolidation pressured employed for the consoli-

dation tests were similar to those typically found in tailings dams.

6.3.2 Compressibility

The coefficients of consolidation of the Soton Soil were lower than the mine
tailings due to the coarser grading of the Soton Soil. The compressibility be-
haviour of the Soton Soil compared well with that of mine tailings, suggesting
that the compressibility behaviour of the tailings could be attributed to the
particle shape of the fines.

6.3.3 Small strain stiffness

The small strain shear stiffness of mine tailings and Soton Soil decreased
with platy fines content. It should be noted that the comparison was limited
to a single case scenario (Hoeg et al., 2000) for reasons given in Chapter 4.
The rate of decrease in stiffness (both shear and Young’s modulus) reduced
with platy fines content. It appears that small quantities of platy fines (10%)

have the greatest influence on the small strain shear stiffness and undrained
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secant Young’s modulus of Soton Soil. A fines content that is typically found

in tailings.

6.3.4 Shear strength

The effective friction angle of the Soton Soil remained constant which was
also noted for mine tailings with the effective slightly greater than that of
Soton Soil. The difference in effective friction angle may be attributed to
the particle shape of the tailings not only consisting of platy fines. This was
confirmed by the constant slope of the critical state line.

Traditional soil mechanics strength models do not predict the behaviour
of mine tailings accurately. Effective stability analysis is usually employed
which does not take the compressive shear behaviour of the fines into account.
Shear strength tests conducted on the Soton Soil highlighted the importance
of taking the platy fines content into account. Undrained stability analysis
carried out in isolation ignores the necessity f a trigger mechanism for failure.
It was thus recommended that both undrained and effective stability analysis
should be conducted on tailing slopes.

The results of this research have indicated that the addition of platy
particles in the form of mica greatly influences the behaviour of a rotund
sand. This change was noted in terms of compressibility, stiffness and shear
behaviour of the sand. A transition from sand to clay-like behaviour was
observed with the addition of platy particles.

It was noted that the behaviour of the Soton Soil is similar to that of mine
tailings. Furthermore both rotund and platy particle shapes were observed in
the mine tailings. Consequently, the unexpected behaviour of mine tailings

may well be attributed to the platy particle shape of the fines.

6.4 RECOMMENDATIONS

The minimum and maximum dry densities of the Leighton Buzzard sand and

mica was initially determined using commonly adopted techniques (BS1377,
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1990; Cresswell et al., 1999). The particle orientation of the mica particles
changed whilst falling through the air due to to their particle shape. Standard
techniques thus did not yield the expected results and alternative techniques
were adopted such as experimenting with funnel apertures, pluvation tube
and vibration. It is recommended that the methods should be developed for
determining the minimum and maximum dry densities of particles with a
high aspect ratio.

The influence of platy fines on the behaviour of Soton Soil was illustrated
in Figure 5.22. It could be noted that density greatly influenced the effective
friction angle of the dense and loose rotund sand specimens but that the So-
ton Soil specimens were unaffected by it, despite being granular. The effective
friction angle of the 5% Soton Soil specimen however was not included as it
was only sheared at 400kPa effective consolidation pressure to illustrate the
influence of very little platy fines. Following the conclusions drawn from the
comparative equivalent void ratios, compressibility and shear behaviour (at
400kPa effective consolidation pressure), it could be assumed that the effec-
tive friction angle of the 5% Soton Soil specimen would be close to that of
the loose rotund sand. The mica content where the transition from coarse ro-
tund particles controling the effective friction angle to platy fines takes place,
was not determined. It is postulated that this transition point is a function
of the relative particle sizes of the rotund and platy particles. Future re-
search determining this transition point as well as the factors that influence
it, would provide valuable information towards establishing a framework for

the behaviour of mine tailings and micaceous soils.
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Appendix A

Cross Correlation program for
analysing bender element

results
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Dim rownr, rownb, rowne, col

Dim mover As Single

Dim Currentsheet As String

Dim topavg, botavg, sum, topvalue, botvalue, topdifference, botdifference, nextcc,

product, totalproduct, toppower, botpower, sumproduct, sumtoppower

Public Sub crosscorrelation/()

‘calculate the cross correlation

mover = 0

col =3 ‘column

rowb = "begin row

rowe = 1000 ‘’end row

sumtop = 0 ’sum of top values
sumbot = 0 'sum of bottom values

sumproduct = 0
sumtoppower = 0

sumbotpower = 0

'SLIDE BOTTOM DATA SET RELATIVE TO TOP DATA SET

‘calculate the average of top and bottom

For rownr = rowb To rowe
topvalue = Sheets(” cross correlation”).Cells(rownr, col).Value
botvalue = Sheets(”cross correlation”).Cells(rownr, col + 1).Value
sumbot = sumbot + botvalue

Next rownr

topavg = sumtop/(rowe - rowb)

botavg = sumbot/(rowe - rowb)
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For mover = 0 To 500
‘calculate the difference between current value (top and bottom) and average
For rownr = rowb To rowe - mover
topvalue = Sheets(” cross correlation”).Cells(rownr -+ mover,col).Value
botvalue = Sheets(” cross correlation”).Cells(rownr, col + 1).Value
topdifference = topvalue - topavg
botdifference = botvalue - botavg
‘calculate the product of topdifference and bottom difference
product = topdifference * botdifference
‘calculate the power of topdifference and botdifference
toppower = topdif ference?
botpower = botdif ference?
‘calculate the sum of product and power calculations
sumproduct = sumproduct + product
sumtoppower = sumtoppower + toppower
sumbotpower = sumbotpower + botpower
If rownr = rowe - mover Then
totalproduct = sumproduct
totaltoppower =sumtoppower
totalbotpower = sumbotpower
‘calculated crosscorrelation function
cc = totalproduct/((totaltoppower)(0.5) * (totalbotpower)(0.5))
Sheets(”cross correlation”).Cells(2 + mover, 8) = cc
End If
Next rownr

Next mover

?

Sheets(” cross correlation”).Cells(1, 8) = ”cross correlation’
'write down max cross correlation and time delay
HighestCorr = 0

cc=10
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sumbotpower = 0
Sheets(”cross correlation”).Cells(1, 9) = ”max cross correlation”

Sheets(”cross correlation”).Cells(1, 10) = ”time delay”

For Row = 2 To 2009
cc = Sheets(”cross correlation”).Cells(Row, 8)
If cc > HighestCorr Then
HighestCorr = cc
TimeStep = Sheets(”cross correlation”).Cells(Row, 2)
End If
Next Row

Sheets(” cross correlation”).Cells(2, 9) = HighestCorr
Sheets(”cross correlation”).Cells(2, 10) = TimeStep
End Sub

Public Sub Engine()

Currentsheet = data(10)

Call crosscorrelation(Currentsheet)
For Frekw = 10 To 30 Step 5

End Sub
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