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ABSTRACT

‘A small but important body of geomechanics literature now exists to show

qualitatively that whether a specimen is composed of particles that are bulky or platy
can have a significant effect on its behaviour during compression and shear. This
particle shape characteristic has been termed ‘form’, which has sometimes been
estimated on the basis of ‘sphéricity’, a measure of how close a given particle form
comes to .that of a sphere. Before the effects of 'form can be established in an objective
manner it will be necessary to develop and evaluate simple, practical, and robust
three-dimensional measurés of this aspect of particle shape, and to assess the

importance of these in controlling the behaviour of particulate materials.

As a contribution to this fundamental study this thesis reviews experimental evidence
on the importance of particle shape, the nature of clastic and crushed rock particles,‘
and examines previous definitions of sphericity. It then considers potential methods of
obtaining data to define the three-dimensional form of particles, and proposes two
practical methods (Oné based on a vo_lumetricv equivalent scalehe ellipsoid for coarse
particulates and the other based on laser diffraction and turbidity measurement for
fine particulates) by which this can be done. The proposed methods are applied to -
specimens with a number of particle shapes, and the results are assessed by
comparison with other possible measures of form, and against the visual estimates
obtained from either the static imaging in 3-orth6gonal directions or the SEM images.
Subsequently, thé effects of form on packing arrangement of particies during
deposition and on drained shear behaviour (in triaxial compression) of particulate
materials are §xamined by carrying out laboratory tests on a variety of pérticle shapes
and DEM simulations on wide range of particle forms. Novel techniques of
determining the limiting void ratios and preparing the sample.s over a range of
densities (with more or less the same fabric) are developed for DEM simulations. The
results indicate that the limiting void ratios, inherent anisotropy, stiffness, peak
strength and the strain to reach peak state, ultimate strength and the strain to reach

ultimate state, the strain and the moblised stress ratio at the onset of dilation, the

. maximum dilatancy rate and the amount of dilation, pa'rtiéle‘ breakage, and the

existence of critical state, are all highlyvdepen'dent on the form of constituent particles.
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CHAPTER 1 INTRODUCTION

\

11 Background ‘ .
It has long been understood that particle size and shape have an important influence
on the mechanical behaviour of particulate materials. As early as 1925 Terzaghi, in
reviewing differences in soil béhaViour, noted that “on superficial examination sand
and clay seem to be essentially different materials” but concluded that “throughout the
, author’s studies no essential difference waé found to exist between sands and clays
other than the difference in grain size and shape” and that “these two differences
[were] fully adequate to explain the mofe dbviou_s distinguishing features of the two
-materials.” In 1928 Gilboy noted that “the shape of the grains ... [had] an almost

unbelievable influence on the compression characteristics of a granular material”.

Later, Olson and Mesri (1970) examined the relative importance of physico-chemical .

and mechanical factors to clay mineral compressibility and found that “in clayey soils,
~ the physico-chemical effects dominate[d] only the initial packing and ... the

subsequeﬁt behaviour of most clays [was] largely controlled by mechanical effects”.

Early attempts to characterise soil particles were necessarily simple. For example,

Grengg and Kammel’s (1924) approach was to estimate the percentége of flat grains
by counting them under the microscope. Terzaghi recognised the futility of such a
" method, and whilst criticising it, advocated an experiniental approach with a “view to
accumulating sufficient empirical data ... to permit eventually the formulation of a
complete and rational ’system of soil mechanics”. At that time it was clear that a
‘fundamental gréin—up approach to understanding and modelling the behaviour of soil

 was impractical, but during the past decade the use of discrete element modelling

(DEM) software has demonstrated that such an approach might be the way forward. |

An important issue is what elements of soil particles, including shape, sliding,
bending, and crushing, need to be modelled to obtain realistic geomechanics
simulations. This thesis considers the first element (particle shape) and makes a

contribution to that debate.




1.2

1.3

Objectives of this research

- Development of practical methods of estimating the form of coarse as well as

the fine particulates.

Improving the understanding of the effects of particle form on depositional

packing and on drained shear behaviour.

| Organisation of this thesis

This thesis is structured into eight chapters, as follows:

Chapter 1 provides a brief background and states the objectives of the work.

" Chapter 2 presents a detailed literature review on various topics that are

necessary to accomplish the objectives of this research.

Chapter 3 proposes a practicél method of estimating the form of ‘coarse’
particulates, evaluates the proposed measure by applying it to a range of

particle shapes, and compares its results with other possibl’evmeasures of form.

Chapter 4 proposes a practical method of estimating the form of ‘fine’
particulates, evaluates the proposed measure by applying it to a range-of fine

grained materials, and compares it with other possible measures of form.

Chapter 5 presents the results of an experimental study that was carried out
on a range of particle shapes in order to investigate the effects of form on

depositional packing, and on drained shear behaviour in triaxial compression.

Chapter 6 presents the results of a numerical study (using PFC2D) that have
been obtained for particles of various forms, looking at the effects of form on

depositional packing, and on drained shear behaviour in biaxial compression.

Chapter 7 brings together the information presented in Chapters 3 to 6,
compares it with the literature Wherever appropriate and draws further

conclusions.




¢ Chapter 8 presents the conclusions derived from this research, practical-

implications of this research, and recommendations for future research.




CHAPTER 2 LI.TERATURE REVIEW

This chapter provides a detailed literature review on the background topics such as (i)
the importance of particle form on mechanical behaviour of soils, (ii) the evolution of
~ sizes and shapes of clastic and crushed rock particles as they'fonn, (iii) principles of
operation of the available PSD tests, (iv) previous definitions of form of coarse
particles, (v) the existing methods of determining the fornﬁ of fine particles, (vi)-the
methods of determining the limiting den'sities, (vii) reconstituted sample preparation
~ techniques, (viii) lubricated end platens. It then summarises the main points (that are

relevant to this research) from the literature and list out the specific issues addressed

" in this thesis.

2.1 The impbrtance of form » _
It is widely agreed that there are three elements of particle-shape
- roughness,
—" roundness (or angularity) and
— form (sometimes termed ‘sphericity’) |
that can be distinguished, and may be of importance in affecting the mechanical

| - behaviour of an assembly of particles. Figure 2.1 shows these elements schematically.

Roughness is a measure of the smallest scale of surface irregularities. Roundness (or
angularity) is a measure of major surface irregularities (i.e. the corners and edges) of a
panicle. Form is a measure of overall shape of a particle. Because the shapes of
natural soil particles are highly irregular, researchers have over time 'proposedv
different parameters for estimating sphericity, roundness and roughness. This thesis
considers only form. The term ‘form’ is preferred in this thesis because there is no
implied connection with a spherical shape. For a smooth solid particie, form can be
thought of as the ratio of the volume of a particle to its surface area. Bulky particles

‘have a high volume, whilst platy particles have a low volume / unit surface area.




Much of the expeﬁmental evidence for the importance of form has been derived using -

mixtures of bulky and platy particles. In some studies (for example Gilboy, 1928, '

Mundegar, 1997, Leroueil and Hight, 2003, pp. 114-115, Hight and Leroueil, 2003,
p.283-287) blilky particles have had platy particles of the samé size mixed with them.
The effect has been a very significant increase in void ratio, coupled with increased

compressibility and reduced shear strength.

In‘ other studies tests have been carried ouf on materials composed of fine platy
' material mixed within coarse bulky material. Gold mine tailings were studied by
Vetmeulen (2001), who observed that a ‘clay-like’ high volumetric conipression

occurred under isotropic and oedometric loading as the proportion of fines increased,

and that this was associated with initially contractive behaviour, and excess pore .

pressure development in ‘slimes’ (gold. ‘tailing fines) during the initial stages of
triaxial shear. Similar results have been obtained using mixtures of bulky sand and
mica '(Clayton et al., 2004, Theron et al., 2005), see Figures 2.2(a) and (b). The
commonly observed subéequent phase transfer from contractive to dilative behaviour
~may well be a feature of the triaxial loading path that is 'commonly used in the
Iaboratory (Shibuya and Hight, 1991, Ishihara, 1993, Yoshimine et al., 1999, Olson
and Stark, 2002, Leroueil and Hight, 2OQ3, pp. 82-87), 5uggesting that for a given

initial effective stress level, platy particles fail at lower shear strength.

| Nouguier-Lehon et al. (2003) have reported the inﬂﬁence of .grain shape and
angularity on the behaviour of granular materials from two-dimensional numerical
modelling by means of DEM using the Contact Dynamics method. They claim that
the critical state concept is “meaningless” for elongate.drgrains because the behaviour
of samples generafed with such particles is highly dependent on the direction of
loading with respect to the initial fabric. Clayton and Obula Reddy (2006) carried out
a two-dimensional study using the Itasca DEM code PFC. in which the effects of

particle shape on both depositional void ratio and dilation durihg compressive shear -

were found to be important. They observed that particle shape had a controlling effect

on initial void ratio. They also found that platy particles did not dilate, again

challenging the concept of a critical state for such gram shapes. A similar study, based -

* on direct shear simulation, has recently been reported by Kock and Huhn (2007), who

concluded that ‘the deformation behaviour of clay is v'mainly controlled by their




particle shape which directly influences the specirnens’ ability to dilate or contract’

and that “different particle sphericity and roughness lead to fundamentally different

deformation mechanisms”. - Modelling using two-dimensional photo-elastic disc,
elliptic and pear-shaped particles (Zuriguel and Mullin, 2007) has shown the
importance of partlcle shape in developing force chains and therefore the distribution

of vertical stress within a sandpile.

The research findings re.Viewed above clearly suggest that form can have a significant
impact on undrained strength (through dilatancy), volumetric compressibility, and
stress distribution. Whilst it is reasonable to argue that experimental data may not
reflect tlie effects of form alone, but be influenced by particle bending a.nd.crushing
(Hardin, 1985, Lade et al., 1996, Cheng et al 2003 Cheng et al., 2004 and Coop et
al., 2004), the results of numerical modellmg (where crushing and bending are not

generally modelled) would suggest that form is a key parameter. - However, in the

absence of viable definitions of roughness, roundness and form it is impossible to test =

for the effects of the d1fferent components of particle shape. For example, Clayton et
al. (2006) have recently reported the important effect of apparently minor differences
in particle shape (between Leighton Buzzard sand and glass ballotini) on load build-
" up during cyclic loading, and Wesseloo (2004) has observed the reduced dilatancy
occurring in coarse gold tailings when compared with that in sedimentary sands, see
Figure 2.3. Without further definition of sllape pafameters it cannot be known if these

differences result from differences in form or angularity.

2.2  Nature of clastlc and crushed rock partlcles

Clastic material is d1rectly derived from pre-existing rocks. Most clastic sed1ment is
formed from weathering and erosion of the parent igneous, sed1mentary, and
metamorphic rocks. It consists of the resistant components of primary rock-forming
minerals (mainly quartz and muscovite mica) -and the clay minerals produced by
weathering' of non-resistant components of primary rock-forming minerals _(e.g.'

feldspars).

The sizes of the resistant components of mineral grains are controlled by their original

formation, Moss defects (Moss, 1966); and the rock cycle. Moss. defects are the

fracture planes within the crysta‘ls' that are formed during the high-to-low




transformation of quartz (Moss and Green, 1975). These defects prombte grain

breakage during weathering.

* The overall shape (i.e. form) of the original quartz crystals that aré present in igneous
rocks is largely éontrollgd by théif internal atomic strucfure? apart from small
distortions that take place during the high-to-low transformation of quartz (Boktnan,
1952) whereas in metamorphic rocks it is affected by an additional factor, i.e. the
distortion caused by metamorphic action (Smalley, 1966). As a result, the overall
shape of quartz crystals is bulky in granitic roéks,_ but may be bulky to platy in
‘metamorphic rocks depending on the origin of the rock (igneous or sedimentary) and

the style of metamorphism (thermal, regional or dynamic). The shape of mica |
particles is always sheet-like, but particle size (both the length and thickness) varies
depending on the ty}ﬁe of weéthering mechanism and transporting agent that have
operated. On the other hand, the atomic structure of élay mineral particles dictates
their shape to be sheet-like. However, thickness varies with the type of clay. mineral

due to variations in the bond strengths between their basic elemental sheets.

A number of mechanical and chemical processes take place between the time of
release of clasts from the pareht rock, and depoSition. These processes alter the sizes

and shapes of grains. The dominant processes seem to vary with the size of particles. |
Krinsley and Smalley (1973) and Margolis and Krinsley (1974) have noted that

inajority of coarse quartz particles (typically>>50um) break by concoidal fracture

~ whereas fine particles (typically <50um) fracture along their cleavage planes. A
significant amount of reéearch has been carried out by Smalley and his co-workers
(Smalley and Glendinning, 1991, Rogers and Smalley,; 1993, Smalley, 1995, Wright,’
1995, Jefferson et al., 1997, Wright et al., 1998, AsSallay et al., 1998, Wright, 2001,
Wright, 2004, Smalley et al., 2004, Smaﬂey et al. 2005 .and Smalley et al, 2006) in
order to explore the possible mechanisms behind the formation of huge amounts of
silt and clay-sized quartz particles, which include significant quéntities of loess
deposits all over lthe world. It has been concluded that glacial grinding, aeolian

abrasion, fluvial comminution, salt weathering and frost weathering are the probable |

mechanisms responsible for this material.




The shape of most natural fine clastic particles appeafs to be platy (Smalley et al.,
v1978, Blatt, 1987, Rogers and Smalley, 1993, Jefferson and Smalley, 1995, and
Jefferson and ‘Smal‘ley, 2002). Similar observations have been reported by Verm_eulen
(2001) and Wesselloo -(2004)- in the case of fine fraction of mine tailings fnaferial i.e. :
crushed rock barticles. Similarly, Guimaraes et al. (2007) have noted that the particle
sphericity and roundness decrease as the size of fines produced by one-dimensional
and shear loading decreases, and that eventually the fine particles (retained on sieves
#60, #100, #200) tend to become flat and/or blade-like.

The surface features (;f coarse clastic particles vary from smooth and well-rounded fo
rough and angular depending on the nature of formation (i.e. the type of weathering
~ mechanism and transporting agent) and the depositional envirdnment (Margolis and
| Kriﬁsley, 1974). On the other hand, fine particles do not seem to have many surface
irregularities since they tend to fracture .along their cleavage planes. The nature of
clastic and crushed rock particles described above (e.g. Figures 2.4(a) to (h)) clearly
suggest that particle size, either alone or in combination with 2D particle shape
descriptors, is insufficient to describe‘ or characterise theif shape, and that fine

particles may tend to be platy.

2.3 Principles of operation of PSD tests
- There is a lack of definition of the exact meaning‘ of ‘particle size’. Soil and rock |
particles are three dimensional, ahd of irregular shape. The size of a particle cannot be :
uniquely .expfe'ssed by a single p'éram’etef unless the particle is as a sphere or cube.
Because particle size plays an important role in quality control in many: industries
(e.g. adhesiVes, chemicals, biotechnology, ceramics, food, pharmaceuticals etc.) very.
many different ways of expressing and ‘measuring particle size have developed

depending on need. Some definitions are illustrated in Figure 2.5.

Automated PSD measurement techniques that have been developed include:

. Sieving .
* ° Sedimentation _
'+ Electrical sensing zone (ESZ)

. Laser diffraction (LD)
. Single particle optical sizing (SPOS)-




. Traditional microscopy teehniques
< Automated image analysis methods
Each of these is based on a different principle of measurement (and/or definition of -
size), and is applicable only to a specific range of particle sizes, as summarised in
Table 2.1. The principles underlying each of the above-mentioned techniques are
briefly discussed in the subsequent paragraphs. In general the available techniques

will yield the same results only for spherical particles.

‘Wet’ sieving (BS 1377-2:1990, ASTM D422-63:2002) is the most common method |
of PSD anaiysis used by geotechnical laboratories. Wet sieving involves preliminary
removal of fines by washing over a fine sieve, followed by dry sieving of the residual
coarse fraction. In sieving, the particle size is effectivelly defined as the length of the -
side of a square aperture through which a partiele can just pass (for example see
Lambe 1951). Sieving is applicable for coarser (sand and some gravel) paﬂieles only."
Finer material - (between approximately lpm and 100pm) is sized using a
sedimentation test. BS1377 Part 2 uses sieves with apertures of up to 75mm although

sieves as large as' 125mm are readlly available.

Sedimentation methods define the pérticle size as that of the diameter of an equivalent
_a sphere settling with the same velocity and in the same liquid. In soilltesting the
. pipette method is preferred in BS1377-2:1990, but much of the world uses the
hydrometer test,_as in ASTM D422-63:2002. Automated sedimentation can be carried
out in x-ray gravitational sedimentation equipment such as the Mieromeﬁtics
SediGraph, developed in the 1960’s. '

As neted above, particle diameter is estimated based on Stokes’ law, which assumes
the particle shape to be spherical and flow to be laminar. However, in general the fine
particles for which the sedime‘ntation methods are used are net sphericval, but are platy.
If the particles are platy, the settlirrg velocity decreases drastically due to the inerease_d‘
drag resistance, and in addition particles do not fall vertically, but drift from side to
side during their fall. Therefore, the sedimentation r_nethod underestimates the size of

platy particles (e.g. Konert and Vandenberghe 1997, Lu et al. 2000), 1f length is




considered as the particle size. This effect increases with the increased platiness of the

* particles.

In general, sedimentatibh methods are applicable for particles sizes of the order of 0.1
— 100um. Since Stokes’ Law assumes laminar flow, results cannot be correctly
interpreted if Reynold’s number is less than about 0.2. For quartz spheres (Gs = 2.65)
falling in water at 20°C the critical upper diameter is about 60um. The lower size
limit can be détermined by considering the relative importance of Browniaﬁ motion
and gravitational sedimentation (Lambe 1951). This limit occurs theoretically at
about 1pm, aithough convection currents further increase the limit, perhaps to 2pm or

more.

" PSD analysis by sedimentation r¢quires (ASTM D422-63:2002, BS1377-2:1990) pre-
 treatment with hydrogen peroxide to remove any organic matter (which would tend to
<ﬂoat if présent), and 'wash-ing to remove any soluble salts, followed by dispersion.
BS1377 . recominends dispersion using sodium hexamétaphosphate .(calgon) to
separate individual particles. The Asuggested_ methods of agitation differ between
standards, with ASTM D422-63 recommending either a high-speed mechanical stirrer
or air dispersion and noting that ‘the results from the two types of devices differ in
magnitude, depending upon soil type, leading to marked differences in particle size
distribution, especially for sizes finer than 20 micron’. It is evident that dispersion

processes can have a signiﬁ'c‘ant impact on the PSD measured by sedimentation. |

The ESZ (BS ISO 13319:2000) methdd, as used by the Bechnm Coulter Multisizer
3, defines pairticle size as the volume equivalent diameter of an electrically non-
conducting spherical particle. In this method, the particles are made to flow in an
-electrolyte solution through an orifice, which separates the two electrodes between
which an electric current is applied. As particles pass through the orifice they displace
their own volume of electrolyte sohition, and - the reduced elecfrical resistance
produces voltage pulses. The height of that voltage pulse is.directly propdrtional to
 the volume of the particle that produces it. This method is applicable for a size range
of 0.4 — 1200um. ' '
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The LD method (BS ISO 13320 1:1999), as used in the’ Malvern Masters1zer system
is based upon Mie scattering by particles in a dilute suspension. It provides an
equivalent diameter of a sphere based on the measured diffraction paﬁerﬁ. It works on
the principle that particlc_s of a givén size diffract light at an angle that increases with
| decreasihg particle size. It assumes the particle shape to be spherical. Due to the
| inéreased number of particles per unit volume (Hayton et al. 2001), this leads to an
overestimation of the volume concentra’tion’of particles if the particles are in reality
platy; However, size calculations are not much affected, since the diffraction pattern
is not much influenced by the third diménsion of a particle. Particle size results are
biased by the random orientation of particles in 3-D space (since the flow is more -
likely to be turbulent during the measurement process, see Figure 2.6(d)), and the

assumed optical properties (refractive index and absorption coefficient) of the

material. This method is applicable for particles of sizé between 0.1 and 2000pm.

The Single Particle Optical Sizing (SPOS) method (White 2003) provides the

projected area equivalent diameter of a circular particle as size, but uses a different -
- principle to that of laser diffraction (LD). -As. in LD, the particles are made to flow

across the path of a laser beam, however under laminar flow conditions. The passage

of pairticl'e écross the laser beam causes changes in output voltage of a light sensor -
which is proﬁortiénal to its projected area at that instant. Since the flow is laminar
during the measurements, the particles align their larger dimension perpendiculér to

the direction of the laser beam. In this method the results are affected by the random

orientation of particles (along the major axis of their revolution i.e. in 2 rather than 3 -
dimensions, see Figure 2.6(c)), but the effect is not significant when compafed to laser

diffraction. Another advantage of SPOS .is that it is applicable to a wider range of

particle-sizes (i.e. 1 — 5000pm) than LD.

-Traditional microscopy techniques provide an opportunity to examine the size and
shape of individual particles directly. But at present they can dnly be used to
supplement the results obtained from other particle sizing methods (e.g. sieving,
sedimentation, laser diffraction) since only small amounts of sample can be examined.
This occurs because of the limitation in number of coarse particles thaf can be seen in
a singlé field of >vi‘ew, and because of an inability to prep‘are the sample without

overlaps in the case of fine particles.
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Automated image ahalysis methods aré of two types, namely, static and dynamic (ISO
13322-1:2004 and ISO 13322-2:2006). In static image analysis, still particle images
are captured by dispersing them on to a xy-movable stage and minimising the _
overlaps. When (as‘isvnormal) particles are dispersed onto a horizontal stage, they
settle into their most mechanically stable state (see Figure 2.6(b)), and present their
largest projection area to the camera. This method cannot be successfully applied for
fine cohesive particles as sample preparation becomes an extremely difficult task.
However this problem can be overcome by using dynamic image analysis methods, by
dispersing the particles into a liquid or gas medium and forcing thefn to flow with
their greatest area facing the camera (as in the -patented ‘sheath flow” mechanism —
US Patent 6576194). In dynamic‘imaging sjstems irhages must be captured at high -
. frequency whilst the particles are in motion. PSD can be determined by analysing the
images of statistically représentaﬁve number of particles for the required size‘
parameter. With the advances in image anélysié and éomputational power, many such
automated systems are now cc)mmefcially available e.g. Morphologi G2, FPIA-3000, -
Camsizer etc.. The available techniques and appliéable size ranges are éummarised in

Table 2.1.

For the particle sizih‘g methods described above, particle size diétribution is Biased by
random orientation 6f pafticles during measurements in all the methods except image-
based ones (i.e. microscopy a‘nd' autorhated image analysis methods). This means, for
example, that if the PSD of uniform anisotropic (scalene ellipsoid-like) particles was
to be determined using émy of these tcchm'qiles, sizes would be obtained ranging from
the minor dimension (S) to its major _dimensidn (L), since particle orientation is
random (or uncontrolled) during the measurements, as illustrated in F.igure 2.6(a) tb
2.6(d). Therefore, it can be concluded that only the automated image analysis methods
produce physically meaningful particle' size distribution in the case of anisotropic
particles provided that the particles are dispersed well. |

24 lPrevious definitions of form of coarse particles

Some selected definitions of form are given in Table 2.2.

Alt_hough form ‘is essentially a three-dimensional concept, a number of researchers
(Wadell, 1933 and 1935, Riley, 1941, Pye and Pye, 1943, Krumbein and Slbss, 1963,

~
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Koerner, 1970a, Powers, 1982, Podczeck, 1997, Sukumaran and Ashmawy, 2001,

~ Hentschel and Page 2003, Alshibli and Alsaleh, 2004; Cho et al., 2006) have proposed
mo-dimensibnal estimates, based on measﬁrements of projectéd areas or Feret’s
diameters' and/orv visual comparison charts (e.g. Figure 2.7), because of their relative
simplicity. - ; ) - '

- Alternatively, lower-order harmonics (of descriptors) of Fourier series (Ehrlich and
Weinberg, 1970, Ehrlich et ‘al., 1980, Clark, 1981, Santamarina et al., 2001,
Wettimuny and Penumadu, 2004) or Fourier “descriptor methods (Clark,“ 1981,
Thomas et al:, 1995, Bowman et al., 2001), can be used fo obtain the 2D estirﬁateé of
shape parameters based on outlines of particles capturéd using imaging Systems. The
attraction of Fourier methods is that a particle’s outline, at all scales, can be traced and\
reproduced with the required accuracy simply by vafying the order of the harmonics
(or descriptors). The practical difficulty in using a two-dimensional silhouette of a
three-dimensional object is, however;, that finer surface detail (such as that associated
with roughness and angulaﬁty) may become obscured. In future, computerised
tomographic- (CT) imaging may overcome this difficulty, at least for coarse

particulates.

| The main drawback of all two-dimensional estimates of form is, however, that they do
not differentiate between bulky and platy pafticles having similar outlines, i.e.
between discs and spheres of same diameter, assemblies of which might ‘intuitively be
supposed to behave qui’te differently from each other during compression and shear.
A number of strategies have therefore been suggested in order to develop three-

dimensional measures of form.

Zingg (1935), Krumbein (1941), Corey (1949), Aschenbrenner (1956), Sneed and
» Folk (1958), Al-Rousan et al., (2007) and Blott and Pye (2007), have proposed 3D
~ estimates of form, based on the three-orthogonal dimensions of a particle. However,

. these methods cannot éasily be applied to small particl'es (e.g. fine sediments) or large

' The Feret's diameter of an irregular particle is defined as the measured distance between
parallel lines that are tangent to an object's profile on a plane perpendicular to the direction of
viewing. Maximum and minimum values are typically determined.




numbers of variable particles, such as are typically found in soil specimens, since it is

difficult and extremely time-consuming to obtain their three-orthogonal dimensions.

Other, potentially more practical definitions of form have been suggested by Wadell
(1932) and Hawkins (1993). Wadell (1932) suggested a 3D estimate based on
comparing the measured surface area of a given mass of particles with the surface
area of an equivalent mass of spheres with the same grain density. Neither Wadell’

nor Hawkms definitions of form can adequately distinguish between rod-like and
plate-like forms. A deﬁnitiov_ﬁ based on a plate-like form is more likely to be relevant
in attempting to predict soil behaviour, given the general scarcity in nature of rod-like

~ soil particles.

2.5  Existing methods of determining the form of fine particles

The past two decades have seen the development and use of a grlowing number of
automated particle sizing techniques, each based on a different principle as discussed -
in Section 2.3. A number of researchers (e.g. Novak and Thompson, 1986, Clift,
1988, Parslow and Jennings, 1986, _Jeﬁnings and Parslow, 1988, Allen; 1990,
Jennings, 1993, Slepetys and Cleland, 1993, Ferreira et al., 1993, Inoue, 1995,
Barreiros et al., 1996, Endoh et'a\l., 1998, Pabst et al., 2000) have compared particle
size distribution (PSD) data obtained by different techniques. For a given particle size,
the various techniques will produce identical (or similar) results only for spherical

particles, and results will differ in the case of anisometric particles.

A.number of researchers (e.g. Novak and Thompson, 1986, Clift, 1988, Allén, 1990,
Ferreira et al., 1993, Barreiros et al., 1996, Endoh et al., 1998) have attempted to
extract shape information by comparing the mean particle sizes obtained from pairs of
sizing techniques, see Table 2.3 for the corresponding expreésions. However, the
shape factors determined by any of these methods have been  found to be very
different from the actual values determined, for example, from imaging. This could be
due to the randoin orientation of particles during PSD testing using sedimentation

and/or laser diffraction methods, which has nbt been accounted for.

On the other hand, Parslow and Jennings (1986), Jennings and Parslow (1988) and

Jennings (1993) have proposed techniques for determining the aspect ratio (ratio of
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major to minQr dimension) of different shapes (oblate, prolate, discoidal, rod-like) of
particles based on the PSD data derived from sedimentation with those of electric
birefringence (based on rotdry diffusion “coefﬁéients) or laser diffractibn(‘ methods,
accounting for the random orientation of particles during measurements. The
expressions derived by Parslow and Jennings (1986) and Jennings and Parslow (1988)
for oblate particles based on the ratio of Dsg Obtained from sedimentation and electric
birefringence (rotary diffusion), and sedimentation and laser diffraction, respectively,
are presented in Table 2.3. The techniques were applied by these authors to kaolin

samples. It is worth noting here that electric birefringence method is applicable for

silb-micron sized particles (Oakley et al. 1982), and cannot be applied for particles |

larger than few microns.

Subsequently Slepetys and Cleland (1993) applied a size comparison technique using

sedimentation and laser diffraction methods, to determine the form of kaolin pigment

samples. The aspect ratio values they determined were not, however, compared with

the actual aspect ratios of individual particles. Inoue (1995) has also applied this
technique to a range of clay-sized (plate-, and rod-like) pa'rticles. and compared the
results with the actual asbect ratio values determined by imaging. There were major
inconsistencies between the results obtained using particle sizing and imaging

methods.

2.6  Methods of determining the 1imit_ing densities

The limiting maximum and minimum densities of clean sands are usually determined

by the recommended procedures set out by the national standards (e.g. BS 1377-

4:1990, ASTM D 4253 — 00).

Both these standards recommend the vibratory compacﬁon technique for determining
the limiting maximum density, which is applicable for soils consisting of non-
crushable particles. However, in reality majority of soil particles are crushable, so
~ crushing is ineyitable. Therefore, the maximum density ‘determined' by compaction
based methods does not correspond to the original material, but to an altered material,

because of particle crushing.
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Alternatively, Cresswell et al. (1999) have demonstrated that maximum density.can’ be
achieved by pluviation teéhriique; thé values obtained by this method -are similar to
those obtained by the BS method, but with minimal or no degradation. Later, Lagioia
et al (2006) confirmed that densities higher than those from thé ASTM vibration table

' test can be achieved by vacuum pluviation technique.

Minimum densities can be determined reasonably well either by the inverted cylinder
method (BS 1377-4:1990 or ASTM D 4254 — 00) or by the water-pluviation method
(Lagioia et al., 2006). |

2.7  Reconstituted sample preparation techniques '
In cohesionless soils, it is almost impossible to obtain good quality undisturbed

samples. Therefore, the laboratory element tests are usually carried out on

reconstituted samples. As a result, it is necessary to reproduce the fabric that exists in
the field while preparing the samples in the laboratory, since fabric plays a significant ‘
_role in shear behaviour (e.g. Vaid et al., 1999 — see Figure 2.8). Consequently,

researchers have developed many different sample preparation techniques over time.

These techniques can be classified based on the moisture condition of the soil (e.g.

dry, m(sist, or wet), the method of soil plécement (e.g. pluviation, or spooning) and the
medium through which the soil is plaéed (e.g. air or water). Samples of the’désired
density can be achieved by a combination of the above factors and mechanical
dehsiﬁcatioi} (i.e. tamping, ‘tapping, rodding, and- vibrating). Moist tamping and
‘pluviation teéhniques are most popular and commonly used. Moist tamping is said to
«mimic the fabric of the hydraulically filled materials whereas pluviation is said to

mimic the fabric of the naturally deposited materials. -

The moist tamping technique has the advantage that sample density can be controlled

relatively easily. However, samples prepared by this method are non-uniform

compared to those prepared using the pluviaﬁbn technique (Vaid et al., 1999; Frost & -

Park, 2003). Though the moist tamping technique has the ability to mimic the fabric
of hydraulically filled materials, the extent Qf non-uniformities for a laboratory sized

sample is large (Frost & Park, 2003).
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The density of pluviated sample is controlled by fhe kinetic energy of the particles,
which is a function of depositional vel_ocvity. (fall h'e’ight) and intensity (flow rate).
| Sample homogeneity is a function of the uniformity of sand rain with respect to its
"cross section and height. Horizontal and vertical uniformities of the sarnple can be
achieved by maintaining the uniform send rain over its cross section (using a series of
six or more ‘c.lo_sely- spaeed diffuser meshes — Cresswell et al., 1999) and a constant \
fall height relative to the rising surface ’of the spec’imene during pluviation (Jang,
1997), respectively. |
Until recently, moist tamping was the only method that could be used to produce a
wide range of densities, but the recent work of Lagioia et al (2006) suggests that a.
wide range of relative densities (between 5 and 140% - it is to be noted here that the
minimum and maximum' densities were detefmined as per ASTM D 4253 Method A
and ASTM D 4254 Method 1A), can be achieved by a combination of water, air and
vacuum pluviation, by varying the depositional intensities and fall heights. Water
pluviation produces loose samples whilst vacuum pluviation (at low depositional -

intensities and high fall heights) produces dense samples (Lagioia et al., 2006).

2.8  Free-ends (or lubricated-end platens)
In triaxial experiments, if conventional end platens are used, the sample deforms non-
uniformly at all (except very small) strains. This is mainly due to the frictional
resistance mobilised between the end platens and the sample leading to the formation
of dead zones and locahsed failure zones, and sample barrelhng as shown in Flgure
2.9. This non-umformlty results in strain localisation in the sample, making it difficult
obtain accurate (or representative) Vestimatesof strains, stresses and volume changes.
"To overcome the effect of this lateral restraint, Taylor (1941) suggested using 2:1
samples (height-to-diameter ratio of two) with an implied ass_nmption that the sample
would deform uniformly at its niid-height. However, strain localisation and barrell'ing

~ are inevitable.

An alternative way is to eliminate (or fninimise) the end friction so that the sample
can deform uniformly over its full height. Rowe and his co-workers at Manchester
University developed the concept of free-ends (Rowe & Barden, 1964) Free ends

consist of the followmg components
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e enlarged end platens of size slightly more than the sample’s diameter (e.g. 5
in. for 4 in. sample) to accommodate the lateral movement of the sample;
e . a disc of latex rubber membrane of size equal to that of the platen attached to
the loading face by a thin layer of high vacuum silicone grease. Together this
is usually referred to as a ‘lubricated membrane’; and
* a small porous stone at the centre of each platen. for saturation and/or pore

pressure measurement.

Subsequently, Bishop & Green (1965) investigated the effect of sample slenderness

ratio and number of lubricated membranes on end friction, and concluded that -

efficient lubrication can be achieved by uSing two layers of lubricated membranes in
conjunction with 1:1 samples. Furthermore, uniform strain conditions within the
‘samples were also coﬁﬁrmed by Kirkapatrick & Belshaw (1968) using the X-ray
“technique and Frost (2003) by performing image analysis on thin sections of resin

impregnated samples.

Therefore, it can be concluded from the literature that free ends allow a specimen to
retain its cylindrical shape even at large strains by imposing uniform stress and strain
conditions in the sample, thereby making the right cylinder area correction to be

applicable, and strain localisation to be avoided.

" Bedding errors associated with lubricated end platens 7

When free ends are used in the triaxial apparétus, external deformation measurements
cannot be relied upbn, due to associated bedding errors. Bedding errors are mainly
due to the lack of fit between the sample surface and the lubricated platens,
compression and distortion of the latex discs, and distortion of the Agr‘ease layér

(Sarsby et al., 1982). The bedding error can be as much as 80% of the externally

recorded deformation at low strains. Sarsby et al. (1982) have attempted to quantify -

the bedding error, but it seems quite complicated as it varies with the particle size,
_ shape etc. Therefore, local strain instrumentation is necessary if reliable deformation

measurements are to be obtained, especially at low strains.
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Challenges with-local strain instrumentation

When free-ends are used in conjunction with lubricated ends on 1:1 sampleé:

e not all types of local strain instrumentation can fit in, due to the reduced height

of the sample and enlarged ends ,
special care has to be taken if tests are to be continued until critical state -
strains with local strain instrumentation in place, since they may either stiffen

the sample or become damaged

However, the above difficulties can be overcome by using Hall-effect gauges

(Clayton and KhatruSh, 1986; Clayton et al., 1989) due to their compactness, large

linear range (~7mm), light weight, flexibility to adjust the gauge length as per the

requirement, and the ability of the gauges to undergo large movements without

disturbing the sample (i.e. tests can be continued to very large strains with local strain

instrumentation in place).

Finally, a special sliding typé split mould is required if good quality samples are to be

prepared with enlarged ends (e.g. Rowe & Barden, 1964).

2.9

Conclusions drawn from literature
The sizes and shapes of clastic and crushed rock particles ndrmally_
encountered by geotechnical engineers may vary very Widely. Size varies from

a few tens of millimetres to fractions of a micron. There appear to be Several_

- geological mechanisms that could produce large amounts of silt and clay-sized

quartz _particles.vThe overall shape of particles ranges from‘bulky‘ to _platy.
Surface features on coarse particles vary from smooth and well-rounded to
rough and angular depending on the nature of formation and depositional -
environment, whilst the finer fraction does not seem to have significant

surface irregularities, since they tend to fracture along their cleavage planes.

Traditionally, the measurement of the particle size distribution of the coarse
fraction is carried out by sieving and of the fine fraction by sedimentation.
Many automated particle sizing techniques' are now commercially available.

Among these, only the image based techniques provide physically meaningful
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PSD in case of weil-dispersed anisotropic particles. In others PSD is biased by

the random orientation of particles during measurements.

Most existing measures of form of coarse particles are two-dimensional. They
cannot differentiate between bnlky and platy particles with similar outline. Of
the remaining, three-dimensional parameters, most require the measures of the
largest, intermediate and smallest particle dimensions (L, I and S). It is very
difficult and time consuming  to obtain reliable measurement of these
dimensions for irregular particles, such »as those normally encountered by
geotechnical engineer's. In future high-fesblution computerised tomographic
(CT) scanning (nanotomography) may help to overcome this difficulty, but for

the present, simple and reliable measurement techniques are required.

In the case of fine particles, many researchers (in other scientific fields) have
pioposed methods of determining the aspect ratios based on the ratio of
particle sizes obtained by pairs of particle sizing techniques. However, in most
cases these methods have been applied to a limited range of particle shapes.
The aspect ratios d_eterrnined using these methods were very different from

those measured by microscopy techniques.

Limiting maximum density ce.n be better determined by pluviation methods
rather than by compaction based (BS or ASTM) methods, whilst the limiting

minimum density can be determined by inverted cylinder method.

Febric reproduction and specimen imiformity are essential when preparing.
reconstituted samples for laboratory element tests.. Samples prepared by

pluviation mimic the fabric of naturally deposited materials and can be very :
uniform. Whereas those_ prepared by moist tamping method mimic the fabric

of hydraulic fill materials and are less uniform. The extents of non-

uniformities for an element test can be large and questionable. . |

Free (or frictionless or lubricated) ends should be adopted in triaxial testing

when large strain behaviour needs to be investigated. When free ends are used, -
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strains should be measured locally on the specimen if small-strain behaviour

needs to be captured, in order to eliminate the bedding errors.

The literature reveals that particle form can have enormous influence on the

“mechanical behaviour of soils, however systematic study is lacking. The

immediate obstacle to carrying out systematic study is the lack of a proper

form characterisation method.

Experimental evidence available on mixtures of bulky and platy particles
reveals that the presence of even small quantities of platy particles in rotund

sands converts ‘sand-like’ behaviour (high stiffness, low compressibility, and

 dilation during shear) into ‘clay-like’ behaviour (low stiffness, high

compressibility and contractive behaviour during shear). .

Even in clays, ‘physico-chemical effects appear to dominate only the initial
structure, and the subsequent behaviour is largely controlled by the mechanical
interaction between particles. Limited DEM studies also suggest that particle

form is a key parameter that controls the mechanical behaviour the most.

- Specific issues addressed in this thesis

Déveldpment of practical methods for estimating the form of coarse and fine
particles, Which would effectively distinguish the bulky and platy, particles.

A systematic laboratdry study investigating the effects of particle form on
depositional packing, and on shear behaviour in triaxial compression.

A systematic numerical study usir_lg DEM to explore the possible particle level

mechaniSms.
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Table 2.i: Size ranges for various particle sizing techniques

Measurement technique

Particle size definition

Applicable size range

(microns)
Sieving Side of a square sieve 63 — 75,000
: aperture .
Sedimentation - Stoke’s diameter 0.1-100
© Electric sensing zone Spherical diameter of same 0.4 — 1200
(ESZ)! displaced volume
Laser diffraction (LD) Spherical diameter 0.1-2000
equivalent to observed Mie :
~ scattering o
Single Particle Optical Circular diameter ~1-5000
Sizing (SPOS) equivalent to projected
area .
- Imaging Minimum length of | 0.5 — 100,000

projected image of
particles .

1 Coulter Counter
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Table 2.2: Some existing definitions of particle form

Parameter =~ = Formula Range Measures ~ Reference

Two-dimensional parameters
Projéction D, : 0-1 DD Wadell, 1933 and
sphericity ' D, : @ e Wadell, 1935
Inscribed ' D \ _ . -
_circle ‘ < T 0-1 Dy, D, Riley, 1941
sphericity D, o »
Projection f[ ‘ ’ , ‘
sphericity - Z '. 0-1 L . Pye and Pye, 1943
Shape ' Sukumaran and
Factor ’ |:Z ai particle j| / (ﬂN / 4) ; 0-1 @ particle Ashmawy, 2001
i=1 '
Aspect ratio — 0-1 I L Hentschze(l) and Page,
o L : : 03
.Spherlgty P Yy >0 D,IL A1sh_;bl1 and Alsaleh,
- Index I L _ : e 2004
Inscribed - D :
Circle =5 , - 0-1 Dy, Dee Cho et al., 2006
Sphericity _ D, .
: Three-dimensional parameters
Degree of S, ’ ' _ .
true ’ - 0-1 S5 Sp Wadell, 1932
Sphericity S, ' B :
True | D, 0-1 Dy, D Hawkins, 1993
sph erl city DCS . s CS. b
Elongation _ S I
ratio and 2 and = 0-1 SIL Zingg, 1935
Flatness I L . o v
ratio
Intercept . SIS h 0l siL ‘Krumbein, 1941; and
sphericity 27 e Pye and Pye, 1943
Corey shape ' . S - '
factor 7 0-1 SLL Corey, 1949
_ 12.83/ p’q :
Working 2 2 : Aschenbrenner, 1956
sphericity 1+ p(1+4g) +6 lf"p (I+g°) o0-1- SLL . ’
where p=S/I,q=1/L" - '
Maximum g2 ' : R » ' .
projection | R 0-1 S, LL Sneed and Folk, 1958
sphericity _ L1 : L :
Flat and .
Elopg.atlop S ' - L " Al-Rousan et al., 2007;
Ratio; or — 0-1 . S L Bloit and 2007
Degree of L ott an Pye,‘
Equancy ‘
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Téble 2.3: Form parameters proposed by various researchers for fine materials

: Pérameter Formula Reference
" | D 3 "o t 2’~_1 v (2—r2)arctan r* -1 v ‘
Aspect ratio (r) Stokes’ (—) - ! arclanvy : : = Parslow and Jennings (1986)
' Dy, 2 3/1—;‘4 \/r2 -1 \Vri -1 ‘
N 2 c
Aspect ratio () Dot _ 2rarctanvr” —1 Jennings and Parslow (1988)
Dy, (r\/r2—1)+ln[r+\/r2—l]
Aspect ratio () [ﬂ] ’ Clift (1988)
D LD
. - ) D o 4 .
Wadell sphericity —Stokes” |- Allen, (1990)
' Dy, : )
' D, 2 -
Wadell sphericity —E8Z Barreiros et al. (1996)
: DLD - .
- D, /
Flatness (r) Endoh et al. (1998)
DStokes'
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roundness

s 9085 roughness

Figure 2.1: Elements of particle shape (after Barrett, 1980)
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Young’s modulus (Clayton et al., 2004).
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AccV  Spot Magn  Det WD ] 500 pm
150kV 5.0 §3S; GSE 9.9 0.9 Torr

(a) Leighton Buzzard sand
fraction B (Xu, 2005)

1S5ki) Lirn Z

(c) Coarse fraction of Mizpah (d) Leighton Buzzard sand
tailings (Clayton et al., 2004) fraction E (Clayton et al., 2004)

Figure 2.4: SEM images of materials commonly encountered by engineers
(contd.).
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(e) Mica (f) Classified tailings
(Wesseloo, 2004)

36, BRE 8. 5km

(g) Fine fraction of Mizpah (h) Kaolin
tailings (Clayton et al., 2004)

Figure 2.4: SEM images of materials commonly encountered by engineers.

29




Minimum
circumscribed

Maximum sphere ~ L _
i i Maximum
e inscribed sphere
circle ~ | 1 Sp

~ minor

dimension (S)

Volume
equivalent
diameter

Minimum
circumscribed
circle ~ L
Major (L) and
Intermediate (l)
dimensions (
‘/\‘

Perimeter
equivalent &
circular diameter
Projected area Sieve size ~ |

equivalent circular
diameter - ECD

Surface
area
\ equivalent
diameter

Stokes’ diameter

Figure 2.5: Various definitions of particle size
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| = intermediate
dimension

L = longest
dimension

(a) Scalene Ellipsoid — 3D view

(b) Static imaging — mechanically stable orientation

>S&<|

(c) SPOS - laminar flow conditions

>S&<L

(d) Laser diffraction - turbulent flow conditions

Figure 2.6: Effects of particle orientation on measured dimension (a) scalene
ellipsoid-like particle in 3D view; and possible orientations of particles in static
imaging (b), SPOS (c) and laser diffraction (d) measurements.
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Figure 2.9: Non-uniformity of sample and slip surface with conventional end
platens (Rowe and Barden, 1964).
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CHAPTER 3 FORM OF COARSE PARTICULATES

Firstly, this chapter proposes a practical definition of form based on a scalene
ellipsoid. Secondly, it evaluates the proposed measure of form, by applying it to
various geometrical shapes, regtﬂar and irregular particles ranging from spheﬁcal‘ to
platy, and comparing with the existing measures. Thirdly, it ﬁroposes an automated
method of estimating the proposed. measure of form. A sum1hary is pfovided at the

end of the chapter. '

3.1 A practical definition of form

The literature reviewed in section 2.4 vsuggests that many of the existing_zrheasures of
form are two-dimensional, ahd therefore not well suited to the characterisation of
particulate materials. Of the remaining, (three-diinensionai) parameters, most require
measures of the three-orthogonal dimensions, namely, the largest, intermediate and
smallest particle dimensions (L, I and S). It-is difficult and extremelyv tifne consuming
to obtain the 'three-drthogohal dimensions (especially S), therefore the 'existing three-

dimensional measures are impractical.

From the review of the currently available particle sizing methods (section 2.3), it can

be concluded that: | ‘

- In general each particle sizing technique will only .w'ork over a limited range of
particle size, thus reciuiﬁng at least two methods to size between 2um (the
clay/silt size boundary) and 75mm (fhe upper size used in British Standard
BS1377); | |

— Different techniques can lead to quite different measured particle . size
distributions, since each of them is based on a different principle of operation.
Sedimentation methods are péxrtiéularly problematical in this respect; -

— Automated image analysis appeared promising, particularly for. more

demanding applications where more than one dimension is required.
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Automated ixhage analysis methods are of two types, namely, static and dynamic (iSO
13322:1-2004 and ISO 13322:2- 2006) In statlc image analysis, stlll particle images
are captured by dispersing them on to a xy-movable stage and minimising the
overlaps When (as is normal) partlcles are dlspersed onto a horizontal stage, they
settle into their most mechanically stable state, and present thelr largest projection
area to the camera. This method cannot easily be applied for fine particles as sample |
separation becomes an extremely difficult task. For this reason the estimation of the
form of fine particuiates is covered in the next chapterv (i.e. Chapter 4) using a

different technicjue.

The writer’s working hypothesis has been that the platy or Bulky nature of soils can be
suitably expressed through the ratio of the minimum to maximum particle dimensions’
(S / L), and that these can be approximated to the three-dimensional iriscribed and
circumscribed spherical diameters, D,-s and Dcs We further assume that within each
limited- partlcle size range the form of the partlcles is approx1mately uniform. When
non-spherlcal particles are placed on a horizontal surface and separated they fall with
their major and intermediate dimensions (L, / ) parallel to the surface that they lie on,
and normal to the imaging system. Direct méasurement (e.g. using static imaging) of
~ the minor dimensions of a specimeh comprised of a large number of noh—spherical

particles is therefore impractical, and other methods must be sought.

For the purposes of this work, and as a starting position, the author has arbitrarily
adopted a reference particle shape that is neither two dimensional nor spherical, but is
a scalene ellipsoid. The sr‘nallest‘ dimension (S) of an equivalent ellipsoid can
potentially be obtained indirectly in two ways: '
1. By measuring the major and intermediate dhnensioﬁs using ir_néging, and then
determining the average surface area of the particles, or
2. By measuring the major and intermiediate dimensions using imaging, and then
determining the average Volume of the barticles. '

N

‘Whilst the volume of a scalene ellipsbid'particle is easily calculatéd from

v =£6r—.L.I.S | | 3.1)
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where L, I and S are the largest, intermediate and smallest dimensions of the ellipsoid,
measured along three orthogonal axes, the surface area is not. An approximate

solution (Thomsen, 2004) can be obtained from .

| »A=%[(L1)” +(1S)”+(SL)”]VP S 32

where p =~ In(3)/In(2).

Surface area measurements can be carried out using a number of techniques, for
example nitrogen or krypton or argon gas adsorption, methylene blue dye absorption,
mercﬁry porosimetry, air-permeability etc. However, such estﬁnates_ are sensitive to
surface irregularities. and roughpess, as Well as pores, and particularly to test
 procedures and measurement techniques used to measure surface area. 'Ir_1 trials
carried out on the particulates described later in this chapter it was found that there
were unexpected discrepancies between the expected surface areas of uniformly-
graded materials and those measured using either the nitrogen gas adsorption
technique. (Micromeritics Gemini 2375 BET surface area analyser) or the mercury
porosimetry technique (Pascal 440) (for example, more than one order of magnitude
difference between the surface area measurements for . (visually) smooth glass
ballotini and the measured value), The effects of surface irregularities, pores and test
technique have also been reported by‘ others (Hofmann, 1959,' Koerner, 1970b,
Holubec aﬂd D’ Appolonia, 1973, Santamarina et al., 2002, Blott et al., 2004), and the

surface area measurement method was therefore abandoned.

Determination of the averagé volume of péﬁicles proved relatively easy. For a given -
material, the speciméri is weighéd, the specific gravity detelimined, and imaging _
- software used to calculate the number of particles. On this basis the scalene ellipsoid
equivalent sphericity can be calculated from v
sggs =S LnG: mLI] | 33)
o L ' : __ |
where W is the mass of the specimen, n‘is the number of particles, Gs is specific
gravity and L and I are the average major and intermediate particle dimensions

-determined from image analysis.
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3.2 Evaluation of thevpli'opOSed measure of form
The proposed measure of form was evaluated in three ways:
1. By applying it to standard geometric shapes (spheres, 'cyl.inders, cubes, plates,
etc.) and- qualitatively cvaiuati'ng its effectiveness alongside other available

measures of form;

2. By making individual measurements on regular (spherical) and irregular

particles from samples with different forms, and then comparing SEES and

other measures of form for the samples.

3. Using static images obtained using the Automated Particle Analysis System '

(Figure 3.1) at the National Oéeanographic Centre Southampton (N OCS). ‘
Image-Pro Plus version 6.0 was used to analyse the images, and the results are

discussed below.

Figure 3.2 shows normalised particle volume as a function of form, where form is

* determined using a number of available measures (see Table 2.2 for the definitions),
for differen;t standard geometric shapes. The volume of the given partiéle is
normalised by dividing it by the volume of a cube with dimension equal to. the la:fgest
dimension of the given particle, L. Normalised volumes for all shapes therefore fall
between zero and unity. A number of pointé arise from these data:

‘— Two-dimensional parameters such as Inscribed Circle Sphericity (Riley, 1941
aﬁd Cho et al., 2006) can -be determined easily fronﬁ the projected particle
images, but cannqt;differentiate bulky and platy particles (e.g..c_;ubcs and
square plates, cylinders and discs, and spheres and oblétes, differentiated by
the two boxed areas),_ Since they do not consider the particle’s smallest
dimension.

- 3D form parameters based on the 3~orth6gona1 (major, intermediate and
minor) dimensions of a particle (Krumbein, 1941; Corey, 1949;
Aséhenbrénner, '1956; Sneed and Folk, 1958, Al-Rousan et al., 2007 and Blott

and Pye, 2007) cannot differentiate between particles having the same major,

 intermediate and minor dimensions but vety different volumes (e.g. cubes,

cylinderé, and spheres). _
— Hawkins (1993) true sphericity does not sufficiently differentiate bulky and

platy particles having same major and intermediate dimensions (e.g. cubes and
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plates, cylinders and discs, and spheres ‘and oblates), since it assumes the
particle to be a sphere. | ‘
In cdntrast, SEES can differentiate bulky particles havihg the .same major,
intermediate and minor dimensions but (because of their shape) different volumes,
and can effectively distinguish the bulky and platy particles having same major and

intermediate dimensions. However, the limitation of this parameter is that it cannot

differentiate between rod-like and plate-like particles having the same major and
minor dimensions, since it does not give much weightage to the intermediate -

dimension. However, the population of rod-like particles is insignificant in almost all

clastic sediments, so can probably be ignored.

To further explore SEES, six samples (5 glass, and one Leighton Buzzard sand,
selected for their widely differing shapes (Figure 3.3), but all with an approximate
particle size of 1mm, determined by sieving) were characterised in detail. Originally
these tests were carried out with the expectation of being able to determine the
~ individual grain dimensions with some aécuracy, but experience showed that for
irregular grains such as these (and soil particles) there were sighiﬁcant difficulties and
uncertainties. Six particles of each material were individually weighéd and measured.

The mass of each individual particle was measured using a high resolution (0.01mg)

electronic weighing balance (Mettler Toledo - XP 205). Their volumes were then '

calculated from the known values of particle’s mass and specific gravity. Each
individual particle was dropped on to a flat surface, captured the image in their plah
" view and then fixed to a small metallic block using double-sided adhesive tape (by

gently pressing the block against the particle’s surface), to facilitate viewing and

image capture in two orthogonal directions perpendicular to the maximum projection

plane, using an optiéal microscope and a digital camera.

The first difficulty encountered was that of the limited depth of focus offered by the
optical microscope. Depth of focus reduces with increasing magnification, requiring
continual compromise between resolution and visual clarity, and necessitating a
careful search for the dimensions required. Secondly, because most of the ‘particles
" were irregular, the concept of Ihajor, intermediate and minor dimensions (L, I, and S)
occurring in three orthogonal‘ directions was not useful. The diameters Dec (diameter

of the circumscribed circle), and Dy, (diameter of the largest inscribed circle) were
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determined (Figure 3.4) from each of the projected images of particles in 3-orthogonal
directions. For the purpose of calculaﬁng 3D form parameters, the orthogonal
dimensions L and I were assumed to be equal to D and D;; in the plan view, and S
was taken as the smallest value of Djc rneésu_red on the two elevations (i.e. in the x-z
and y-z planes). The volume equivalent spherical diameter (Dys) and the volume
equivalent nﬁnor dimension of a scalene ellipsoid (Svse) of each particle were then
calculated from the known values of masses, the diamete_r of the circumscribed circle,
Dec, and the diameter of the largest inscribed circle, Djc (assumed to be L and I) in the

plan view (x-y plane).

Figure 3.5 shows a comparison of the calculated minor dimension for a ?olumetrically '
équivalent scalene ellipsoid (Sys) with the measured minor dimension S = Dis). | It
can be seen that:

- Desbite more or less similar particle sizes determined by sieving, the measured

" minor dimension S varied by about one order of magnitude, confirming the
visual observation of a wide range of form. |

— For glass glitter (essentially broken glass f)late, and therefore cuboid) Syse
overesﬁmated S, as might be expected. '

— For many particles Sy signjﬁcantly underestimated the measured minor
dimension obtained from an optical search for the smallest inscribed sphere.
However, for virrevgular particles the identification of the inscribed sphere was
extremely difficult, and it was recognised that the values measured might not
be accurate.’ '

Figure 3.6 shows the same data, but in terms of Flat and Elongated Ratio (Al-Rousan
et al., 2007) as a function of Scalene Ellipsoid Equivalent Sphericity. The trends
- expected from the above are clearly shown. It is 1nterest1ng to note that Lelghton
Buzzard sa.nd (fraction B) a material often used in geotechmcal experlments has a

minor dunensmn of only one half of its major dimension.

Table 3.1 gives the average values _df S/L. obtained from measurement of individual
particles of each type, and compares them  with existing measures of form, and with
the proposed measure.  Krumbein’s, Corey’s, Aschenbrenner’s and Sneed and Folk’s

parameters require 3-orthogonal dimensions to be measured, so are impracticable for
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routine use. In the case of Corey’s shape facter this is unfortunate, as it differentiates
between bulky and platy material quite well, giving results that are comparable with
measured S/L values. |

The remaining three parameters can be applied with relative ease. However the data
show that because it does not Vconsider. the minor particle dimension (S), Cho et al’s
method cannot differentiate between bulky and platy materials. Hawkins true
sphericity has a restricted range compared with SEES. ~The SEES values are quite
comparable with the ‘directly measured’ S/L values.

The results of these initial trials, although »imperfect, were felt to be sufficiently
encouraging to seek a viable, and if possible automated method of determining SEES.
Static images ‘of assemblies of particles were obtained using the Automated Particle
Analysis System “(APAS) at the National Oceanographic Centre Southampton
(NOCS) (Bollmann et al., 2004), and these were again prOceSsed using Image-Pro

Plus version 6.0.

In ordet to improve the uniformity of the sample, and to allow the number of patticles;
te be assessed on the basis of their projected areas, the chosen materials were sieved
(using BS sieves) and separated into narrow size fractions as follows:
" e Glass ballotini — 0.6 to 1.18mm

s LBsand B—0.6t0 1.18mm - __

e fine glass nuggets — 0.6 to 1..18mm and coarse glass nuggets — 1.18 to 2.0mm

¢ fine glass glitter — 0.6 to 1.18mm and coarse glass glitter — 1.18 to 2.0mm
Each sample was catrefully spread out and was imaged using a Leica© Z16APO
monocular microscope fitted with a CC12 colour camera (SIS©) on a motorized xy;
stage (see Figtlre 3.1), taking a patchwork of 152 images, each coveﬁng an area of
about 9mm by 7mm. In this work, no attempt was made to stitch the images together.
. The average largest and intermediate particle dimensions and the average projected
particle area were obtained from ftlll particles (i.e. excluding particles cutting across
the image boundaries). Dia(max) and Dia(min) were considered as appropriate for the
largest and intermediate particle dimensions amohg the several options available in

Image-Pro Plus software. The total number of particles in each sample was obtained
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by dividing the total projected area (summed across all images) by the average .
particle area. These values were checked by comparing them with the number of
particles obtained by hand countmg The errors (Table 3.2) were generally less than

2%, with a max1mum error of 4%

The everage Sealene Ellipsoid l?quivalent Sphericity (SEES) of each sample was
obtained from 'Eqnation (3.3), and are compared with calculated values of True
Sphericity and Inscribed Circle Sphericity in Table 3.3. It can be seen that SEES
differentiates well between particles of different shape,v and that similar samples (fine
and coarse nuggets, and fine and coarse glitter) give similar values. True sphericity
appears less able to distinguish the platy particles, which are thought to be important
in geomechanies. Because it is a two-dimensional parameter, inscribed circle

sphericity does not differentiate between materials with a similar outline in plan view. |

33 Summary
e A practical definition of form (namely the Scalene Ellipsoid Eduivalent
Sphericity (SEES)) has been proposed and evalnated its effectiveness by
applying it to standard geometrical shapes and regular and irregular particles

of wide range of shapes, and by comparing with the existing measures of form.

e The proposed measure of form (SEES) can differentiate bulky particles having
same _major, intermediate and minor dimensions but different volumes, and
can effectively distinguish the bulky and platy particles having same major
and intermediate dimensions. Tiie only limitation of this parameter is that it
cannot differentiate the rod-like and plate-like particles having the same major
and minor 'dimensions, | since it _does not give much weightage to the
intermediate dimensien. However, the population of rod-like particles is

insignificant in almost all clastic sediments, so can probably be ignored. |

e An automated method of determining the SEES of particles has been
proposed, described, applied to various groups of regular and irregular
particles of wide range of shapes and demonstrated its effectiveness over the

other methods.
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Table 3.1: Average values of S/L, existing measures of form and SEES obtained from individual particle measurements

Mateial su Knmbeiits CouysShape  Aschenbremners MU ST Heds e Cie paramet
. Sphericity Sphericity - SEES -
» Glass ballotini 1.000 1.000 ©1.000 0.956 ©1.000 1.008 1.000 : 1.023
Leighton Buzzard 0.532 0.742 6.605 0.896 0.715 0.750 | 0.776 0.549
sand fraction B :
Fine glass nuggets 0.279 0.506 0.403 0.765 - 0.544 ' 0.475 0.479 - 0229
Coarse glasslnuggets 0.259 0.515 0.557 0.711 0.487 0.471 0.557 0.198
- Fine glass glitter 0.071 0.330 0.099 = 0.374 ' 0.213 - 0384 - 0.515 0.113 |
Coafse glass glitter 0.048 0.284 | 0.068 0.298 o 0.167 0.320 0.488 0.068
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~ Table 3.2: Comparison of number of particles obtained by manual countlng
and from image anaIyS|s .

* Material | , ‘ Number of particles ‘ Error (%)
| Mahual counting Image analysis |
| Glass ballotini | 465 | 460' | -1.17
Leighton buzzard sand 1482 1491 0.57
fraction B
vFvine glass nuggets | 937 | 974 3.95
| Coarse glass nuggets 623 636 2.03
' Fine glass glitter g | 1386 022

Coarse 'glass glitter 724 740 2.23
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Table 3.3: Average values of Scalene EII|p30|d Equwalent Sphericity (SEES), True Sphericity and Inscribed Circle Sphencnty B

obtained from automated |mag|ng

Number L I ) Average .
o o) o T S e e P i

Glassballotini 311 0918 -~ 0852 460 0986 1.000 0.914 0.999 0.928
Leighton Buzzard 1060 1.137 0.789 1491 0.606 0533 . 0.818 0.718 . 0.694
sand fraction B _ . '

Fine glass nuggets 550 2.010 1.122 o 0395  0.197 0975 0479 0.558
Coarse glass 333 2440 1.495 636 0.582 0.239 1294 0527 0.613.
nuggets . _

 Fine glass glitter 906 1.640 0.901 1386 0220 0134 0.687 0419 0549

~ Coarse glass glitter 400 2.384. 1.341 | 740 0.268 0.112 0.956 0.398 ’ 0.562
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Figure 3.1: Automated Particle Analysis System (NOCS)
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Figure 3.3: Scanning electron microscope images of coarse materials. (a)
Glass ballotini, (b) Leighton Buzzard fraction B, (c) nuggets and (d) glitter
(Glass ballotini and Leighton Buzzard B images from Xu (2005)).
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Elevation — x-z plane

Note: Dashed lines show circumscribed circles and
largest inscribed circles for each view

Figure 3.4: Example of measurement of individual grain dimensions
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CHAPTER 4 FORM OF FINE PARTICULATES

This chaptér first tests the applicability of the éxisting ‘methods of determining the
form of fine particles for a range of particle shapes.v It then proposes a new method
based on laser diffraction and turbidity measurement using Malvern Mastersizer 2000,
and evaiuates_ the proposed method by applying it to a wide range of synthetic, natural
' é.nd crushed rock particles of various shapes and compares with the exivsting methods.

A summary is provided at the end of this chapter.

4.1  Evaluation of existing methods
It is evident from the literature reviewed in section 2.5 that existing methods of
determining form have been tested for a limited range of shapes (essentially platy clay
mineral particles). To evaluate the abplicability of the existing methods over a wider
| range of form, three materials of widély differing shapes (glass ballotini, ‘classified’
tailings and mica)’ were chosen. The PSD of each of thése'mate_rials was'obtained' by
three different sizing techniques, namely laser diffraction (LD, using the Malvern
Mastersizer 2000), electrical sensing zonme (ESZ, using the Beckman Coulter ‘
Multisizer 3) and sedimentation (using the SediGraph 5100). Form (the inverse of '
aspect ratio) was evaluated as suggested by various researchers using the equations

pfcsehted in Table 2.3.

Scanning electron microscope (SEM) images of the. three materials are shown in
Figure 4.1 (a) to (c). Also shown (Figure 4.1(d)) is an image of fine Mizpah gold
tailings, which were used in subsequent experiments (see section 4.3). The images
give a qualitative impression; glass ballotini is approximately spherical whereas the
mica is platy (or sheet-like), and the ‘claésiﬁed’ tailings fall in between the other two
in terms of their form. Figure 4.2 shows the PSD obtained for the three ma\‘:erials by
Sedimentation, LD and ESZ techniqhes. It is apparent from the figure that al.l the l
techm'ques produced approximately the same PSD for the glass ballotini (which were
nearly spherical) and ‘Classified tailings’, but deviated strongly in the case of mica.
However, there appeared to be no speciﬁc‘trehd in deviation with respect to their form

(corhpare the PSD data for glass ballotini and “classified’ tailings in Figure 4.2). |
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The average form (1/r or sphericity) of each of the materials were determined using
the equations presented in Table 2.3, based on Dsy obtained by different sizing
techniques. It should be noted that while determining the aspect ratio using Jennings
and Parslow’s (1988) method, partlcles were assumed to be oblate spheroids for all-
materials. Table 4. 1 shows the average form values determined by the parameters
suggested by various researchers. Only Clift’s (1988) and Barrieros et al.’s (1996)
methods show a reasonable trend with respect to particle shape. Even these measures
are suspect, however, as the values of form predicted by them appears to be very low
fof ‘classified’ tailings and miea when compared with visual estimates based on SEM

images.

4.2  Laser diffraction and turbidity-based measurement of form
The laser diffraction particle sizing technique is based on the principle that particle_s
passing through laser beam will scatter the light at an angle and with an intensity that
are directly related to particle size (BS ISO 13320-1:1999). The scattering angle is
inversely proportional to, and the intensity is directly proportional to, the parﬁcle size
(i.e. large particles scatter light at narrow angles with higher intensity whereas small
particles scatter at.wider angles but with lower intensity). The instrmnent (in this‘case
~a Malvern Mastersizef 2000) records the scattered light using a series of
loga_rithmically spaced photo-detectors placed -at various angles with respect to the
direction of the laser beam. The fecorded scattering pattern is transformed into a
| vdlume-weighted particle size distribution using Mie theory, and assuming the

particles to be smooth spheres.

- In addiﬁon the instrument measures the intensity of un-scattered light, which is
recorded by an obscuration detector placed at the far end of the laser beam "The un-
scattered light can be related to the volume concentration (or turb1d1ty) of particles
present inside the Malvern cell using the Beer-Lambert law, using the following
equation (Lips et al., 1992 and Baudet et al., 1993, Application note - Malvern
Instruments Ltd): ' | ' V |

_100log,(1— ObScuration) o
Co = —gbZ—VQL' (4.1)
2~ 4
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where o ;

—Cy is th; theoretical volume concentration (%) of particles calculated by the
Mastersizer assuming the particles to be spheres; '

— “Obscuration” is the fraction of incident light that is attenua‘fed due to extinction
(scattering and/or absorption) within the particles;

— b is the path length of the measuring cell, and

- Vi, O; and d, respectively, are the volume (%), extinction coefficient and the mean

diameter of size band i.

- Since the Mastersizer treats the particles as spheres, the volume concenfration
calculated using equafion (4.1) will be equal to the actual volume concentration
presented to the Mastersizer only if the sample particles are perfect spheres, as
illustrated in Figure 4.3(a), and always provided that the optical propertles chosen for
" particles are correct (Lips et al., 1992).

The actual concentration (C,) of particles can be determined fairly easily if the
specific gravity of the particles (Gy), dry mass of the sample material (W) and volume

of the liquid used to disperse and circulate the sample (7)) are known, using the

= —(ZV/G—S'O—‘Jxléo (4.2)

!

following expression:

act

- However, if (as is normally the case) the material has high absorbance of laser light
and. its. particle shape deviates from spherical then the theoretical concentration
calculated using equation (4.1) will be different from the actual concentration
“calculated using equatibn (4.2). For example, if the particles were discs 'thé same
mass of sample would be composed of a much larger number of particles, as
illustrated in Figure 4.3(b). Thus, the ratio of the actual to the calculated. |
concentration potentially provides a measure of average particle form, which can be

expressed as follows: ' )

s C v
Form=" = fu| et 43
o L f.n|:Crh ] v . ( :
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If the particles were to pass across the laser beam with their major and intermediate
dimensions perpendicular to the laser beam, as illustrated in Figure 4.3(b), then the
volume concentration of disc-shaped particles would be overeStiﬁlated by a factor
equal to two-third times their major torminor’dimensio_n, L/S. If the particles were.
oblate spheroids then the volume concentration would be overestimated by a factor

equal to L/S.

" In réalify, particle orientation is likely to be random during 'measurem‘ent, since flow.
is turbulent inside the Mastersizer cell onto which the laser beam is focussed. Under
conditions of turbulent flow, the projected area of a giveh number of particles seen by
the Mastersizer will be less than the possible maximum projected area for any given
anisometric particle shape (Figure 4.3(c)), leading to an underestimation of the
concentration of particles with known dimensions S and L. However, this effect may
be removed by applying a correction factor (Cy, which can be expressed as a function
of initial estimate of form (determined using equation (4.3)) (see Appendix for the
derivation of correction factor). Equation (4.3) can then be re-written as follows:

Form = —Cet_ | | (4.4)
C,C, ' . |

. v2 1/ ; | -
[H(ijp{%jpr | | | | N

The correction factor, Cy; (Figure 4.4) varies from 2 to 1 for oblate spheroids (/L = 1)

where C =

forming an upper bound curve and from 1.29 to 1 for prolate spheroids (I/L. = S/L)
forming a lower bound curve, as form (S/L) gdes between its limits of 0 to 1. For
intermediate values of /L, the rate of variation of Cy with respect to S/L is‘ steeper at
lower values than at higher izalués, all reaching a maximum value of 2 as S/L

approaches zero.
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4.3 Evaluation.of turbidity-based measurement of form
The- proposed method: of estimaﬁng form, described in the previous section, was
evaluated using the Malvem‘Mastersiier 2000 at National Oceanography Centre
Southampton (NOCS) in two ways: |
1. By applymg it to a range of partlcles of Varymg shapes (i.e. spherical to platy)
all passing 63pm sieve. The materials used were glass ballotini, ‘classified’
vtailings, fine Mizpah gold tailings and mica, ih order of decreasing form, see
Figures 4.1(a) to (d). |
2. By applying it to a platy material of various narrow size fractions, namely,
mica <63um, mica 63 to 150pum, mica 150 to 300pm, and mica 300 to
600um, agein in order of decreasing form,, the minor dimension (S) of the

material being more or less constant.

There are two rheasurement modes of operation in Mastersizer 2000, namely, manual
and automatic. In the manual .mode, the user is able to explore the full range of
available optiens and carry out tests in order to establish SOP’s (standard >opera_1ting
procedures) relevant to the specific application. In automatic mode the user is
provided with a consistent measurement framework in order to obtain comparable
results with the minimum of training, but does not have control over the volume of
l'iquid and the weight of material used for the measurements, due to the deployment of

an auto-sampler.

After several j:rials, a practical test procedure was established in manual measurement
mode, which gave consistent measurements of the actual volume concentration with
reasonable accuracy. The materials described at the beginning of this section were
analysed in manual mode with a fixed volume of liqﬁid (i.e. 903ml including the
dispersant) and at purhp and stirrer speed-s of 2400rpm and 940rpm respectively, to

keep the particles in suspension during the measurements.

BS ISO 13320-1:1999 states that particle concentration in the dispersion .should be
above a minimum threshold (corresponding to about 5% obscuration) in order to
produce an acceptable signal-to-noise ratio in the detector, and should be below a -

maximum threshold (corresponding to about 35% obscuration) in order to avoid

56




multiple scattering. Pilot trials were made to arrive at the approximate quantity of
" sample required for the laser diffraction measurement of each of the materials bearing

1in mind the threshold obscuration limits specified by BS 1SO 13320-1:1999.

Figure 4.5 shows the particle size distribution curves of the materials prbduced using
the standard Mastersizer 2000 procedure. It cén be clearly seen from the figure that
the mean ;;article size of glass ballotini, classified tailings and mica < 63um are
élmost same, Mizpah tailings are finer and other fractions of mica are coarser. These
observaﬁons are, qualitatively, in agreement with the sieve size fractions descril;ed at

the beginning of this section.

The tests were repeated at differenf concentrations (between thé minimum and
maximum threshold limits of obscuration) to investigate the effect of concentration on
PSD. PSD was found to be very consistent for all the materials and concentrations
analysed. Figure 4.6 compares the actual é_md theoretical volume concentrations for
the four materials. Actual concentration was calculated using equation (4.2) whereas
the theoretical concentration was automatically calculated by the Mastersizer. The
following points should be noted: ‘ |
o The slope of the actual vs. theoretical concentrations curves ' were
approximately linear for all the materials, which suggested that estimates of
form would not be éffected by concentration. _
e The slope was nearly unity for (approximately spherical) glass ballotini and
decreased with increasing platiness for other materials, indicating that the
proposed method was able to differentiate qualitatively between particles of

differing shapes. -

Figure 4.7(a) and (b), respectively, show the variation of initial estimates of form
| (calculated using equation (4.3), i.e. without correcting for random orientation) for
four different particle shapes, and for platy material of different size fractions over a
wide range of obscuration values. A number of observations can be made ffom this .
~ data: | |

e For a given material, form was fouﬁd to be mofe or less constant over a range .

of obscuration values, indicating that form is independent of obscuration
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e The prbposed inethod was able to differentiate well between particles. of

different shapes and form, as well as between particles of same shape but with
different form. o | ‘ \
Form estimates were in line with values obtained from qualitative

interpretations of the SEM images.

Though the initial estimates of form are qualitatively in agreement with the SEM

images the absolute values will have been underestimated because of ‘the random

'orientation of particles in the Mastersizer cell. Therefore, the initial estimates of form

were corrected to account for the effect of particles random oriéntation on obscuration

(and eventually on form) using equation (4.4). The correction was applied assuming

the shape of particles to be oblate, since prolate soil particles are rare (especially at

lower S/L where the Cy variation is significant with respect to 7/, see Figure 4.4), and

were not seen in the SEM images of the materials that were tested. Initial estimates of

form, correction factors (assuming particles to be oblate spheroids) and corrected

form values of all the materials are summarised in Table 4.2.

4.4

Summary

The existing methods of determining the form of fine particles, which have

been based on comparisons of particle sizes obtained from two different

instruments, were evaluated for their applicability for three different particle -

shapes. The results show that only the methods of Clift (1988) and Barreiros et

al. (1996) gave plausible results, and that (based upon‘ visual estimates from

- SEM images) these appeared unreliable”

A method of measuring the form of fine-grained materials, based on turbidity

and laser diffraction measurement using a single instrument (the Malvern

Mastersizer 2000), has been developed, used, and described. It has been

applied to a range of synthetic, natural and crushed rock particles with widely

varying shapes. The method appears practical, and for the materials tested

yields in qualitative agreement with those that could be estimated from SEM

images.

58




Table 4.1:

Form values predicted by the existing methods

Material

Jenmingsand  Clift  Allen  Barieros _ Endoh
(passing 63um) Parslow (1988)  (1988)  (1990).  etal. (1996)  etal. (1998)
Glass ballotini 0.286 0910 = 0.48 0.939 0.807
‘Classified’ tailings 0.333 0.800 . 0.69 0.862 10.847
Mica 0.040 0.160  0.18 0.295 0.352
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~ Table 4.2: Form values predicted by the proposed method

Material Tnitial estimate Correction " Corrected
. of form Factor, Cr form -
Glass ballotini 0.770 - 1.175 - 0.655
‘Classified’ tailings 0.610 1.328 0.459
Fine Mizpah gold o
, 0.338 1.649 0.205
tailings _
Mica < 63um 0.087 1.949 0.045
Mica 63 to 150um 0.057 1.974 0.029
Mica 150 to 300pum 0.049 1.979 0.025
Mica 300 to 600um 0.041 1.984 - 0.021 '
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Figure 4.1: SEM images of (a) Glass ballotini, (b) ‘Classified’ tailings, (c) Mica
(passing 63um) and (d) fine Mizpah gold tailings.
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measurement by the Mastersizer 2000.
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| CHAPTER. 5 LABORATORY EXPERIMENTS

This chapter provides the description of experimental setup and materials used in this
research, and then presents the experimental results examining the effects of particle
form on packing (loose and dense) by carrying out limiting void ratio tests and on
drained shear behaviour by triaxial cémpressio_n tests, on a wide range of particle

shapes. The main findings are summarised at the end of the chapfer.

5.1 Expéri;nentai setup o
The experimental setup used in this research consisted of the following components:
e the Bishop and Wesley triaxial apparatus, ‘
e free-ends, ~ _
e aspecial sliding type 6-part split fnould,
e apluviation device,
e the pressure control system,
e thedata acquisition system, and

e measuring devices

Figure 5.1 shows a photograph of the triaxial testing system when in operation. The
whole system was operated in an air-conditioned room, at a constant temperature of
20°C. The whole system was controlled and logged the data vusing a.computer via

Visual Basic programming.

5.1.1 The Bishop and Wesley tri'axial apparatus
.In this research, a Wykeham Farrance Bishop and Wesley cell (Bishop and Wesley,

1975) was modified to incorporate the free-ends and used for triaxial tests.

The base pedestal and the top cap were modified to incorporate the enlarged end
platens (Figure 5.2 (a) and (b)). The cell chamber had an inside diameter of 166mm, .
which was slightly larger for 100mm diameter specimen with enlarged end platen

system and local strain instrumentation. Therefore, great care and patience was
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required while cldsing the cell to avoid disturbing the specimen and local strain

instrumentation.

Three pressure transducers were fitted to the cell-ring for measuring the pressures

inside the cell, the base chamber and the sample. Each of the transducers was fitted

. ‘Wwith a de-airing block, and two values (one on each side). The sensing membranes (of

transduéers) and the air-bleed plugs were fitted inline, and oriented Vertiqal in order to
expel the air while flushing. The valves fitted on either side of the transducers were
particularly useful to calibrate the transducers without rembving them from the de-

rairing blocks as well as to flush the pipe lines during testing. -

5.1.2 Free-ends

The free-end system used in this research consisted of an enlarged top platen, an

enlarged bottom platen with a small porous stone at its centre, and two sets of

lubricated membranes.

Figures 5.2(a) & (b) show the schematic diagrams of the enlarged top and bottom end
platens. The top platen was made of Perspex while the bottom platen was made of
aluminum. The loading faces of both the platens were polished to minimise friction,
and the edges were smoothed to avoid‘punvctuvr'ing the membranes while preparing the
samplés. A small porous stone (~10mm dia low air entry) was fitted at the centre of

the bottom platen for saturating the sample as well as for drainage purposes.

Two sets of lubricéted membranes were used, one for the top plateh_and the other for
the bottom platen. The 11,1bricated membranes consisted of three alternate layers of
latex rubber membrane discs (cut from a IOOmm diameter sample membrane)
separated by thin layers of high vacuum silicone grease, as shown in Figure 5.3(a).
They were attached to the 1oading‘ faces of the platéns as s_chematicélly shown in
Figure 5.3(b). A small circular cut was made at the centre of the latex discs to uncover

the porous stone (in order to allow free drainage) in the case of bottom platen.
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5.1.3 Sliding type 6-part split mould _
* A special sliding type 6-part split mould was designed to facilitéte the prepé.ration of -
samples with the enlarged end platens. Figure 5.4 shows the schematic diagram of this
special mould. The outer diameter of the mould was kept equal to the diameter of the
enlarged end platen and the internal diameter was kept equal to the diameter of the.
sample._ | : J 7 o
The main advantagés of this mould were as follows:
@ Easy to stretch and wrap the membrane around the enlarged platens without
disrupting/dislocating the lubricated membranes as well as the sample.
e FEasy to align and levei the top cap while closing the sample.
e Easy to plkacé O-rings onto enlarged end platens as they can just be pushed
up/down onto the platens from around the mould. o
e Easy to remove the mould without'dist.urbing the specimen (after preparing
and making the sample self standing by applying suction) since the top three
pieces of the mould can be slid down Without disrupting the top platen. |

o Making the sample perfectly vertical.

5.1.4 Pluviation device _

A svimplev pluviation device was designed to prepare 100mm diameter specimens
| directly into the triaxial cell. It consisted of a hopper, a series of closely spaced
diffuser méshes, a plastic guide tube and a metallic ring connected to the guide tube at
its bottom to provide stability without any additional suppoﬁ as shown in a schematic
diagram (Figure 5.5). The hoppér was made of a small plastic tube and had a funnel
connected at its bottom._Difﬁiéer meshes were made from a perforated metallic sheet,
which had 68% opening area with 8mm diameter circular perforations. A series of 12
diffuser meshes were connected in a staggered manner to disperse the initial flow
(originating from the hopper)'effecfively and spread over a larger area. The guide tube |
controlled the dispersion of initial flow and ensured uniform rain over the whole cross
section of sample. It has been widely accepted by researchers that the dénsity
increases with increasing fall height and is very sensitive at lower fall heights (for -
example, see Cresswell et al., 1999; and Lagioia et al., 2006) _when pluviated -at low

depositional intensities. "_Fherefore, a fall height of approximaf_ely 800mm was _adopted
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“to ensure that density variation would be insignificant with the rising surface of the

specimen while pluviating the material.

5.1.5 Pressure control system _ _

Three GDS controllers (filled with de-aired water) were used for pressure control. The
cell and base chamber pfessure were controlled by two advanced controllers whilst
\ ‘the back pressure-was controlled by a standard controller, through the computer via _

IEEE-488 and RS-232 interfaces, respectively.

5.1.6 Data acquisition system ,
The data acquisition unit used in this research was supplied by ELE International Ltd,
and had a 12-bit resolution i.e. the digital readings ranged between 0 and 4096.

In total, eight channels were used to monitor the signals coming from the load cell, the
pore pressure transducer, the cell pressure transducer, the base chamber pressure
-trénsducer,v two DC-to-DC LVDT transducers for external strain ‘measurement, and
two Hall-effect gauges for local strain measurement. The monitored signals were
logged via an RS232 interface and converted into engineering units using the

calibration constants, as will be discussed in the next section.

5.1.7 Measu_ring devices _
The measuring devices consisted of folloWing:
o aninternal submersible type load cell for measuring the axial load
‘o three preSsure transducers for measuring the pressures inside the céll; the basé
chamber and the .sample
e two DC-to-DC LDC transducers for measuring the external strains
* two Hall-effect gauges for measuring the local strains
e a standard pressure controller for measuring. the volume chang'es inéide the _

sample
All the measuring devices were calibrated along with the data acquisition system to

evaluate their accuracy and precision, adopting the calibration methodology suggested

by Heymann (1998). The load cell and the pressure transducers were calibrated
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against the Budenberg dead weight _célibr?ition sy'stem. The load cell was calibrated
for three measurement ranges to get géod résolution and accuracy at lower ranges by
choosing the appropriate gain and 6ffset values, and the same was incorporated in the
control program to change the gain, offset and conesponding calibration constants

according to the output reading. That is, a higher gain was allocated at the start of

shearing and when the output reached towards the end of the current measurement

range, a lower gain was allocated automatically without interrupting the test.

The pressure transducers were calibrated for up to 900kPa. The LDC type transducers

were calibrated against a micrometer (Mitutoyo series 152-348) up to their full linear

range (i.e. SOmm) in two-fold. The micrometer had a range of 25mm and a least count
of 2um. Hall-effect gauges were cahbrated using a special calibration j _]lg which had a

provision to- fix the gauges and move the sensor relative to the magnet by a

micrometer (Starrett No. 436M). This particular micrometer had a range of 10mm and -

a least count of 10pum.

| ’
Typical calibration results of each of the measuring devices are presented in Appendix
B (see Figure B.1 to B.4), and a summary of all the calibration results is presented in
. Table 5.1.

5.2  Description of the materials

A wide variety of uniform materials, ranging from spherical to platy, was chosen for

testing which included:
e glass ballotini (0.6 to 1.18mm sieve),
e Leighton Buzzard sa.nd fraction B (0.6 to 1. 18mm s1eve)
o glass nuggets (0.6 to 2.0mm sieve), ’
e fine glass glitter (0.6 to 1.18mm sieve), and

e coarse glass glitter (1.18 to 2.0mm sieve).

All the glass particles (ballotini, nuggets and glitter) were produced from soda-lime

glass and procured from Sigmund Linder GmbH, Germany. Whereas the Leightoﬁ'

Buzzard sand is a natural silica sand free from silt, clay or organic matter, and
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procured from David Ball Group ﬁlc. HoWever, the major composition of all these

materials is silica.

Figures 3.3‘(a) to (d), respectively, shows the SEM images of the materials listqd
above. It can be clearly seen frdm the images that glass ballotini are nearly spherical;
LB sand B is sub-rounded, slightly elongated and flattened; nuggets are angular,
elongated and flattened; and glitter is angular, elongated and platy. However, the

surface roughness of the particles of all these materials was similar. The form (using

SEES) and roundness (defined as+/ P’ /47rA,‘ using Image-Pro Plus 6.0) of each of

these materials were quantified and the values are tabulated in Table 5.2. It can be
seen from the Table that both SEES and roundness vary in the case of glass ballotini
and LB sand B whereas in the other three materials (namely glaés nuggets, fine glitter

and coarse glitter)' only the form varies but the roundness remains constant.

5.3  Effect of particle form on packing ,
The maximum and minimum void ratios of the materials were determined by inverted
cylinder and air-pluviation methods due to their advantages over the other methods as

_discussed in Section 2.6.

Figﬁre_s 5.6(a) and (b), respectively, shows the variation of limiting void ratios and the
void ratio range with respect to form. It can be clearly seen from Figure 5.6(a) that
both em{a_x and enn increases with decreasing SEES, although €max 1S rhore sensitive
than €min- Therefore‘, the void ratio fange increases with decreasiﬁg SEES (Figure
5.6(b)). The exact values of maximum and minimum void ratios, and void ratio range

" are tabulated in Table 5.3.

In minimum void ratio tests, low SEES particles tend to fall with their major axis
parallel to the rising surface of the deposited material since they were pluviated at low
depositional intensities in order to achieve the highest density. Therefore, one can
expect “anisotropic packing in the case of plate-like materials i.e. | face-to-face
arrahgement of particles. If we extend the same analogy in terms of ‘SAEES, it is logical

to expect increased packing anisotropy with decreasing SEES.
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CcT Scdns
To 'Verify the above-mentioned hypothesis, the CT (Computed Tomography) scanning
technique was adopted to visually examine the orientations of particles (as opposed to
traditional and time-consuming thin ‘sections) in pluviated ‘specimens. For this
purpose, a cylindrical’ specimen, 100mm diameter and 40mm high (enclosed by.a
metallic ring, éltogether placed in a tray), was prepared by air-pluviation process. Its
fabric was then preserved by a three step process as follows:

e Firstly, the pluviated specimen was slowly flooded with a 5% solution of PVA
(Polyvinyl Acetate — an adhesive and bonding agent, in particular ‘B&Q Mrllti
purpose PVA’) and wafer and left inundated with the solution for about an
hour. :

¢ .Secondly, the solution was drained out of the specimen, and the specimen was
dried in the oven. | |

e Thirdly, the sample was extracted from the ring and trimmed down to a
cylinder of 20mm diameter (approx.) to allow better resolution while

performing CT scanning.

" The trirrlmed specimen was then scanned using a Micro-focus Computed Tomegraphy
facility (X-Tek CT 160Xi puCT, supplied by X-Tek Systems Ltd., UK). The specimen
was scanned at a voltage of 95kV and a current of 90pA. The pixel resolution was
typically 1/ 1000™ of the width of object imaged. The sample size used in this study is

- 20mm diameter; therefore, it had a resolution of 0.02mm. CT-Pro and VGStudio Max

v 2.0, respectively, were used for 3D reconstruction, voxel visualisation, analysis and

_segmentation.

The same procedure was followed for all the specimens. Figure 5.7 (a) to (d) show the
horizontal and vertical sections of the_pluViated specimens made of glass ballotini, LB

sand B, glass nuggets and coarse glitter.

As expected, the comparison of corresponding horizontal and vertical CT slices of the
pluviated samples reveal the increased packing anisotropy with decreasing SEES
(Figures 5.7 (a) to (d)). An increase in emin with decreasing SEES would be mainly

due to small bridge-like openings in face-to-face arrangements of particles (e.g. see
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vertical slice of Figure 5.7(d)). Whereas in maximum void ratio tests, low SEES

particles tend to pack themselves in random orientations and form large openings (like

opeh card-house structures) which in turn increases the maximum void ratio greatly ,

with decreasing SEES.

5.4 - Triaxial compression tests using free-ends

Triaxial compression fests were carried out on cylindrical specimens (of 100mm

diameter) incorporating free-ends in order to impose uniform stress and strain

conditions. The details of the free-ends adopted in this research were discussed in

Section 5.1.2. It is usual to carry out tests on 1:1 (height-to-diameter ratio) specimens

when free-ends are used. However, a height-to-diameter ratio of 1.3:1 was adopted in

this research to provide enough room for the local strain instrumentation.

5.4.1 Specimen preparation and setup

De-aeration of back pressure line

At first, the back pressure line was thoroughly flushed with de-aired water at high
pressure to ensure that no air wés trapped inside the tubing system as well as the
porous stone. Then the back pressure line was closed and the water surrounding the

porous stone was wiped off using paper towels.

Problems with the accidental fall of particles into the Bishop and Wesley cell

While preparing (or dismantling) the test sbeéimeris in Bishop and Wesley triaxial

cell, Xu (2005) identified the problems with the accidental fall of particles into the-

annular space around the base pedestal and jamming the ram. He found it very
difficult and time-consuming to rémo_vé those particles since the gap is very narrow
and deep. To overcome this problem, the annular space around the base pedestal of
the cell chamber was fully coveréd using a sample membrane cut along its length and'
with a small circular hole at its centre (to wrap around base pedestal and seal it
completely), as shown in Figure 5.8. The particles that fell on the membrane cover

(while preparing/dismantling the specimen) were blown-off using compressed air.

Preparation of frictionless ends

Six latex discs (~120mm diameter) were cut out of 100mm diameter sample

membrane, to make two sets of lubricated membranes. Three discs were used for each

;
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end platen, as discussed in Section 5 1.2. Small circular holes were made at the
centers of three of the discs, to uncover the porous stone portlon (for free drarnage) in

the bottom platen (see Flgure 5.8).

A thin smear of silicone grease was applied to the loadirrg face of the bottom platen
with the help of a 'srnooth edged ruler, avoiding the porous stone portion. One of the .
latex discs with a circular hole at its centre was then placed on top of the grease layer,
and the entrapped-air removed by gently pressing and stretching the latex disc against
the platen towards its outer periphery using a smooth edged ruler. Two more layers of
grease and latex discs were then added to the bottom platen in a similar fashion. These
three layers of grease and latex discs are referred as a ‘lubricated membrane’.
Similarly, another set of lubncated membranes (w1thout circular holes at their centers)

were prepared for the top platen on its loading face.

Markings on the membrane
The specimen membrane was then marked for the positions of the top and bottom
platens circumferences, the top and bottom of the specimen’s circumferences, the

gauge length (~50mm in this case) and the Hall-effect gauges clips.

Assembling the speczal sliding type 6 -part split mould
| Then, the six-part sliding type split mould was assembled, sealed all the joints us1ng a
plastic tape (to minimise leakages while applying suction later on) and clamped. The
Sample membrane was then stretched and wrapped around the top and bottom ends of
- the mould as per the marked circumferences on the membrane. The ends were then
sealed using O;rings (100mm dia, two on each side) to facilitate the application of
suction. The same sets of O-rings were later used to seal the top and bottom ends of -
the specimen after preparation. A small amount of suction (~15kPa) was then applied
to the mould through the tube located at its mid-height, to firmly hold the membrane
against mould and avoid formation of wrinkles. The split mould with the membrane
wrapped around at its ends was then placed on top. of the lubncated membranes of

bottom platen aligning the mould’s outer diameter mhne with the platen’s.
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Pluviation of material into the mould _

- The pluviation device was then placed on top of the split mould aligning their internal
diameters. A pre-determined amount of the material was poured into the hopper of the
pluviét’ion device which was fhen delivered into a series of diffuser meshes through a
funnel and then rained into the mould uniformly over its area through the guide tube
(see Figure 5.5). When whole material was rained, the pluviation device was gently
lifted and removed from the mould. The excess material was then removed and the

~specimen’s surface levelled using the smooth-edged ruler (Figure 5.9).

Loss of material while levelling the specimen’s surface and associated probléms
While levelling the specimen’s surface, it was found that much of the material was
- lost in the case of coarse rotund parti.cles (e.g. LB sahd fraction B) resulting in much
less number of particles being in contact with thq top platen (when compared with the
bottom platen), which ultimately lead to non-uniform densities at the specimen ends.
When these kinds of specimens were sheared, fhey star[ed to bulge at the bottom. This
could be because, at the start of shearing, the bottom portion of the sample was denser
than the top portion (especially \at the ends), thefefore bottom portion started to dilate
whilst the top portion contracted until the establishment of strong force networks at
the initial stages of sheaijing. Consequently, ‘the bottom portion continued to dilate
(since it became weak after initfal dilation) until the end of test whereas the top |
portion acted as a dead zone, which ultimately _reéulted in non-uniform stress and
strain conditions even with the frictionless ends. Therefore, to overcome this problem,
‘an extra amount of ‘material wds spread uniformly over the 'fop surface of the
specimen to account for the lost matetial while leveling the surface. Specimens
prepared in this way deformed uniformly either throughout the height or at the samp.le

ends. Therefore, this procedure was followed for all the specimens.

Flushing the samplé with de-aired water and closing the sample

The bottom end of the membrane \wés then unWTapped from the mould onto the
bottom platen and sealed using two O-rings by directly slipping them down from thﬂe.
mould (Figure 5.9). The specimen was then flushed with the de-aired. water from the
reservoir through the backpressure line under constant low head (approx. 1.5m). A
small collar ring (of diameter slightly larger than the internal diameter of the mould)

was placed on top of the mould to avoid overflowing of particles alohg with the water.
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~ The over-flowing water was routed into the cell and then subsequently drained-off,

Flushing was continued until the over-flowing water aﬁmunted to approximately four
times the specimen’s volume. The back pressure line fr_om_ the reservoir was then
closed, and the top surface of the mould wiped off. The fqp platen (together with the
lubriéated membranés) ‘was then placed onﬂth.e top of the mould. The top end of the
membrane was then unwrapped onto the top platen by firmly pressing the .platen
against the mould minimizing the gap between mould and the platen. The top end of -
~ the specimen was then seafed using two O-tings, which were simply slipped onto the

platen from around the mould while the platen was being pressed down. .

Removal of the speéial sliding type 6-part split mould

A suction pressure of -15kPa was applied to the specimen through the back pressure
line using the GDS controller in order to make the sample self-supporting.. After
achieving the targeted suction pressure, the mould was removed without disturbing
- the specimen by first sliding the top three parts ar‘1d'then lifting the bottom three parts,
slowly one-by-one. The Hall-effect gaugeé were then glued on to the specimen at the
pre-marked positions. Figure 5.10 shows a photograph of the prepared specimen

together with the Hall-effect gauges for local strain measurements.

Isotrbpic compression and shedring

The ram was lowéred to its extreme downward position by slowly draining the watér
out of the base chamber. The cell chamber was then closed and the load cell was
 lowered until it reached close to the top pIéten. The purpose of lowering the ram to its
extreme downward position and load cell close to the sample top platen, was to utilize
-the whole ram movement while shearing the sample after isotropic compression stage.
The cell chamber was then completely filled with the de-aired water. After filling, the
pressure inside the cell chamber was approximately equal to 15kPa and the back
pressure was -15kPa, therefore the effective stress was around 30kPa. Both the cell
and the back pressures were then sﬁnultaheously ivnc,reased'to the target values (i.e.
Ocett = 280kPa and Gack = 250kPa in this case) in small increments (i.e. 5kPa) in order
to keep the effective stress as constant as possible, by the corresponding GDS
controllers via a éomputex program written in Visual Basic 6.0. The specimen Wasv

then left at these pressures for a day, to help dissolve the air bubbles into water. Then
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the cell pressure was increased to 350kPa to impose an effective stress of 100kPa. At

these pressures, the B-value was found to be a minimum of 0.96 in all the tests. The

specimen was then compressed at a constant strain rate of approximately 2% per hour

under constant cell and back pressures of 350kPa and 250kPa respectively.

A computer program (using Visual Basic 6.0) was developed and used to perform the

drained shear test and log the data from various measuring devices at every 10sec

automatically. Tests were continued up to an axial strain of around 22%. Same

procedure was followed for all the tests.

5.4.2 Definitions of various parameters

Vertical effective stress (c'))

_00-5,)

' 40-e)

Priﬁcz’pal stress ratio (R)

Peak angle of friction (¢peak)

o (aife),,,
¢pef1k = W

peak

’ Masximum dilatancy factor (Dmay)

Dmax =1_(d8v ]
de, i

Doy using B_olton 's empirical equation (Bolton, 1986)

D, =1+03[D,(10~Inp')-1]

(5.1)

(5.2)

(5.3)

54

(5.5)
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Secant stiffness

£ =97 - (5.6)

5.4.3 Effect of form on shear behaviour v

All the specimens‘.were prepéred by the air pluviation technique. The height of fall
~was kept sufficiently high to ensure uniform density with the rising surface of the
specimen. The relative densities of the tested specimens ranged between 82 % and
93% (Table 5.4), and were considered to be dense and effectively identical. The one
and only variable parameter in all these tests was particle shape; and therefore any
differences that were observed in the behaviour could be attributed to the particle
shape alone. The samples Were sheared by increasing the vertical stress (i.e. the stress
in the direction of deposition) under a constant effective confining pressure of

100kPa.

The following observations can be made from the results of the triaxial compression
tests which were carried out on a range of materials (comprising spherical to platy

particles) in their dense states:

. | Figures 5.11(a) & (b) indicate that the stiffness, peak strength ‘and the strain to
reach peak state or failure, ultimate strength and the strain to réach ultimate state,
.and the rate of dilation are all higlﬂy dependent on the form of the constituent
particles. '

e All the tests (except coarse glitter) were stopped at an axial strain (external) of
around 22% (approx.) because of the limited movement of the ram in Bishop and
Wesley triaxial apparatus. However, in the case of test on coarse glitter the
membrane got punctufed at around 19% axial strain, therefore the test data after
that point was discarded. It can be séeﬁ from Figure 5.11(a) that except coarse
glittér all the other materials (ﬁamely, glass ballotini, LB sand B, nuggets and fine
glitter) had reached peak state Wifhjn this limited. axial strain_ whereas the coarse
glitter needed further axial straining to reach the peak or failure state. Therefore,
the data points of the coarse glitter shown later in Figures 5.19, 5.20‘ and 5.23 do
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not correspond to the peak but the termination stage of the test. However, the end

points of the corresponding ‘small arrow heads’ represent the expected‘positions'

of those data points, if the test on coarse glitter was continued until the peak state

or further more.

Figufes 5.12 (a) to (c), respectively, shows the deformed shape of the specimens
(glass ballotini, glass nuggets and fine glitter) at the end of shearing (i.e. #22%
axial strain). Comparison of the three figures gi\}és an impression that sample

barrelling/bulging is a ﬁinction of shape of constituting.vparticles. The fine glitter
4 sample deformed uniformly throughout its height (Figure -5.12(c)) whereas the
glass ballotini specimen barrelled quite significantly _(Figilre 5.i2(a)). Sample
barrelling seems to be inevitable in the case of rotund particles even if free ends
are used. Close observation of these figures reveal that sample bérrelli_ng

decreases with decreasing form (SEES).

~ Figure 5.13 shows the comparison of external and local strain measurements

corresponding to different materials tested. It can be clearly seen from the figure

that external strain was always higher than the local strain, in all the samples.
When the external strain was 10% the local strain was 8.5% in the case of coarse

glitter and 5.5% in the caée of glass ballotini. This meant that the local strain was

15% lower in the case of “coarse glittér and. 45% lowér in the case of glass

ballotini. Other results fell in.between these two extremes in accordance with their
form. This huge difference may have resulted from the combination of error
sources such as fche éompliance of the bl‘o'ading systém (Jardine et al., 1984,
Clayton and Khatrush, 1986), and bedding errors associated with free ends as
discussed in Section 2.8. There were also errors associated with local strain
measurement (especially when the sample barrelled) because of tilting of the Hall-
effect gauges. This leads to an underestimation of local strains but only at large
strains. The large difference between local and external strains in the case of glass
ballotini (especiaﬂy at the higher levels of strain, see Figure 5.13) could be
attributed to barrelling, see Figure 5.12(a).
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e Secant stiﬁ"r.tess

Figure 5.14 shows the variation of secant stiffness with local axial strain for four

of the materials tested. The Figure' indicates that secant stiffness is highly

dependent on particle shape, and its effect seems to be more pronounced at small

- strains than at large strains. Among the materials shown in figure, the small strain

stiffness was highest in glass ballotini (rotund) andlléast in glitter (platy). The
Figures also suggests that the stiffness 'degradation‘ may well be a function’of
particle shape. Stiffness degradation waé highest in gléss ballotini (rotund) and
least in glitter (platy) whereas others fell in between these two in accordance with

their form.

Figure 5.15 shows the Variafion of secant stiffness at 0.1% strain with form
(SEES). Secant stiffness was found to decrease with decreasing SEES. The secant
étiffneés of glass ballotini was five times higher than that of coarse glitter. It
éhould be noted that in the current study all the samples were tested in their dense
states. The effect of SEES on stiffness would be much more signiﬁcémt if tested in

their loose states because of excessive sliding of particles.

Onset of dilation ’
The axial strain, volumetric strain and the mobilised friction at the onset of

dilation (at which the volumetric behaviour changes from contractive to dilative),

~ increased with decreasing SEES (see Figures 5.16 to 5.18).

Peak state ‘ , _
The peak angle of friction (determined using Mohr-Coulomb failure criterion i.e.
equation 5.3) and the strain to reach peak (or failure) state were found to increase

with decreasing SEES (see Figures 5.19 and 5.20).

Ultimate state

Comparison of stress ratio versus axial Stfain curves of Glass ballotini, LB sand B,
glass nuggets and fine glitter in Figure 5.11(a) give the impression that the
ultimate strength and strain to reach the ultimate state might increase enormously

as the materials tend to become platy.
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® Dilatancy

Figure 5.21(a) indicates that the initial relative density was high (~90%) in all the -
samples and that decreased as shear progressed (since the samples dilated) and
was consistent in all the samples except coarse glitter, but at different rates. The
maximum rate of decrease of relative density with respect to ax‘iaf strain was
highest in glass béllotini and least. (in fact the trend was reversed vle‘ading- to
contraction instead of dilation) in coarse glitter. Other materials fell in between in

accordance with their form.

Figure 5.21(b) shows the difference in relative density between the start and the

end of shearing in relation to SEES. A clear trend of decreasing dilation with

decreasing SEES is evident from this figure. Although initial relative densities

* were quite high and almost identical, towards the end of shearing the glass

ballotini dilated and became 30% (approx.) looser than the initial state whilst the

~ coarse glitter contracted and became 5% denser than the initial state.

The maximum dilatancy factor (determined using equation 5.4) was found to
decrease with decreasing SEES (see Figure 5.22(a))- and to approach unity in the

case of extremely platy material.
The maximum rate of volumetric strain- with respect to shear strain (Figure
5.22(b)) decreased with decreasing SEES and approached zero in the case of

extremely platy material.

Bolton’s empirical equation for predicting the rate of dilatancy (based on initial

-relative density and mean effective stress at failure, equation 5.5) seemed to be

applicable only for rotund (or high SEES) particles and overestimated dilatancybin
the case of low SEES particles (Figure 5.23).

Particle breakage
The comparison of PSD curves before and after testing shown in Figures 5.24 (a)
to (c)_reveaﬂed that significant particle breakage and/or érushing was observed in

the case of glass nuggets, fine glitter and coarse glitter, Therefore, particle

t
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5.5

breakage was quantified using the widely accepted Hardin’s relative breakage
parameter, the definition of which is illustrated in Figure 5.25. The relative _

breakage has a lower limit of zero and theoretical upper limit of unity. Relative

breakage was found to increase with decreasing SEES (Figure 5.26).

Summary
A spec1a1 shdlng type six-part split mould was developed in this research to ease

the sample preparation with enlarged lubricated end platens.

A simple air-pluviation device was developed to prepare 100mm diameter

samples directly on the triaxial apparatus.

The base pedestal and top cap of the Bishop and Wesley triaxial apparatusv were

modified to incorporate enlarged end platens.

_ The CT scanning technique has been successfully used, for the first time, to

- visually examine the orientations of particles in the pluviated samples.

‘The maximum and minimum void ratios, void ratio range, and packing anisotropy

(in dense state) were found to increase with decreasing SEES of particles.

In initially dense materials:

- Sample barrelling is inevitable in the case of rotund particles even if free ends
are used. It decreases with decreasing SEES. Local strain measurements
underestimate the strain if the sample bafrels; _

- The external strain measurements overestimate the strain significantly
although this decreases with decreasing SEES.

- The secant stiffness at small strains and its degradation is highly dependent on
‘particle shape. Both small strain stiffness and the rate of degradation decreases
with decreasing SEES. |

- The axial strain, volumetric strain and mobilised friction at the onset of

dilation increases with decreasmg SEES.
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The peak strength and strain to reach peak state increases with decreasing
SEES. |
The ultimate strength and strain to reach the ultimate state increases with
decreasing SEES. _
The maximum rate of decrease of relative density with respect to axial strain
(i.e. a measure of maximum rate of dilation) decréases with decreasing SEES.
The difference in relative density (between the start and end of shearing)
decreases with decreasing SEES, and becomés negative (i.e. contractive) in
' extremely platy maferial. | '
The maximum dilatancy factor decreases with decreasing SEES and may
approach unity in case of extremely platy material.
The maximum rate of volumetric strain with respect to shear strain decreases
with decfeasing SEES and may approach zero in the case of extremely platy
material. | _ |
Bolton’s empirical equation overrestimates' the rate of dilatancy in case of
materials comprising low SEES particles.

Particle breakége increases with decreasing SEES.
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Table 5.1: Calibration results of the measuring devices used

‘ _ Accuracy
Measuring device Measurement Supplier Serial No. . D?S ign  Calibration Resolution  Accuracy Calibration
- range range - range
’ (€0))
| Axial load | 3.6kN  0.948N  +0.983N +0.03
Load cell (i);ltaem(;?) GDS 805030  16kN  72kN-  1.845N  #3383N 0.05
' 14.4kN 3.634N 19.474N -+0.07
Pressure transducer Cell pressure Druck 1239787 1000kPa  900kPa 0.431kPa  +0.606kPa +0.07
Pressure transducer Pore pressure Druck 1239783  1000kPa  900kPa 0.430kPa  +1.226kPa +0.14
Pressure transducer LOV;errescshlf;‘:ber Druck 1239782 1000kPa  900kPa  0.429kPa  +1.462kPa  #0.16
LDC Axial displacement RDP 98490 - SO0mm  SOmm  13.689um +152.128um  +0.30
. (external) :
LDC  Axial displacement RDP 98491  50mm  SOmm  13.539um +68.945um  +0.14
(external) : }
) Axial displacement University of CSR61 & i + .
Hall-effect gauge (local) Surrey, UK 396.2 7mm 7mm 2.798pum _56.691 pm +0.81
: Axial displacement University of - CSR66 & + +
Hall-effgct gauge (local) Surrey, UK 397-1 Tmm 7Tmm 2.619um  £81.347um _17. 16
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Table 5.2: Average form and roundness of the materials
' Form  Roundness

Material (SEES) P .
' - 47 A
Glass ballotini 1.000 1.043

LB sand B ~0.533 1.224

Glass nuggets 0.214 . 1.419

Fine glitter 0.134 1.480
Coarse glitter 0.112 1.435

" Table 553: Maximum and minimum void ratios, and void ratio range

Material €max €min €max-€min
~ Glass ballotini 0.6750  0.5290 0.1460
LB sand B 0.7881 0.4635 0.3246
Glass nuggets 1.2363  0.7427 = 0.4936
Fine glitter 1.2091 0.6799 0.5292

Coarse glitter 1.3573  0.7260  0.6313

Table 5.4 Initial states 'of the specimens

Material e - D, (%)
- Glass ballotini  0.55 83
LB sand B 0.50 88
Glass nuggets. 0.78 93
Fine glitter . 0.77 82

Coarse glitter 0.80 87




Figure 5.1: Photograph of the triaxial testing system used in this research
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Figure 5.2: Schematic diagram of the enlarged top (a) and bottom (b) end
platens for 100mm diameter specimens
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Figure 5.3: Schematic diagram of the layering details of the lubricated
membranes (a) and its arrangement on the platen’s loading face (b).
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Figure 5.4: Schematic diagram of the 6-part split mould specially designed for
enlarged end platens
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Figure 5.6: Limiting void ratios (a)

(b)
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HORIZONTAL CT SLICES VERTICAL CT SLICES

(d) Glitter: SEES = 0.112
Note: Mean grain size ~ 1.0mm (sieve)

Figure 5.7: Evolution of inherent anisotropy with respect to form (SEES) in air-
pluviated samples.
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Figure 5.8: A photograph showin n aaement to avoid accidental fall of
particles into the annular space while preparing/dismantling the specimen

Figure 5.9: A photograph of the secimen afte pluviation.
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Figure 5.10: A photograph of the specimen (after preparation) with Hall-effect
gauges in place for local strain measurements.
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(a) Glass ballotini
SEES =1.000

(b) Glass nuggets
SEES =0.214

(c) Fine glitter
SEES =0.134

Figure 5.12: Deformed shape of specimens at the end of shearing
(i.e. 22% axial strain)
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300 + e _

I \ ] Glass ballotini

. { —— Glass nuggets
250 —— Fine glitter

i —=—- Coarse glitter
200 “ ,
150 + \
100 { : \
50 1 /W ' \.

1e-3 1e-2 1e-1 1e+0 1e+1

Local axial strain (%)

Figure 5.14. Variation of secant stiffness with local strain for different materials »

98




120 +—

100 +

80 |

60 +

40 1

E... at 0.1% axial strain (MPa)

20

N PR

FigUre 5.15: Variation of E ¢c at 0.1 % axial strain with SEES

16

0.0

0.2

T

04

0.6 0.

Form (SEES)

8 1.0
/

14 +

12 4

10

[0 4]

LN B S e o e e o

(o]

€, at onset of dilation (%)

N b

0.0

0.2

04

0.6

Form (SEES)

O p % O

X b % 4 O

Figure 5.16: Variation of axial stra-ivn at onset of diiation with SEES

Glass ballotini
Nuggets

Fine glitter
Coarse glitter

Glass ballotini -

- LB Sand B

Nuggets
Fine glitter -

. Coarse glitter

99




Mobilised friction at onset of dilation (deg.)

g, at onset of dilation (%) '

5 — -
L o Glass ballotini
o v LBSandB
4 ! *  Nuggets
[ & Fine glitter
ro x  Coarse glitter
31—
A\\\
1 ~
ﬁ\ \\‘\~
0 i .- n L 2 L L I e ----.~‘.~-:'.-.‘_=--._;-_T".“n"'“T'_.".'_T'EIJ
0.0. - 0.2 04 0.6 0.8 1.0

Form (SEES)

Figure 5.17: Variation of volumetric strain at onset of dilation with SEES
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Figure 5.18: Variation of mobilised friction at onset of dilation with SEES
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CHAPTER 6 NUMERICAL SIMULATIONS

This chaptef presents the results of a numerical study carried out on rod-like particles
of different shapes. It examines the effects of particle form, inter-particle friction and
surface roughness on depositional packing, and the effect of form on drained shear

behaviour in 2D. The main findings are summarised at the end of the chapter.

6.1  Numerical modelling

~ Numerical simulations have been carried out on uniformly-sized particles of different
- forms using PFC2D. PFC2D is a Particle Flow Code in 2 Dimensions, developed by
Itasca Consulting Group Iric.. (Itasca, 2004) based on the Distinct Element Method
- (DEM) propos?d by Cundall (1978).

6.1.1 Distinct Element Method
The DEM is a numerical modelling technique that is capable of describing the |
mechanical behaviour of granular materials. The name “Distinct Element” signifies
that éach element of the granular media displaces independently and interacts only at
the contact points. The DEM was originally developed by Cundall (1971) for the
analysis of rock mechanics problems and then applied td soils by Cundall and Strack
(1'979). A brief des'cribtion of fhe DEM is presented in the following paragraphs.-
Howevef,_ for a more détailed description, the reader should refer to Cundall (1978)

and Itasca (2004).

In the DEM, the interaction of particles is treated as a dynamic process with states of
equilibrium developing whenever the internal forces balance. The contact forces and
displacements of a stressed assembly of particles are found by tracing the movements
of the individual particles. Movements result from the propagation through the
particle system of disturbances caused by specified wall and’ particle motion and/or
body forces. This is a dynamic process in which the speed of propagation 'depends on

the physical properties of the discrete system.
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The dynamic behaviour is represented numerically by an explicit tim‘e-stepping
algorithm, using a central-difference scheme to integrate accelerations and velocities.
The DEM is based upon the idea that the time-step chosen may be so small that,
during a single’time-step, disturbances cannot propagate from any particle further than
its immediate neighbours. Then, at all times, the forces acting on any particle are
* determined exclusively by its interaction with the particles with which it is in contact.
Since the speed at which a disturbance can prdpagate is a function of the physical
properties of the discrete system, the time-step can be chosen appropriately to satisfy
 the above constraint. The use of an explicit, as opposed to an implicit, numerical
‘scheme makes it pbossible to simulate the non-linear interaction of a large number of
particles without excessive memory »requireménts or the need for an iterative

- procedure.

The calculations performed in the DEM alternate between the application of
Newton’s secohd law to the particles and a force-displacement law at the contacts.
Newton’s second law is used to determine the motion of each particle arising from the
contact and body forces acting upon it, while the force-displacement law is used to
: ’update the contact forces arising from the relative motion at each contact. Newton’s

second law is not applied to walls, since the wall motion is specified by the user.

Calculatzon cycle in PF C2D

The calculation cycle ‘in PFC2D is a time- steppmg algorlthm that consists of the
'repeated_ application of the law of motion to each particle, a force-displacement law to -
each contact, and a constant updating of wall positions. Contacts, which may exist
between two balls or between a ball and a wall, are formed and broken automatlcally

during the course of a s1mu1at10n The calculation cycle is 111ustrated in Fi 1gure 6.1.

At the start of each time-step, the set of contacts is updated from. the known particle
and wall positions. The force-displacement law is then applied to eaéh contact to
update the contact forces based on the relative motion between the two entities at the
contact and the contact constitutive model. Next, the law of motion is applied to each '
particle to update its velocity and position based on the resulfant force and moment
| arising from the contact forces and any body forces acting on the particle. At each

time step, the accelerations (translational and rotational) are integrated twice, using a
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centredfmtite-difference procedure, for each particle to obtain the updated velocities

and new positions. Also, the wall positions are updated based on the specified wall

-velocities.

Contact Constitutive model _
The contact constitutive model used in this study consists of two parts:. a stiffness

model, and a slip model.

The stiffness model provides an elastic relation between the contact force and relative

~ displacement. A linear contact model defined by the normal and shear stiffnesses, k,
and k, (force/displacement), of the two contacting entities (béll-to-ball and ball-to-

wall), has been used in this study. The contact stiffnesses for the linear contact model

are computed assuming that the stiffnesses of two contacting entities act in series.

The slip model enforces a relation between shear and normal contact forces such that
the two contacting entities may slip relative to one another. The slip model limits the
shear force between two contacting entities. Both ball and wall are given a friction

coefficient, and the friction coefficient at the contact, 4, is taken to be smaller of the

two contacting entities. The maximum elastic shear force, F|,,,, that the contact can
sustain before sliding occurs is limited to. zzx F, , where F, is the normal force at the

contact. If the shear force at the contact exceeds F,,, then it will be set equal to

P

s(max) *

Clump Logic . -
In PFC2D ‘world’, all particles are cylindrical. However, clump logic supports the
creation of super-particles of arbitrary shape by rigidly connecting a number of

cylindrical particles together. A clump behaves as a rigid body (i.e. the particles

comprising the clump remain at a fixed distance from each other). Contacts internal to

the clump are skipped during the calculation cycle, resulting in a saving of computer
time compared to a similar calculation in which all contacts are active. However,
contacts with particles external to the clumps are not affected (i.e. such contacts will

develop when the particles comprising the boundary of a clump come into contact
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with other particles). Particles within a clump may overlap to any extent; contact
forces are not generated between any of ‘tvhese parficles, bu’i any contact forces that
exist when the clump is created or when a particle is added to the clump will be
preserved unchanged during cycling. Thus, a clump acts as a rigid body (with a
deformable boundary) that will not break apart, regardless of the forces acting upon it.
The feader should refer to Itasca (2004) for theoretical background of the cluinp logic.

6.1.2 Outline of numerical simulations

A wide range of particle forms were created by rigidly connecting a series of
cylindrical particles together using clurnp logie as shown in Figure 6.1. In this study,
the parameters “inscribed circle sphericity” (Riley, 1941) and Wadell’s “roundness”
(Wadell, 1932), respectively, have been used as measures of the form and roundness
of idealised particles. Particle form (F) is the ratio of the largest diameter of inscribed
circle to its smallest circumscribing circle. Roundness (R) is the ratio of the average
'of the raidii of corners of a particle to its largest inscﬁbed circle. It can be seen from
Figure 6.1 that roundness is constant and form ivaries. Particle volume has been kept.
constant in all the cases. The effects of particle form, surface roughness and inter-
particle friction on packing arrangement of particles have been examined by‘means of

pluviation tests, and on shear behaviour by means of drained biaxial shear tests.

6.2  Effect of particle form on depositional paeking

- Physical basis for achieving the loosest and de'nsest’f)ossible packing
In general, to achieve the densest packing, particles should be able to move freely and
reach their minimum potential energy positions soon after their deposition; and for the
loosest packing, particle mebility should be constrained after deposition.
In physical experiments, it has become widely accepted (refer to Sections 2.6 and 2.7)
that the densest packing can be achieved by aii-pluvietion at low depositional .
intensities and high fall heights, and the loosest packing can be achieved by water-
pluviation, which is independent of depositional intensity and fall height. Therefore,
the air- and Water—pluviatien technique's, respectively, were simulated for determining

~the minimum (denseét packing) and maximum (loosest packing) void raties using

PFC2D.
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Simulation of air-pluviatidn process

The air-pluviation process was simulated by creating non-overlapping p'articles at

" incremental random x-positions and incremental- y-positions, but at random
orientations, in a rectangular depositional ione and then allowing them to fall under
gravitational force with zero inter-particle friction. The purpose of cfeating particles at

- incremental random x-positions, incremental y-positions and random orientations was
to ensure uniform rain and low dépositional intensity. Zero inter;particle friction
allows particles to slide over each other easil); and attain minimum potential energy

~ positions during deposition, which resembles the hélmmering effect produced by the

falling grains in physical air-pluviation expetiments.

Simulation ofwater-pluviation process |

The water-pluviation process was simulated following a procedure similar to that of
air-pluviation but with a higher inter-particle friction coefficient (i.e. 1.0). The higher
inter-pérticle friction inhibits particle sliding as. soon as the particles make contact
with the rising surface of the deposited material, which was thought to be similar to

the drag resistance offered by the water in physical water-pluviation experiments. -

Outline of nuﬁerical simulations carried out

A series of numerical air- and water-pluviation tests were ‘carried' out on assemblies of
particles of differcﬁt forms (1..0,0.67, 0.5, 0.33, 0.25, 0.2 and 0.1), all having the same
roundness. If the balls comprising the clump are overlépped then PFC2D
6verestimafes the mass of the clump since it ovefestimates thé area. To ov’erbomé this
problem, a correction factor was applied for the mass density of balls (with which the
clumps were made), which was defined as the ratio of actual érea of clump to that of
- the area calculated by PFCZD. The DEM parameters used in the simulations are
presented in Table 6.1. o 7 '

The initial positions and orientations of the particles were identical in all the
simulations, regardless of form, since the procedure followed to create the particles
was same. It should be noted that all other parameteré,' such as particle volume,r
number of particles and the width of the fectangular depositional zone (in relation to
the particles’ major dimension), were kept constant in all the Silnulétions (see Table

6.1).
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Problems of particle-overlaps after deposition

In simulations, as the deposition progressed, particles started either to overlap
neighbouring' particles. or to movev outside the depositional zone under the increésing
weight of overlying particles i.e. overburden weight. However, these problems were
corrected by setting the écceleration due to gravity to zero (after all particles were
déposited and reached eqﬁilibrium) and cycling until the particle assembly reached
equilibrium. During cycling, the kinetic energy of all the iaarticles was reduced to zero |
several times 1n order to avoid the generation of large repulsive forces which
otherwise mighf have disrupted thq whole packi;lg. This process was continued until

the overlaps became hegligible.

Effects of boundarieé on depositional packing , ,
Figures 6.2(a) and 6.2(b), respectively, show a sample of platy particles
corresponding to a form of 0.20 ‘in their dehsest- (pluviated under zero inter-particle
. friction) and loosest (pluviated under an inter-particle friction of 1.0) states. During
the depositional process, the packing arrangement of the.'par‘ticles was found to be
affected by the boundaries (walls) of the depositional zone. However, these effects
af)peared to be significant only in the immediate vicinity of the boundaries, which can

be clearly seen from the Figures 6.2(a) and 6.2(b). Post-depositional void ratios were |
therefore caléulated in the central portion of the deposited particle assemblies,
avoiding a zone with a width of 1.0 ;cimes the particles’ major dimension around the

periphery, in order to exclude the boundary effects.

Effect of form oﬁ limiﬁng void ratios and void ratio range

Figure 6.3(a) shows that both the maximum and minimum void ratios increases with
decreasing form of particles. enax appears to be more sensitive than emin especially at
lower values of form. Therefore, void ratio rélnge increased with décreasing_forrh of
particles; see Figure 6.3(b). Williams & Jia (2003) have also noted an increase in
depositional void ratio in the case of short fibres when they were deposited by a

raining technique.

Polar distribution of particle orientations in deposited assemblies
Figures 6.4(a) and 6.4(b), respectively, show the polar distribution of platy particle

orientations corresponding to two extreme forms (i.e. 0.67 and 0.10) in their loosest
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and densest >packing states. The radial ordinate on the polar histogram represents the
fraction of particlés oriented in the corresponding angular sectbr. The figures show
that majority of particles tend to lie horizontal in their densest state, and their’
proportion increases with decreasing forrh regardless of their packing state.
Comparison of polar histograms in densest and loosest states corresponding to
identical form values suggest that the preferred horizontal alignment of particles is
more pronounced“ in their densest states. Similar results have been repbrted by
Nouguier-Lehon et al. (2003) in the case of elongated polygons with an aspect ratio of

around 3.0, which is equivalent to a form of 0.33.

Polar distribution of contact orientations in deposited assemblies

Figures 6.5(a) and 6.5(b), respectively, show the po}ar distribution of contact
orientations corresponding to two extreme forms (i.e. 1.00 and 0.10) in their loosest
and densest pécking states. The radial ordinate in these polar histograms represents
the fraction of c.ontacts oriented in the corresponding angular sector. Figure 6.5(a)
indicates that the contacts were uniformly distributed over all orientations in loosest
state, and in few major preferential directions in densest state mainly due to the cubic
packing with some dislocations. On the other hand, the majority of contacts were
oriented vertically in platy particles of form 0.10 (see Figure 6.5(b)) both in their
loosest and densest states, éin’ce particles tend to lie flat (or horizontal) during the

depositional process (see Figure 6.4(b)).

Anisotropy of pariicle’ orientations and contact orientations

The anisotropy of particle orientations and contact orientations was quantified by the
folloWing two parameters, similar to those proposed by Nouguiér-Lehon et al. (2003
and 2005) and Azema et al. (2007):

@) anisotropy of particle orientations

_2(Po, -0, R |
o = (P0W+P0xx') ,wherePOxy—X[;;nx n, | 6.1)
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(i)  anisotropy of contact orientations

_2(co,-co,)

0=

NC
swhere CO,, = L Z N

(6o, 7c0.) 2 62)

Where n/,n! and n;,n;, respectively, are the direction cosines of particle orientation

(PO) and contact orientation "(CO) vectors.

The anisotropy indices |
e Apo (or Aco) < 0 indicates that 'thé majority of particles (or contacts) are
horizontal i.e. perpendicular to the direction Qf gravity.
. Apo (or Aco) = 0 indicates isotropy (i.e. particlés or contacts uniformly
distributed in all directions). “
e Apo (or Aco) > 0 indicates majority of particles (or contacts) aligned vertical

(i.e. in the direction of gravity).

The following observations can be made from Figures 6.6(a) and (b):

e In fhe case of loosest packing, the majority of (i) high form (i.e. 0.67 and 0.50)
particles were oriented vértically, (ii) intermediate form (i.e. 0.33 and 0.25)
particles were more or less uniformly distributed over all orientations, and (iii)

" low form particles were oriented horizontally, see upper trend line and data
~ points in Figure 6.6(a). \

e In the case of densest packing, the majority of particles were oriented
horizontal irrespective of form, and their proportion was quite large in low
form (0.10) particles assembly, see lower trend line and the corresponding
data points in Figure 6.6(a). A

e Contact oriéntations were uniformly distributed over all directions in the case
of the loosest packing of cylindﬁcal paﬁiclés (see data points corresponding to
form 1.0 in Figure 6.6(b)), and concentrated in a few major preferential
directions (Figure 6.5(a)) in the case.of densest packing due to ordered
geometrical packing._

* In the case of other forms, the majority of contact 'Qrientations were ‘vertical
and their proportion was found to increase significantly with decreasing form

- and slightly with increasing density (Figure 6.6(Db)).
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In the case of enax simulations, it is worth noting that the depbs_,itional intensity is low
in the current simulations. If the depositional intensity was increased it could be
expected, due to the increased opportuﬁity for particles to interfere with each other, .
‘that inherent anisotropy (preferential horizontal »align'ment of particles after the
deposition) would be decreased especially in low form particles. A decrease in
‘inherent anisotropy would lead to an increase in depositional void ratio due to a more

open structure.

In addition, in the case of small colloidally-active particles, the double layer repulsive
and edge-to-face attractive forces helps in forming a very loose structure, leading to

large initial void ratios in case of clay soils; as noted by Olson & Mesri (1 970).

The emax and emin values determined from air- and water-pluviated tests (as described
at the beginning of this section) were subsequently used to determine the relative -

densities of isotropically compressed assemblies in drained shear tests.

6.3  Effects of surface roughness and inter-particle friction on depositional
packing '

The effects of surface roughness and inter-particle friction on depesitional void ratio
and packing arrangement of particles (inherent anisotropy) were investigated by
means of pluviation tests on particles with different surface roughnesses and inter-

particle frictions as shown in Table 6.2.

Three different surface roughness conﬁgurations.namely single-, double- and triple-
layered clumps as shown in Figure 6.7 with zero inter-particle friction, and triple
layered clumps with four different inter-particle friction coefficients ranging from 0.0

to 1.0 (in addition to the surface roughness), were considered in this study.

The surface roughness was characterised by a new parameter called asperity friction,
which was defined as the tangent of implied angle of rise (9) of the surface asperity of
a particle over thé surface of another similar particle (see Figure 6;7(d)) and is written
as follows | - |

Asperity friction = tan & (6.3)
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Numerical pluviation tests were carried out on platy particles (corresponding to a
form of 0.20) with the above-mentioned friction configurations. The pﬁrpose of this
investigation was to check whether or not surface roughness and inter-particle friction

influence packing in a similar way.

Figure 6.8 shows that the depositional void ratio increases with increasing friction
coefficient irrespective of whether it is inter-particle friction or asperity friction.
- Comparison of polar histograms in Figures 6.9(2) and 6.9(b) for the equivalent
| friction coefficients show that both the friction coefficients have a similar effect on
inherent anisotropy. Figure 6.9(b) shows that the proportion of particles orienting in
horizontal direction (i.e. inherent anisotropy) increases with decreasing inter-particle

friction.

The results indicate that both the friction coefficients (asperity friction and inter-
particle friction) have similar effects on depositional void ra_tid as well as on inherent-
anisotropy, which further suggests that surface roughness can be considered as an

equivalent inter-particle friction.

6.4  Effect of form on drained shear behaviour ‘

Drained bia;xial shear test simulations were carried out on six assemblies of
uniformly-graded, constant-volume particles of different forms (1.0, 0.67, 0.5, 0.33,
0.25 and 0.2) but with same roundness and roughness. Each of these six assemblies
was prepafed at three differént'density states with relative densities of approximately
30% (loose), 50% (medium dense) and 70% '(dense). The DEM parameters used in
the shear simulations are presented in Table 6.3 and the relative densities of the .
isotropically compressed samples (or samples at the start of shearing) are given in

Table 6.4.

Sample preparation ,

Samples for shear teéts Were prepared from thé Ioosely packed assemblies which were
initially used for determining the maximum void ratios, as discussed in section 6.2.
The positions and orientations of particles of the loosely-packed . assemblies were
captured and _reproduced. The reprdduced assemblies were then bounded by four

platens and compressed isotropically to the desired stress level using the numerical
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~ servo-control mechanism on all four platens. Samples with desired relative densities

were achieved by changing the inter-particle friction during isotropic compression.
Large inter-particle' friction produced loose samples and small inter-particle friction
produced dense samples. It is to be noted that the friction on platens was set equal to
that of the particles during isotropic compression stage, since this would otherwise

have disrupted the packing.

Shearing procedure

The friction between the sample and the side platens, and the top and bottom plateﬁs,
was set to zero at the start of shearing in order to provide friction-iess boundaries. The
normal stiffness of top and bottom end platens were set equal to that of the particles,
and lateral platens were set equé.l to 1/10™ of that of particles in order to provide a
flexible boundary effect; Isotropically compressed assemblies of particles were then
sheared by moving the top and bottom end platens towards each other at a constant
Velocity,- whilst ,maintaining the lateral stress constant i.e. 50kPa in the current
simulations. Therefore, the major principal stress direction was vertical and the minor -

principal stress was horizontal. Shearing was continued up to an axial strain of 40%.

6.4.1 - Global shear behaviour
The drained shear tests results were analysed in terms of stress-ratio, Vbid rétio and
volumetric strain against axial strain. The results are presented in Figures 6.10 to 6.18.
The following_ observations were made from the figures, in terms of their global shear
behaviour: » '
e A transition from peak and subseQuent softening to complétely hardening typE
of behaviour was observed as the particle shape changed from spherical to
platy (see Figures 6.10(a), 6.11(a), 6.12(a), 6.13(a), 6.14(a) and 6.15(a)).
e In the case of assemblies comprising particles of form 1.0, 0.67 and 0.5
~ (Figures 6.10 to 6.12)
— All dense samples exhibited a peak strength which decreased with
decreasing density. ’
— The strain to reach peak increased with decreasing form.
" — All samples reached a unique ultimate strength 'irre.spective of their

initial densities.
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— The difference between peak and ultimate strengths decreased as form
decreased. |
— Dense sarnples dilatéd and loose samples initially contraCted and then
| - dilated, and all samples reached a umque ultlmate void ratio
1rrespect1ve of their initial densmes '
‘e In the case of assemblies comprising particles of form less than 0.50 (i.e. 0.33", _
0.25 and 0.20 — Figures 6.13 to 6.15): |
— Al satnplés exhibited'hardening behaviour irrespective of their initial
densities. '
— At small strains, the mobilised strength was lower for loose samples
and it increased with increasing initial density.
— At large strains, all samples reached same strength and void ratio but
continued to 1ncrease with strain at the same rate irrespective of their
| 1mt1a1 densities. - | ‘
— Dense samples continued to dilate at a constant rate from the beginning
to the end of shearing whereas loose and medium dense samples
contracted initially and then dilated at a constant rate until the end of

shearing:

In summary, the following conclusions can be drawn on global shear behaviour:

e In samples comprising particles with form greater than 0.5, the peak friction
angle and the difference bétween peak and 1arge strain friction angle decreased
with decreasing form , see Figures"6'. lié(a) and (b).

o The'\.roidvratio and strength at large' strains increased with decreasing form, see
Figure 6.17(a) and (b). o

e At strains less than 10%, the maximum dilatancy was found to decrease with
decreasing form irrespective of initial derisity, and the trend was consistent for
all foms (see Figures 6.18(a) to (c)). However, the trend was not clear at |

strains greater than 10%, especially in medium dense and dense samples.
6.4.2 Evolution of micro-structural parameters

Figures 6.19 and 6.20, respectivély, show the dense assemblies of particles at the start

and end of shearing, corresponding to two extreme forms (1.0 and 0.2). This section
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explorés the evolution of the following “micro-structural” pérameters as shear
progresses: |

a) Distribution of particlé orientations

b) Distribution of contact orientations

¢) Distribution of normal and tangential contact forces ‘

d) Distribution of contact forces

- a) Distribution of particle orientations
Figures 6.21 and 6.22, respectively, show the polar distribution of particle orientations
corresponding to forms 0.67 and 0.20 of loose and dense samples at different stages of
shéaring (0%, 2%, 10% and 40% strains). 0% refers to the start of shearing, 2% refers
to the peak stage (approx.), and 10% to 40% refer the later stages of shearing. It can
be clearly seen from the figures that: | |
e As shear progressed, particles re-oriented themselves perpendicular to the
major principal stress direction, both in loose and dense assemblies of all
forms. | |
e The proportion of particles orienting perpendicular to major principal stress
direction was high for low form particles, and low for high form particles, at

all stages of shearing, both in loose and dense states.

The anisotropy of particlé orientations was quantified by the parametér Apo as defined
prev1ously in equation (6 1). Here again, |
f Apo < 0 indicates a majority of particles orlented perpendicular to the major
pnnc1pal stress direction i.e. horizontal.
* Apo = 0 indicates isotropy i.e. particles uniformly distributed in all directions.
e Apo > 0 indicates a majority of particles oriented in major principal stress -

direction i.e. vertical.

- Figure 6.23(a) and (b) show the evolution of the parameter Apo during shear in loose
and dense samples. The foHowing points can be drawn from this figure:
¢ The initial particle anisotropy of loose and dense samples of identical forms

was almost the same despite their different densities.

119




e At the start of shearing, the majority of particles eorrespondihg to form 0.67
and 0.5 were o;;iented vertically (since App > 0), 0.33 and 0.25 were more or |
less uniformly distributed over all orientations (since Apo ~ 0); and 0.2 were
oriented horizontally (since Apo < 0). '

. Comparison of Figures 6. 23(a) and (b) for identical forms reveals that the
anisotropy evolution is qulte similar in all the samples 1rrespect1ve of their
relative densmes \

. Am'sotropy increased with t‘he_strain‘ for all forms and density states. However,
the rate of increase of anisotropy diminished with the strain (i.e. after it
reached a critical anisotropy) in high form particles and continued to increase

in low form particles.

b) Distribution of contact orientations _
Figures 6.24 and 6.25, respectively, shows. the polar distribution of contact
orientations corresponding to two extreme forms (i.e. 1.0 and 0.2) of loose and dense

samples at different stages of shearing.

In assemblies comprising cylindrical particles (i.e. form = 1.0):

e Initially, contacts were oriented in few major prefefential directions (Figures
6.24(a) and 6.25(a)) because of ordered geometrical ﬁacking with some
discontinuities, which can be easily seen from Figure 6.19(a).

® In dense samples, the proportion of contacts oriented towards the majof
principal' stress direction increased with the strain before reaching a peak and
then decreased after the peak (see Figure 6.25(a)). Whereas in loose samples

their proportion increased contmuously with strain (see Figure 6.24(a)).

'On the other hand, in assemblies comprising particles of other forms, the proportion
of contacts oriented in the major principal stress direction increased (whereas the ones
oriented in the minor principal stress direction decreased) with the strain

continuously, regardle_ss of their initial densities.

The anisotropy of contact orientations was quantified by the parameter Aco, as

defined previously in equation (6.2). Figure 6.26(a) and (b), reSpectively; show the
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- evolution of contact anisotropy with axial strain in loose and dense samples. The

following points arise from this figure:

The contact anisotropy of cylindrical particles increased until the peak, then
decreased and reached a unique critical value at an axial strain of around 10%.
Particles corresponding to a form of 0.67 also reached a critical contact
anisotropy but at a strain Iﬁgﬁer than that of cylindrical particles. These two
observations together suggest that high»form‘ particles will continuously re-
arrange during shea;r and reach a critical stafe at large strains.

The contact anisotropy of particles with form less than 0.67 increased
continuously without reaching any critical value even by the end of shearing
(i.e. 40% strain) in both dense and loose samples. - _

Close observation of Figures 6.26(a) and (b) reveals that at strains less than
10% (approx.) the anisotropy of dense samples was higher than that of loose

samples. This was consistent for all forms.

¢) Distribution of normal and tangential contact forces

Figures 6.27 to 6.30, respectively, \show “the polar distribution of normal and

tangential contact forces in loose and dense samples corresponding to two extreme

forms (1.0 and 0.2). The radial ordinate on these figures represents the mean normal

(or tangential) contact forces oriented in fthe corresponding .angular sectors,

normalised with respect to the mean normal contact force over the whole sample.

The following points can be drawn from these figures:

At the start of shearing, the normal force distribution was more or less
isotropic both in loose and dense samples. of all forms, see Figures 6.27 and

6.29. However, as shear progressed the normal force distribution became

7 slightly anisotropic and it slightly increased with increasing form, see Figures

6.27 and 6.29.

Comparison of Figures 6.28(a) and (B)vindicates that low form particles can
mobﬂise large tangentiai forces comparéd to h1gh form (cylindrical) particles,
mainly due to. increased interlocking or sandwiching between particles. In
general, cylindrical parﬁcles can easily slide and/or roll compared to platy

particles. Fur_thermore, comparison of Figures 6.28 and 6.30 for identical
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forms shows that the interlocking or sandwichjng effect increases with

increasing density.

d) Distribution of contact forces _ | '
Figures 6.31 and 6.32 show thé contact force networks in dense assemblies of
particles (corresponding to forms 1.0 and 0.2) at the end of shearing. The figures give
an impression that the contact forces are morev uniform in high form (cylindrical)
particles than in low form (platy) particles. This could be due to effective lateral
contact networks in cylindrical particles as opposed to dominated vertical contacts
(i.e. parallel to major principal stress directidn) in low form particles, see Figures 6.24
and 6.25 corresponding to 40% strain. Also, close observation 6f Figures 6.31 and
6.32 reveals the contact force localisation in few thin bands (in the direction of major
_principal stress) which could be due to preferred horizontal orientation of particles .
and popping out of particles edges. In fact, the contact forces are very high in Figure
6.32 comparéd to those in Figure 6.31. However, this feature is not obvious from the
figures since the scale (of contact force magnitudes) is not same in both the figures. If
they were plotted to the same scale, the contact forces in Figure 6.31 would

completely disappear.

To gaiﬁ more insights into the contact force distributions, they were analysed in the

- following ways: _

e Probability density functions (PbF’s) were plotted for .contact” forces
(normalised by the ‘mean contact force at the start of shearing) at different
stages of shearing of loose and dense samples — see Figures 6.33 to 6.35. It
should be noted that in ofder to improve the clarity, only strong contact forces
(i.e. normalised contact force > 1.0) are shown in these ﬁgurés.

e The variation of mean confact forces (normalised by the meah contact force at
‘the start of ‘sheari‘ng) v‘vas plotted as a function of axial strain, see Figures
6.36(a) and (b). ' ‘

The followihg obsérvations can .be made from PDF plots of contact forces presented

in Fi"gUreS‘6.33 to 6.35:
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Comparison of PDF plots of loose and dénse samples corresponding to
identical form values indicate that the magnitude of maximum contact force
and the proportion of very strong force contacts (i.e. normalised contact force
> 10) increases with increasing density.

At 2% axial strain, there is no definite trend in either the niaximum contact
force or the proportion' of strohg force contacts, since the particles were still

establishing strong contacts at that stage. However, at strains greater than

. 10%, there exists a definite increasing trend in both the maximum contact

force as well as the proportion of very strong force contacts with decreasing
form. |

Moreover, the rate of increase of maximum contact force and the proportion of
strong force contacts with respect to form was much higher than that with the

density.

The normalised contact force plots presented in Figures 6.36(a) and (b) show that:

6.5

The mean contact force increased with increasing density for all form.s,'and at
all stages of shearing.

After establishment of relatively stable contacts (roughly at strains >10%), the
mean contact force increased quite significantly with decreasing form.

The rate of increase of mean contact force with respect to form was much
higher than that with the density. o

Cylindrical particles and particle with form 0.67 showed a unique critical
mean contact force at large strains, irrespective of their initial densities. Others
did not reach a'uhique critical value, but instead continued to increase with the

strain.

Summary

e Two novel techniques have been used for determining the maximum and

minimum void ratios of numerical ‘samples’.

e The effect of particle form on packing has been investigated By simulating the air-

and water- pluviation processes. The following observations were made:
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Both, emsx and emin, increased with decreasing form, but eps was more
sensitive than emip, especially' at lower values of form. Void ratio range
(differencé between emay and €min) increased with decreasing form.

In their loosest packing, the majority of high forrﬁ particles were oriented
vertically, intermediate form particles were uniformly distributed in all
orientations, and low form particles were oriented horizontally. On the other
hand, in their densest packing, the majority of particles aligned horizontal
irrespective of their form and their proportion increased with decreasing form.
The majority of contacts were orienfed vertically, and their‘ proportion
increased - significantly with decreasing form and slightly with bi‘ncreasing ‘

density.

A new parameter termed the ‘asperity friction’, defined as the tangent of implied

angle of rise of the surface irregularity, has been introduced for characterising the

surface roughness of clumps in PFC2D.

The effects of inter-particle friction and surface roughness on depositional packing

of platy particles were examined and the following points were noted:

Depositional void ratio increased with increasing inter-particle friction as well
as with increasing asperity friction.

The inherent anisotropy of particle orientations decreased with increasing

' inter-particle friction.

Both types of friction (i.e. asperity friction and inter-particle friction) had
similar effect on depositional void ratio as well as on inherent anisotropy,
suggesting that surface roughness can be considered as an equivalent inter-

particle friction.

A novel technique was developed to prepare numerical ‘samples’ of the desired

relative density with more or less the same fabric.

The effects of particle form and _density on shear behaviour were investigated by

means of drained biaxial shear tests. The following points were noted with regards -

to the global shear behavibur and the evolution of micro-structural ‘parameters.
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Global shear behaviour

In particles with form greater than 0.5, the peak friction angle and the
difference between the peak and large strain friction angle decreased with
decreasing form. o |

The strength and void ratio at large strain increased with decréasing form.
At strains less than 10%, the maximum rate of dilation decreased with
decreasing form irrespecti;/e of their ihitia_l densities and forms. However, the
trend was not clear at strains greater than 10%, especially in medium dense

and dens¢ samples.

Evolution of micro-structural parameters

Anisotropy of particle orientation increased with strain for all forms and

density states. However, the rate of increase of anisotropy diminished with the

‘strain in high form particles (i.e. reached a critical anisotropy) and continued '

to increase in low form particles.

The‘ contact anisotropy of cylindrical particles _exhibited a peak and a unique
critical value at large sfraiﬁ; particles with form = 0.67 did not exhibit peak but
reached a critical contact énisotropy which was higher than that of cylindrical
particles. Anisotropy of particles with form less than 0.67 increased
continuously without reaching any critical value. However, at strains less than |
10% (approx.), the contact anisotropy of dense samples was higher ‘than that of
loose samplés and it was consistent for all forms.

The normal force distribution was more or less isotropic at the start of
_shearing, and became slig'h‘tly. anisotropic as the shear progressed. The
anisotropy slightly increased with decreasing form. ’

Low form particles mobilised higher tangential forces than high form
particlés. Tangential fbrce mobilisation increased with increasing density. This
could be due to increased interlocking or sandwiching between particles. -

At strains greater than 10% (approx.), the magnitude of maximum contact '.
force and the proportion of very strong force contacts incréased with

decreasing form as well as with increasing density. However, the rate of

" increase with respect to form was much higher than that with respect to

density.
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- Only cylindrical particles reached a unique critical mean contact force,
whereas in non-cylindrical particles it continued to increase with the strain.
The mean contact force increased with decreasing form and with increasihg

| density. However, the rate‘of increase of mean contact force with respect to

~ form was much higher than with respect to density.
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Table 6.1: DEM parameters used in gravity tests

Parameter

Numerical values adopted.

Particle shapes modelled

Particles with different form i.e. 1.0
(cylindrical), 0.67, 0.5, 0.33, 0.25, 0.2,
and 0.1; all having Wadell's roundness

of unity - see Figures 6.2(a) to (g)

Number of particles 4005
Radius of cylindrical particle, m =0.001

| (particle volume has been kept
constant for other shapes)
Density of particles, kg/m® 2640x(Asctual Arrc)
Acceleration due to gravity in y- -9.81

direction (gy), m/s?

Width of deposition zone

30 times the particles’ major dimension

Normal and shear stiffness of 1x10°
particles, N/m

Damping coefficient 0.70

Normal and shear stiffness of 1x10°

walls, N/m

| Asperity friction coefficient

0.258 (double layer)

Inter-particle friction coefficient

0.0 for enmi, tests
1.0 for emax tests

Friction on sides of depositional
zone

0.0 for emi, tests
1.0 for emay tests
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~ Table 6.2: Parameters varied in frictional eq'UivaIence gravity tests

‘Parameter

Numerical values adopted

Particle shapes modelled

Platy particles with form 0.2

Asperity friction
coefficient
(Surface roughness)

0.577 (single layered clumps), 0.258 (double
layered clumps) and 0.126 (triple layered
“clumps) - see Figures 6.8 (a) to (c);

All with zero inter-particle friction.

Inter-particle friction
coefficient ‘

- 0.0,0.128,0.5and 1.0;
All with triple layered clumps (Figure 6.8 (c)).
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Table 6.3: DEM parameters used in shear tests

Parameter

Numerical values adopted

Particle shapes modelled

- Particles with different form i.e. 1.0,
0.67, 0.5, 0.33, 0.25, and 0.2; all with

a roundness of unity — see Figures

6.2(a) to (f)
Number of particles 4005
Radius of each circular particle, m = 0.001
Density of particles, kg/m® 2640%(Aactual Arrc)
Normal and shear stiffness of 5x10°8
particles, N/m '

Damping coefficient

0.70

Asperity friction coefficient

0.258 (double layer) -

Inter-particle friction coefficient

0.50

Coefficient of friction on platens

0.00

Normal stiffness of loading
platens, N/m

5x10°® - top & bottom
5x107 - lateral

Confining stress, N/m?

5>_<1o4

Relative densities (%)

~30 % (loose),
~50% (medium dense), and
~70% (dense) — see Table 6.4
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Table 6.4: Initial relative densities of Samples

Form | Initial Dr (%) Initial Dr (%) Initial Dr (%)
(Loose ~ 30%) | (Medium ~ 50%) | (Dense ~ 70%)
1.00 33.95 55.14 70.70
0.67 28.84 55.80 - 69.90
0.50 36.66 53.79 69.25
0.33 30.38 4858 66.89
0.25 28.54 50.49 67.60
0.20 26.65 50.99 68.29
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- ) f?{ac ’

Law of Motion Force-Displacement Law
{applied to each particle) (applied to each contact)

» resultant force + moment » relative motion
' » constitutive law

contact forces /

Figure 6.1: Calculation cycle in PFC2D (ltasca, 2004)
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(e) @ (@

Note:- Particie area is constant in all the cases.

Figure 6.2: Particle shapes modelled: with forms 1.00 (a), 0.67 (b), 0.50 (c),
0.33 (d), 0.25 (e), 0.20 (f) and 0.10 (g); and roundness 1.0.
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(a)

Figure 6.3: DEM model showing the packing arrangement of particles in their
loosest (a) and densest (b) states (F = 0.20)
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(b)

Figure 6.3: DEM model showing the packing arrangement of particles in their
loosest (a) and densest (b) states (F = 0.20)
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Figure 6.5: Polar distribution of particle orientations corrésponding to forms
0.67 (a) and 0.10 (b) in loosest and densest states
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Figure 6.6: Polar distribution of contact orientations corresponding to forms>
1.00 (a) and 0.10 (b) in loosest and densest states
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(@)

(b)

Note: See Table 6.2 for the corresponding asperity friction co-efficients.

Figure 6.8: Particle surface roughnesses (asperities) modelled: (a) single
layer, (b) double layer, (c) triple layer, and (d) illustration of implied angle of

rise ().
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Figure 6.9: Variation of deposntlonal void ratio with asperity fnctlon and mter-

particle friction.
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Figure 6.10: Polar distribution of particle orientations corresponding to various
values of asperity friction (a) and inter-particle friction (b).
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Figure 6.11: Stress ratio (a) and void ratio (b) vs. axial strain for form 1.0
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Figure 6.12: Stress ratio (a) and void ratio (b) vs. axial strain for form 0.67

143




0.4

02§

0.0 +———— ' -
0 10 20 - 30 40

0.27
0.26

0.25

0.23

Void ratio, e

0.22
0.21
0.20

0.19

1.6 T——

Axial strain (%)

(a)

0.24 +

dense

il
T

— medium

=

/ —— loose T

/

/

10 20 30 - 40
Axial strain (%)

(b)

Figure 6.13: Stress ratio (a) and void ratio (b) vs. axial strain for form 0.50
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Figure 6.14: Stréss ratio (a) and void ratio (b) vs. axial strain for form 0.33
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~ Figure 6.16: Stress ratio (a) and void ratio (b) vs. axial strain for form 0.20

147




R d)peak ’ deg

12 - » — R //_-

¢peak - ¢40% éira[n

48 1 . 5

46 h v //

44 : 7
| ~

N

42 . vas

40 | " N ’- N N N N N N L N N X N .- . .v s
0.0 0.2 , 04 . 0.6 0.8 1.0
Form -

@)

14 +— : e

10 : G

0.0 02 04 06 08 1.0
. Form | |

(b)

‘ _ Figuré 6.17f Variation of peak friction angle (a) and difference between peak

and large strain friction angle (b) with respect to form

148




045 —

0.40 { ?
c L
£ \
X 035 1 0
<
® |
o i \
5 030 - >
2
S 3
0.25 { O |
0.20 I - T I SN
0.0 02 0.4 0.6 0.8 1.0
Form (F)
(@)
48 —
46 | :
44 | = A
O C N ]
§ 40 1 :
7 C o L. ]
& 38 ‘Jo\\
L ~ .2 (@] ]
36 | e ]
34 1
0.0 0.2 0.4 0.6 0.8 1.0

Form (F)
(b)

“Figure 6.18: Variation of void ratio (a) and mobilised friction angle (b) at 40%

strain with respect to form

149




(b)

JR e ] — F=1.00
) e N \'f‘«\\;~:\- ’_ ] — F=067
<O\ O ~ - ‘\.—f"‘*":::'\*ﬁ - " F = 033
c I _/_/v_/\/-\'\‘——\/ —— =
s L v _» F 0.20
7 [ ]
o ; ]
3 44 _ —
g Loose samples ]
o & —
> : :
i ]
-8 |
o - 10 20 : 30 40
Axial strain (%)
(a)
4 .
[ —— F=1.00
P 1 —— F=0.67
_ ] — F=050
= 1 ——- F=033
gg -=—=-F=025
§ --=-F=020
@ SF >4
, ::f TN g
[} RN ]
£ N
=] i ]
S 61 Medium dense
I ' - samples
-8 -
0 10 20 .30 ' 40
Axial strain (%)

Figure 6:19: Volume change behaviour of (a) loose, (b) medium dense and (c)

samples corresponding to various forms (contd..)

- 150




Dense samples

Volurﬁetric strain (%) -

44
-6
8 +
A
0 10 20 30 40
| Axial strain (%)
()

Figure 6.19: Volume change behaviour of dense samples corresponding to
: “various forms

151




b F Wi Hed

AP
1 A EL AL v
IR ANRSSRSERANASSPEPRNNSSSLBRNE OSSR AN S0 IR OSRSFRPENASSASIRENRNSSSABFNAE GG AA A AL ALY I o " el 'Il
AR RCIRARRGODIRDEASERRUAB AR CEDRE R A SRR e
2 GSYRGB AR URRGBEER O RARBI G DD BE N IIIIXI’H

LTI AL -._x AAA AL A LI I IR L LI LIASRTIII1]) o34 3L Jd g
A, e EASIREN B RV ERGL SV LD RANA ST RN a¥e s LI OAET S H L3
IXIXIX 0L XYY - * b4 bEAENREINENIEEDEIIR GO RAIR IR 0 » Aottt ol PSS LS
XL X b ¥ 4 »? FISANBRUNREROTIB RN DS * T YT A AR AL AT -W. T aTe® areer
TELX ﬂ b L T ey ut! ﬂNunhru«HHIHHMHHHHNNhNNHHH lﬂr"xltnl
H HHuNHH-M - ux n!u 4 n ...h . - ﬂ FIIIAARLLLRAL L 0 [ XL T e LIy Iy rlutu..nlu

%4

M A 42 +%a » e BlaNy® xuxu:uxﬂ:
D8 g pogdly st ind 2 -4 B o o g » SRTBTNS
coinannnlytebie® vhed b pged ’s e * CH M
e Rale gt oui N ok Son 28 e r FoO X I O X T T IO
OB e PR Tatan Ra U R R, ALLL LA & * & LASPERRASRARRUR SRR TSR AT

- xx.. xIX 2 = o8 zl M RAL I LI XL LY bt P Pl
steatabael * &5 - M4 ST EPEEREN B EEDERD P D} ats ety
u 2 4 » = T X LI XLy va_xl..[-.
L 10D 4 . * e
Ak b TILLI Y wy Ponal I LYY & u m..ﬂx

- i 8 T AR AAA AL ISl Ll %
% JL D ERI LK PG ANNASEPPENSSPSEPRERAGEPEPRNEANGCODERRUENEGEIDE BN A D& n “II
LAEL I L L L X T bidnel P EIBERRBES B p &'y B ESBESDEBBE B RPN RAEBERREIREBRFRRIR OIS ERRI SR EIDERD RSB 4B M
YITRAAL S EXI XIS, A I A LRI Ad A XX XEIY X IS b0 IAAL L L 2 I A L A L L o L L L Y R X R Y Y i xyy b o s
IS PN E NG SR R AN PEEP PN UNA GO F NN GRS FERG GO ERIEAGEDA RPN TN CEDO N

w‘__..
L

(a)

t of cylindrical particles (F = 1.0) in dense

ing arrangemen

Pack
sample at the (a) start of shearing and (b) end of shear

Figure 6.20

n

.e. 40% axial strai

ing i

(contd..)

152




AR RPN OB LSRN ERC AR AARNGGSSAERICRDARBBSI

TII LI AL LA LT
pEsoeesld
£S5 0.4
~
OO
-
&
b
P w
LXK yu'e's
e
> .
2 o
() = OO,
- OOy
b4 IAJX X
(4
> . e
= n: ":
> S
A
®
X
(boovsessssosesssod A OO I AR
s sBiosssstiisssan
ASSI I L LA AL
ALK I I AL L AAA
COOOO00COCOCK, s s ean e
----------- 200889 S B80S
~~
N

153

shearing i.e. 40% axial strain

Figure 6.20: Packing arrangement of cylindrical particles (F = 1.0) in dense sample at the (a) start of shearing and (b) end of
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Figure 6.21: Packing arrangement of platy particles (F
sample at the (a) start of shearing and (b) end of shearing (contd..)
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Figure 6.22: Polar distribution of particle orientations corresponding to forms
(a) 0.67 and (b) 0.20 — loose samples
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Figure 6.28: Polar distribution of normal forces corresponding to forms (a)
1.00 and (b) 0.20 — loose samples
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1.00 and (b) 0.20 — loose samples '
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Figure 6.30: Polar distribution of normal forces corresponding to forms (a)

1.00 and (b) 0.20 - dense samples
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Figure 6.31: Polar distribution of tangential forces correspondmg to forms (a)
1. OO and (b) 0. 20 dense samples
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0.20) at the end of shearing (40% axial strain)

Figure 6.33: Contact force networks in dense sample (F
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and (b) dense samples, at 2% axial strain for various forms
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" CHAPTER 7 SYNTHESIS

There has already been much discussion of the individual topics in Chapters 3 to 6.
This chapter brings together the information presented in the previous chapters, and
draws further conclusions. Firstly, it discusses the methods developed in this research
for estimating the form of coarse and fine particles. Secondly, it compares the
experimentél and numerical modelling results (on depositional packing and drained
shear behaviour) and .gathers the possible meshanisms responsible for the observed
differences. Thirdly, it compares the drained shear behaviour observed in both
experiments and simﬁlatiOns with the Cﬁtical State framework, and discusses the
possiblé reasons for the observed divergences. In addition, the results from this study

are comparéd with the literature wherever appropriate.

7.1 Development of practical methods of estima_tihg the form

The literatﬁre reviewed in Section 2.1 indicated that materials made of bulky particles
would behave quite differenﬂy from those comprising platy particles. A means to
quantify this aspect of particle shape was required in order to distinguish them. At the
beginning of this research, it was thought that this particular aspect of pa_ftiéle shape,
namely ‘form’, could be reasonably quantiﬂed by the ratio of the minimum to the
maximum particle dimensions. Several methods (direct or indirect) were available for
'estlmatmg the form as discussed in Sectlons 2. 4 and 2.5, respectively, for coarse and
fine particles. However, most of them were two-dimensional, so they could not
differentiate bulky and platy materials. ‘The three-dimensional methods were éithér
1mpract1ca1 tedious and time consuming, or could not sufﬁc1ently differentiate. |
Therefore, two dlfferent new methods (one for the coarse and the other for the fine
particulates) were developed in this research for estimating form, and presented in

" Chapters 3 and 4.

The method develdped for coarse particulates considér the particles as scalene
ellipsoids. Based on this assumption, a new definition of form termed ‘Scalene
Ellipsoid Equivalent Sphericity (SEES)’ was developed (refer to Section 3.1 and in
~ particular equation 3.3). SEES was evaluated rigorously by applying it to a range of
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geometrical shapes and irregular particles (see Section 3.2). It was found that SEES
could effectively distinguish between bulky and platy particles having the same major
and intermediate dimensions whereas the existing practical measures could not (Table
3.1). Having_ seen the effectiveness of SEES parameter, an automated method was
proposed to determine the SEES (refer to Section 3.2). The success of the automated
method depends on the following: | '

- - successful dispersion of particles on a flat stage without overlaps

- acquisition of good quality projected images of particles by static imaging

(refer to seeond last paragraph in Section 2.3), and

- precision in weighing of partieles (as a whole)
Successful dispersion and accurate measurement of mass would be extremely difficult
(or tedious) in the case of | fine (or smali) particles. The writer’s experience suggests
that this method can be applied easily to particles coarser than 600pum (apprOX.), see
Section 3.2. Other methods had to be sought for particles of size below 600um.
Another limitatien of SEES is that it cannot differentiate between rod-like and plate-
like particles having the same major and minor dimensions. However, the literature
_reviewed/ in Section 2.2 indicated that the population of | rod-like particles is

insignificant in almost all clastic sediments.

A few methods Were described in the literature to determine the aspect ratio of fine
particles (refer to Sectlon 2.5). Only limited materials (mainly Kaolin) appear to have
been tested in the past The aspect ratio values determined using them were very .
different from the image based measurements. It was not clear that these methods
could sufficiently differentiate the bulky and platy materials. So, as a first step
towards develdping a new method, the existing methods were evaluated by applying
them to a range of particle shapes. It was found that none of the existing methods
were reliable and could sufficiently differentiate the particles of different shapes (refer
to Section 4.1). Therefore, a new method based on laser diffraction and turbidity
measurement (using Malvern Mastersizer 2000) was developed i(refer to Section 4.2).
This method considers particles as oblate spheroids rather than scalene ellipsoids,
since laser diffractien method produces only the equivalent diameter of a sphere based
on the measured diffraction pattern as opposed to both major and intermediate _

dimensions produced by static imaging. The new method was evaluated by applying it
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to a range of particle shapes and platy material of various size fractions (refer to

Section 4.3). It was found that the new method could differentiate well between

particles of different shapes and form, as well as particles of same shape but 'with

different form (see Table 4.2). In addition, the form estimates determined by this
method were in line with the values obtained from qualitative interpretations of SEM
images. The reader should refer Chapter 4 for more detailed description and
discussion of this method. The success of this method depends on the following:

- effective dispersion of particles in the liquid medium during measuremehts

- appropriateness of optical properties chosen for the materials

- precision of Weight of the maten'al used for measurements
This method cannot be applied to coarse particles (>600p.m approx.) because of the

llmltatlons posed by the instrument.

It should be noted that both these methods do not measure the same quantity. The
SEES method measu;res the ratio of the minimum to the maximum particle
dimensioné (approx.). On the other hand, the turbidity-based method measures the
'ratio of the minimum dimension of particle to that of its projected area equivalent

diameter (approx.).

- 72 Comparison of experimenfs and simulations

This section compares the experiménts and the simulations that were carried out with
an objective of investigating the (i) effects of particle form on depositional packing by
_ means of physical ‘Ijiuviatioh experiments and siﬁiulations, and (ii) effects of particle
form on drained shear behaviour using triaxial (or biaxial) compression tests. It also
compares the results obtained from this sfudy with published studies wherever

appropriate.

7.2.1 Depositional packing -

The effect of particle form on depositional packing (in 'loosesf and densest siates) was

investigated by carrying out physical experiments as well as numerical simulations. In

addition, the effects of inter-particle friction and surface roughness (or asperity
friction) were investigated via simulations. The results were presented in Sections 5.3,

6.2 and 6.3.
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It was observed in experiments as well as in simulations (Sections 5.3 and 6.2) that
both emax and enmin increases with decreasing form. ema Wwas more sensitive to form
than epiy (refer to Figu;es 5.6 and 6.3). In experirﬁents not only form but also
angularity was varied (see Table 5.2), and it was difficult to separate the effect of
form and angularity, especially in the case irregular particles. Same was the problem
With all the published experimental studies (those examined the effect of pafticle'
shape on limiting void ratios) e.g. Koerner, 1968; Maeda, 1994; Sukumaran and
Ashmawy, 2001; and Cho et al., 2006. Moreover, in all these studies form (termed
sphericity or shape factor) was determined based on 2D irﬂages of particles, which
could not differentiate bulky and platy particles. As a result, their correlations

between limiting void ratios and form were poor compared to the present study.

However, in the current numerical study, ‘all the parameters (except form) was kept
constant; therefore, the observed differences In emax and emin Were solely due to
| changes in form. Williams and Jia (2003) have noted an increase in depositional void
ratio in the case of short fibres when they were deposited by a raining techrﬁque.
'Nouguier-Lehon et al. (2005) have, noted an increase in pluviated Void ratio
(corresponding to emin) with increasing aspect ratio (1 / form) in the case of polygonal
particles. They varied the aspect ratio between 1 and 3 (form between 1.0 and 0.33).
Again in their study, both form and angularity were varied simultaneously. It can be
clearly conci'uded from the above discussion that both emax and emin increases with
vd.ecrea'sing form and the mechanisms responsible for vthis observation will be

discussed in the next paragraph.

As form decreases, particles can either pack in random orientations forming an open
(card-house-like) structure with large local voids between individual and/or groups of
particles, see Figure 'A6.2'(a); or pack anisotropically forming a face-to-face
arrangement of particles (see Figﬁre 7.1(a_) and (b)). In the dense state, an increase in
em;;, with decreasing form is mainly dﬁe to small bridge-like_ openings in face-to-face
arrangements of particles (see Figure 7.1(a) and (b)). The large emax and emin values
observed by the researchers (e.g. Gilboy, 11928, Koerner, 1968, Olson and Mesri, |
1970) in mica supports this hypothesis. Increased inherent anisotropy with decreaSing
form was also noted by Nouguier-Lehon et al (2003) and (2005) in the_ case of -
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elongated polygonal particles (see Figure 7.1(c)) but again in their study both férm

and angularity were varied simultaneously. -

In reality, for a given particle form, packing appears to be affected by many factors
.during deposition (such as inter-particle friction, surfacé roughness,’ depdsitional -
intensity and the nature .of fluid medium through which the deposition is taking place)
which ultimately lead to different initial void ratios. Some of these factors were
addressed in this thesis via numerical simulations (refer to Section 6.3). The results
“suggest that the depositional void ratio increases either with increasing inter-particle
friction or with increasing surface roughness (see Figure 6.8). Higher Vinter-particle
friction (or surface roughness) inhibits the sliding of particles after their depositioh. In
. this study, the depositiohal intensity was quite low in both the physical as well as
numerical pluviation tests. However, if depositional intensity is increased it can be
-expected, due to increased opportunity for particles to interfere with each other, that
the post-depositional anisotropy will be decreased. A decrease in anisotropy leads to
an increase in depositional void fatio due to a more open structure, especially in low
form (platy) particles. Lagioia et él. (2006) -have noted decreasing density with
increasing depositional intensity in vacuum pluviation tests on Tricino river sand. In
addition, for small colloidally-active particles, the double layer repulsive and edge-to-
face attractive forces help in forming a very loose structure, leading to large initial

void ratios in case of clay soils, as noted by Olson and Mesri (1970).

‘7.2.2 Drained shear behaviour in iria.iial (ér biaxial) compression
The effect of particle form on drained shear behaviour of dense specimens was
investigated by carrying out laboratory triaxial compression tests on a Wid¢ variety of 7
particle shapes (where both form and angularity were varied) and biaxial numerical
simulations on a range of pé.rticle shapes (whére only form was varied). In addition,
the effect of denéity was ini/estigated via numerical simulations, corresponding to.all

forms. The results were presented in Sections 5.4.3 and 6.4.1.

Spécz'men preparation techniques
The specimens were prépared by pluviation technique in both the cases. However, in
order to explicitly explore the effect of density on shear behaviour (i.e. without

changing the fabric), the numerical specimens were prepared from the loosely packed
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~assemblies (i.e. pluviated under high friction see Flgure 6. 2(a)) by changing the inter-
particle friction during the isotropic compression stage. The main advantage of thls
sample prepar_atlon method is that a range of densities can be produced with more or

less the same fabric (see Figures 7.2 and 7.3). Consequently, the fabric of dense

specimens in simulations was quite different from that in experiments, even though

- both were prepared by the same technique. Comparison of Figures 5.7(d) and 6.2(b)
qualitatively suggests that the fabric of experimental samples would resemble the
densely packed assemblies (i.e. pluviated under zero friction). Coriversely, the fabric
of dense numerical 'samples does not resemble the densely packed assemblies but
resemble the loosely packed assemblies (compare Figures 6.6(a) and 7.3) since they
were originally ‘vderived from the loosely packed assemblies as discussed above.
Therefore, it can be inferred from-the above discussion that the initial or inherent
anisotropy (i.e. preferential horizontal orientation of particles) of experimental

samples is higher than that of numerical samples.

Differences between the conditions in modelling and the reality

There appeared to be four major differences between thé conditions in modelling (in

simulations) and the reality (in physical experiments) as stated below:

i) Dzmenszonalzty
The simulations were carried out using 2D partlcles under conditions of plane
strain, whereas the experiments were carried out under 3D (axi-symmetric)
conditions. | ‘ | '
i)  Particle 'Shape ,

In experiments both form and angularity were varied (Table 5.2) whereas in
simulations only form was varied (Table 6.3).

_iii)  Fabric anisotropy

The inherent anisotropy of experirhental samples was higher than the

numerical samples, since -the latter were prepared from the loosely packed -

assemblies in order to achieve a range of densities with more or less the same
fabric.

iv)  Particle brea_kagé

FAl

The particles were crushable in experiments and non-crushable in simulations.

Although particles were crushable. in experiments, under an effective

confining stress of 100kPa (at which the samples were tested), high form -
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particles (bulky i.e. SEES 2 0.50) did not crush whilst low form particles

(platy i.e. SEES < 0.50) crushed significantly, see Figures 5.24 and 5.26.

Global shear behaviour

I

II

High form (bulky) materials (form or SEES 2 0.50)

A well-defined peak-and-softening behaviour was clearly evident in high form

(bulky) materials both in simulations as well as in experiments (see Figures 5.11

and 6.10 to 6.12). However, experiments showed a clear increasing trend in peak
strengthvwi,th decreasing form, in contrast to e decre.asing trend in peak strehgth in
simulations '(compére Figures 5.19 and 6.16(5)). This difference may result from
the combination of differences in stress conditions (plane strain and axi-
symmetric), particle shape '(mainly angularity) and fabric anisotropy. The
numerical study carried out by Mirghasemi et al. (2002) on polygon-shaped
particles indicates that shear strength increases with increasing angularity.

Nouguier-Lehon et al. (2005) have noted higher shear strength in samples when

_ sheared in.the direction of deposition than when sheared perpendicular to the

 direction of deposition, due to higher initial anisotropy. These two studies together

support the above-mentioned explanation.

The strain to reach peak strength increased with decreasing form and it was

consistent in both simulations and experiments. -

Low form (platy) materials (form or SEES <0.5 0)

Samples comprising low form (platy) particles continued to gain strength with

increasing strain (without exhibiting any clear peak) in simulations as well as the

experiments, but at a diminishing rate in experiments (compare Figure 5.11(a)

~ with Figures 6.13 to 6.16 corresponding to identical forms) which could be due to

significant particle crushing (see Figures 5.24 and 5.26).

The strength at large strains increased significantly with decreasing form in

experiments and simulations, which could be ’du_e to the immobile nature of

particles i.e. low form particles cannot easily slide (since they are sandwiched or

interlocked between their neighbours) or roll (since they are rotationally
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~ frustrated) and move laterally. This effect would be more in dense samples than in

loose samples.

The tangential force mobilisation was higher in low form (platy) particles than in
high form (bulky) particles; compare Figures 6.28(b) with 6.28(a) or 6.30(b) with

16.30(a). It was consistent for all density states, see Figures 6.28 and 6.30. This

supports the above mentioned argument that low form particles are less mobile
compared to high form particles for a given density state. The immobility of
particles may increase with increasing inherent anisotropy due ‘to kinematic

inadmissibility. Due to the immobile nature of particles (e.g. like a stack of bricks

~ in a masonry wall), as the deviatoric stress increases, the contact stresses increase

enormously (see Figilre 6.36(b)) which causes significant crushing in experiments
leading to a significant rise in shear strength at large strains. However, shear
behaviour depends on the direction and mode of shearing. For example, De
Josselin De Jong (1988) has noted a significant difference in shearing behaviour
between the toppling of vertical columns of particles and sliding of horizontal
rows of particles, in association with simple shear test.

In contrast, high form particles can easily slide or roll and move latefall’y without
building up of huge contact f(_jrces, therefore they exhibit low shear strength at

large strains.

The maximum rate of dilation decreased and the strain at which it. c.)’c'curred increased
significantly with decreésing form. This was consistent for all forms, in experiments
as well as the simulations (compare Figures 5.22 and 6.18). Although the initial
relative densities were quite high (>80%) in all experiments for all the materials, the
volume change behaviour changed from dilative to contractive as the particle shape
changed from spherical (glass ballotini) to platy (coarse glitter), see Figure 5.11. In
the past, a few researchers have also noted 'Suppressed dilatancy (although they have
‘not measured form) in materials other than rotund (or natural) éands, as mentioned

below:

- Fine fraction of quartz particles (platy), Chlorite (pl'aty), and Miéa (platy) by
Koerner (1968) ' '

179




- Fine fraction of Mizpah tailings (platy) by Vermeulen (2001)
— Classified mine tailings (angular, elongated and flattened) by Wesseloo (2004)

Significant crushing was observed in the case of glass nuggets, fine glitter and coarse
.glitter (low form materials), see Figures 5.24 and 5.26. As low form materials crush
(or break), their form increases signiﬁcantly‘since particles normally téhd to break
transverse to their major dimension _vcifher because of high bending stresses (due to
rotational fnistration) or because of high contact stresses (due to sandwiching or
interlocking) between the neighbouring particles. After crushing or breaking, the
material is not the same i.e. both size and shape changes. As a result, the void ratio
' range (i.€. €max — €min) _Would expect to decrease since the form of the new material is
- higher than the original material. ‘The relative density of the crushed or broken
material is lower than in the initial state even though the void ratio is reduced. So, in
essence, the new material behaves either as ia medium dense or loose r_naterial
depe;nding on the extent of crushing. This could be one of the reasons for decreased
dilation and transition from peak-and-softening to hardening type behaviour with

decreasing form.

In sﬁmmary, a clear transition from peak-and-softening to hardening (and from
dilative to contractive) type behaviour was observed as the particle shape changed
from spherical to platy, in dense samples. In genéral | a higher mobilised stress ratio
was observed in experlments (especially in’ materlals comprising anisometric
partlcles) than in simulations, which could be attnbuted to higher inherent anisotropy

and/or significant particle crushing and subsequent reduction in void ratio.

The observations made in this study are purely based on shearing in triaxial (or '
~ biaxial) compression mode. Therefore these observations may not hold true for other

shearing modes e.g. direct (or ring) shear, simple shear and triaxial extension.

7.3 Comparison of shear behaviour with the critical sfate framework

This section is divided into three subsections. The first subsection describes the
critical state framework as relevant to drained shear behaviour of cbhesionless soils.
The second and third subsections, respectively, compares the triaxial compression

tests results and biaxial shear simulations results with the critical state framework.
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7.3.1 Critical state framework v
The critical state concept was originally introduced by Casagrande (1936) and was
Mher developed by Taylor (1948) and Roscoe et al. (1958). Figures 7.4(a) to (c)
shows idealised 'plets of stress ratio” (¢/p’), volumetric st_:ra.ih, and voids ratio as a
function of axial strain for two drained triaxial compression tests corresponding to the -
wet side of critical (i.e. normally consolidated clays or loose sands) and the dry side'
of critical (i.e. ,overc_onsolidated clays or dense sands). The initial state of soil (i.e. wet
or dry side of critical) is a function of both void ratio as well as mean effective stress.
Therefore, at a given mean effectlve stress, the state of a sorl can be represented byb

void ratlo alone (see Figure 7 5. E

As shear progresses, soils initially on wet side of critical contract while those on dry
side dilate after a small initial contraction (Figure 7.4(b)). Both the soils ultimately
reach critical stafes (where the soil continues to deform at constant stress ratio and
constant voids ratio) but soils initially on dry side exhibit a peak befere reaching the
critical state (Figures 7.4(a) and (c)). ft should be noted that- the initial mean. effective
stress is the same in both the samples but the initial void ratio of the s‘ample on the
- wet side is higher than that on the dry side. However, both the samples reéch their

critical states at the same void ratio, which is termed the critical void ratio.

~ The volume changes that take place in s01ls are primarily due to re- arrangement of
partrcles Ata glven effective stress, the grains of the loose (or normally consolidated)
soils are spaced well apart and, upon shearing, they move into the nerghbounng v01d
spaces and become denser, while the grains of the dense (or overconsolidated) soil are
closely packed so they must rrrove apart (or break) during shearing (Figure 7.5). The
strain at which the peak stress ratio occur is thought (from energy considerations) to
coincide with that at which the maximum rate of dilation occurs, see Taylor (1948).
The critical state framework was developed mainly based on experimental data from
bulky particles e.g. steel balls, glass ballotini, Ottawa sand, Leighton Buzzard sand
(see Casegrande, .1936;. Taylor, 1948; Wroth, 1958; Roscoe et al., 1958). It will be
noted that these materials do not represent the ‘whole range of geo-meterials, or even
of clastic sediments. The irhportanee of this will be discussed in the following

subsections.
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7.3.2. Comparison of expefimental results with the critical state Sframework

The effect of particl¢ form on drained shear behaviour was investigated by éarrying
out triaxial qompression tests on a wide variety of» particle shapes as discussed in
Section 5.4. Figures 5.11(a) to (b) and 5.21(a) show the triaxial compression tests

results of all these mateﬁals.

It should be noted that the limiting maximum and minimum void ratios of these
materials were not constant but depended on the shape of the constituent particles.
‘Therefore, void ratio alone could not represent étate at a constant mean effective
stress. It was necessary to pse- relative density rather than the void ratio to compare thé
| results. To plot all the data together in one graph, the Void ratio variation during shear
was plo&ed in terms of relative density versus axial strain (instead of void ratio vs.
axial strain). It can be clearly seen from Figure 5.21(a) that the initial relative
densities of all the samples were quite high (i.e. >80%). The initial mean effective
stress was 100kPa in all the samples, which is not high. Therefore, it could reasonably
be expected, based on previous experimental data (e.g. Bolton, 1986) that the initial
state of all the sampleé would lie on the dry side of critical. Consequently, they Were “
expected to behave like dense samples, exhibiting a clear peak and subséquent
softening to reach the Critiqal state, and dilating heavily after a small initial

contraction.

Figures 5.11(a) and (b), and 5.21(a) indicate that only the glf;lss ballotini and LB sand

‘B showed a cle'ar. peak and \soft'éri’ihg (resembling " the ériticél state framework)

whereas others did not. The following points can be drawn from these figures:

e Only the glass ballotini reached a critical state (i.e. sarhple continuously
deforming under constant stress ratio and void ratio) at the end of shearing, and
showed a clear peak before reaching the critical state.

. LB sand B did not reach a critical state even by the end of shearing but showed a
potential for reaching a critical state. It had a clear peak before reaching the
crit_ical‘state, but ata higher' sfrain than the glass ballotini.

o Glass 'nuggets and fine glitter showed haf_dly any peak in stress ratio. This

occurred at unusually high strains. Coarse glitter continued to gain the strength




w1th strain (1 €. strain- hardemng) without exhibiting any peak even by the end of
shearing i.e. at 20% axial strain. _

¢ - Glass nuggets and fine glitter had reached an almost constant stress ratio towards
the end of shearing, but continued to dilate at a corrstant'rate without showing any -
potential for reaching a critical state.‘ B

e The strain at which the sample changed from its initial contractive to dilative
behaviour (i.e. onset of dilation) was least in glass ballotini and highest in coarse
glitter (and the differerree in strain was quite high). Other results fell in between _
these two in accordance with their form (SEES). - | ' '

e A clear peak and the associated maximum dilation rate was present only in the -
case of glass ballotini and LB sand B whereas in others (glass nuggets and fine
glitter) peak stress ratio and the maximum clilation rate was spread over a large

strain range.

7.3.3 Comparison of simulations results with the critical state framework
Drained biaxial shear simulations were carried out on a range of particle forms (from
spherical to platy) each at three different density stétes (loose, medium and dense),
see Table 6.4. The global shear lJehaViour was presented ln Figures 6.10 to 6.15 and
discussed in Section 6.4.1. The figures indicate that high form (bulky) particles
~ (corresponding to form = 0.50 i.e. 1.0, 0.67 and 0.50) followed the critical state
framework closely whereas others (low form (platy) particles, corresponding to form
< 0.50 i.e. 0.33, 0.25 and 0.20) did not follow. Two different patterns of behaviour
were evident from these figures, as discussed below:
e In the case of high form (bulky) part1cles (i.e. form = 0 50)
- Dense samples exhibited peak stress ratio that decreased w1th decreasmg
initial density, and all samples reached a unique constant critical stress ratio
| irrespective of their initial dens1t1es ,
- Dense samples dilated and loose samples 1mt1ally contracted and then dilated,
~and all samples reached a unique constant critical void ratio regardless of their
v41n1t1a1 densities. .
¢ In the case of low form (platy) particles (i.e. form < 0.50)
| - All samples exhibited hardening behaviour irresbective of their initial relative

densities. At low strains the stress ratio was higher in dense samples. This

183




decreased with decreasing initial relative density. However, at large strains all
- samples reached similar stress ratios but these continued to increase with the
strain (instead of reaching a constant value as per the critical state framework)

at a constant rate irrespective of their initial densities. ] \
= Dense samples dilated continuously from the beginning to the end of shearing,
whereas loose and medium dense samples contracted initially and then dilated
until the end of shearing, all at the same rate without reaching a unique

‘constant void ratio. ‘

- The peak stress ratio was associated with maximum dilation rate only in the
. case of bulky/particles. This was observed both in simulations as well as in
experiments. Nouguier-Lehon et al. (2003) have aIso observed the non-
coincidence of peak and_ maximum dila_tan'cyv rate in the case of elongated
- polygons. Similar observations were also reported'by' Cresswell and Powrie
(2004) but in the case of locked sand, where the grains were bulky and
interlock_ed; These observations together disprove the widely believed
hypothesis that any mobilised stress ratio in excess of critical state is due to

dilation (Taylor, 1948; and Roscoe et al., 1958). ‘

7.3.4 Possible reasons for divergence of results from critical state framework

The divergence of behaviour (as discussed in Sections 7.3.2 and 7.3.3) from critical
state behaviour in the case of glass nuggets, fine glitter, coarse glitter (and in the case
of low form part1culates in simulations i Le. form < 0. 50) can be primarily attributed to

differences in partlcle shape and in partlcular form.

As discussed earlier in Section 7.3.1, the critical state framework was developed
mainly based on the experimental data from unstructured. rotund sands. Published
studies of cohesionless materials that agree well with critical state framework have
also been based on rotund sands (see Bolton, 1986). There is ﬁo particular reason why
critical state framework should be applicable for whole range of particle shapes. The
current expenmental and numerical studies both suggest that cr1t1ca1 state framework
is not applicable for single-sized low form materials. In addition, the work by Been
and Jefferies (1985) suggest that the other major attnbute.of Critical ‘State Soil

Mechanics, a unique NCL does not exist for sands.

184




" In general, the implied assmﬁptiOn of dense state is that grains are so closely packed,
any distortion (or shearing movement) would cause particles to override against their
neighbours (dilate) espec'iaily at low confining pressures. However, as form
decreases, partiqles neither pack that closely (as discussed in Section 7.2.1) nor
override (dila-te)‘ to the same extent as illustrated in Figure 7.6. In addition, shear
‘behaviour seems to be highly dependent on the direction of loading/shearing (With
respect to inherent anisotropy) and the mode of shearing (e.g. direct or ring shear,

triaxial compression or extension, simple shear), see Figurés 7.6 to 7.9.

In biaxial (or triaxial) compression mode, as the shear progresses, high form particles
can easily slide or rotate and move laterally without building-up of high contact
stresses whereas low form particles cannot easily slide or rotate, or move laterally
(since they are eitherv sandwiched or interlocked between their nei'ghbdurs,_ or,

rotationally frustrated). As a result, in the case of low form materials, the contact

stresses in sandwiched particles and the bending stresses in bridged particles increase

significantly and cause considerable crushing. At large strains, high form particles can
continuously reorient whereas low form particles re-orient in a preferential direction
and reach a terminal orientation (i.e. perpendicular to the major principal stress
direction). Moreover, the mechanism of dilation in low form particleé seems to be
entirely different from the widely believed interlockingv in rotund sands. Therefore,

the shear behaviour of low form particies does not follow the critical state framework.
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Figure 7.2: Polar distribution of particle orientations corresponding to forms
0.67 (a) and 0.20 (b) of loose and dense specimens
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Figure 7.4: Typical drain_ed shear behaviour of soils in triaxial compression .
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Irregular bulky particles
(form ~ 0.8)

(a)

Irregular platy particles
(form ~ 0.25)

(b)

Figure 7.6: Bulky (a) and platy (b) particles sheared along the direction of
inherent anisotropy in direct shear.
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Figure 7.7: Bulky (a) and platy (b) particles loaded perpendicular to the
direction of inherent anisotropy in biaxial shear.
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Figure 7.8: Bulky (a) and platy (b) particles sheared perpendicular to the
direction of inherent anisotropy in direct shear.
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Figure 7.9: Bulky (a) and platy (b) particles loaded in the direction of inherent
anisotropy in biaxial shear.
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8.1

CHAPTER 8 CONCLUSIONS AND
RECOMMENDATIONS FOR FUTURE WORK

Interpretation of the literature

The sizes and shapes of clastic and crushed rock particles routinely
encountered by geotechnical engineers may vary very widely. Size varies from
a few tens of millimetres to a fraction of a miclron. The overall shape of
particles ranges from bulky to platy. Surface features of coarse particles vary
from smooth and well-rounded to roﬁgh and angular depending on the nature
of their formation and the depositional environment. The fine fraction does not
seem to have the same range of surface irregularities since fine particles tend

to fracture along their cleavage planes. See Section 2.2.

Treditionally, particle size distribution ‘of coarse fraction is carried out by
sieving and fine fraction by sedimentation. Many automated particle sizing
techniques are now commercially available, among all, only the image based -
techniques provide physically meaningful PSD in the case of well-dispersed
anisbtropi_c particles whereas in others PSD is biased by the random

orientation of particles during the measurements. See Section 2.3.

This thesis deals with form, sometimes also termed ‘sphericity’. Most existing

. measures of form of coarse particles are two-dimensional. They cannot

differentiate bulky and platy particles having similar outline. Of the remaining,

three- dimensional parameters, most requlre the measures of the largest
intermediate and smallest particle dlmensmns L, I and S) but it is very.
difficult and time consuming to obtain feliable measurement of these
dimensions for irregular particles such as those normally encountered by

geotechnical engineers. In future high-resolution coinputerised tomographic

(CT) scanning (nanotomography) may help to overcome this difficulty, but for

the present, simple and reliable measurement techniques are required. See

Section 2.4. “
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In the case of fine particles, many researchers (in other scientific fields) ha,vé
proposed methods for determining the»aépect ratios based on comparison of
particle sizes obtained by pairs of particle sizing techniques. However, in most |
cases these methods have been appiied to a limited range of particle shapes. .
Also, the aspect ratios determined using these methbds were very different

from those measured by microscopy techniq;ies. See Section 2.5.

In order to assess the impact of form on shear béhaviour, the relative density
should be known which depends on density of the sample and its limiting
densities. The maximum density is normally determined by compaction based
(BS or ASTM) methods. However, these methods are appljcable only for non-
crushable materials but most geo-materials are crushable. In essence the
limiting maximum densities being determined do not correspond to the
original material but the modified (crushéd) material. Air-pluviation technique
seems to be a good altemative for compaction based methods. The minimum
density can be determined reasonably well either by inverted cylinder met_hqd

or by water-pluviation method. See Sections 2.6 and 2.7.

The literature reveals that the particle form may have an enormous influence
on the mechanical behaviour of soils, however the systematic study is lacking.
The immediate obstacle to carry out a systematic study is the lack of a proper

form characterisation method. See Section 2.1.

EXperiméntal' evidence available on ‘mixtures of bulky and platy particles
reveals that the presence of even small quantities of platy particles in rotund
-sands converts ‘sand-like’ behaviour (high stiffness, low compressibility, and
.dilation' durihg shear)‘ into ‘clay-like’ behaviour (low stiffness, high

compressibility and contractive behaviour during shear). See Section 2.1.
Even in clays, physico-chemical effects appear to affect only the initial

structure, and the subsequent behaviour is largely controlled by the

mechanical interaction between particles. See Section 1.1. -
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8.2

8.2.1

8.2.2

Limited DEM studies also 'suggest that particle form is a key parameter that

controls the mechanical behaviour. See Section 2.1.

Development of methods of estimating form |
Two new methods were developed for estimating the form of coarse and fine
grained materials based considen'ng particles as uniform-sized scalene

ellipsoids and oblate spheroids respectively. See Chapters 3 and 4.

Coarse particulates

A practical definition .of form (namely the Scalene Ellipsoid Equivalent
Sphericity (SEES)) has been proposed and evéluated its effecfi&eriess by
applying it to standard geometrical shapes and regular and irregular particles,

and by comparing it with existing measures of form. See Section 3.1.

The proposéd measure of form (SEES) can differentiéte bulky particles with
the same major, iﬂfermediate and minor dimensions but different volumes, and
can effectively distinguish between bulky and platy particlés having same
major and intermediate dimensions. The limitation of this paré.meter is that it
cannot differentiate between rod-like and plaie-like particles having the same
major apd minor dimenéions, since it does not consider the' intermediate

dimension. However, the population of rod-like particles is insignificant in

- almost all clastic sediments. See Section 3.2.

" An automated method of determihing the SEES of particles has been

proposed, described, applied to . various groups of regular and irregular

-pértiéles of wide range of shapes. Its effectiveness has been demonstrated over -

other methods. See Section 3.2.

Fine particulates _
Existing . methods of determining the form of fine particles, based on

comparisons of particle sizes obtained from two different instruments, were

‘evaluated for their applicability to three different particle shapes. The results

show that only the methdds of Clift (1988) and Barreiros et al. (1996) gave
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8.3

‘8.4

plausible results, and that (bésed’upon visual estimates from SEM imagés_) '

these appeared unreliable. See Section 4.1.

~ A method of measuring the form of fine-grained materials, based on turbidity

~and laser diffraction measurement using a single inétrument (the Malvern

Mastersizer 2000), has been develdped, used, and described. It has been
applied to a range of synthetic, natural and crushed rock particles with widely
varying shapes. The method appears practical, and for the materials tested
Yields in qualitative'agreement with those that could be estimated from SEM -
images. See Sectiqns 4.2 and 4.3. -
Developments of apparatus and experMenta_l fechniques ’

A special sliding type 6-part split mould to ease the sample preparation with

enlarged end platens, and a sirnple air-pluviation device for preparing the

'samples directly on the triaxial apparatus, were developed in this research.-See

Sections 5.1.3 and 5.1.4. g

The CT scanning technique has been successfully used, for the first time, to
examine the orientations of particles in the pluviated specimens. See Section

5.3.

Developments in DEM simulations

Two different techniques simulating water-pluviation and air-pluviation were

.modelled in PFC2D to determine the limiting void ratios (i.e. €max and €min) of

' numerical ‘samples’. The air-pluviation prbcess was. simulated by randomly

placing the particles in a depositional zone, and then applying gravitational
force with zero inter-particle friction. The water-pluviation process was
simulated by following the same procedure but with’ab higher inter-particle
friction coefficient. Thesé techniql_ies were applied to a range of particle

shapes and produced plausible limiting void ratios. See Section 6.2.
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8.5

A new parameter termed the ‘asperity friction’, defined as the tangent of
implied -angle of rise of the surface asperity, has been introduced to

characterise the surface roughness of clumps in PFC2D. See Section 6.3.

A novel teéhnique has been developed to prepare numérical ‘samples’. of ther -
desired relative density with more or less the same fabric. Desired density can
be: achieved by -progreséively changing the int.erv-partic.le frictiqn during
isotropic compression stage. This technique has been successfully applied to a
range of pérticle shapes, and prepaféd samples with a wide rénge of relative
densities (i.e. 30%; 50% and 70%) all with almost the same fabric. See Section

6.4.

Observations on the impact of form on depositional packing
In both numerical and physical experiments, both ema and eni, increased with

decreasing form. emax Was more sensitive than emin especially at lower values

- of form. The void ratio range (the difference between emax and emin) increased

with decreasing form. See Sections 5.3 and 6.2.

As form decreases, particles can either pack in random orientations forming an
open (card-house-like) structure with large local voids between: individual
and/or groups of particles or pack anisotropically forming a face-to-face
arrangement of particles. The inherent anisotropy increases with decreasing

form. See Section 7.2.1.

In numerical simulations, the void ratio increased and the inherent anisotropy
decreased either with increasing , inter-particle friction or ‘with increasing
surface roughness. Surface roughness can be considered as an equivalent inter-
particle friction in DEM simulétions, since both had an identical effect on

depositional packing. See Section 6.3.
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8.6

8.6.1

Observations on the impact of form on drained shear behaviour

The conclusions drawn in this section are based on shearing in triaxial (or

biaxial) compression of specimens loaded in the direction of deposition. These

may not be valid in other shearing modes and loading directions because of

inherent anisotropy.

Global shear behavibur

The global shear behaviour of dense specimens consisting of umform sand-

sized particles has been found to be highly dependeﬁt on their form (SEES), as
follows (see Sections 5.4.3 and 6.4.1): |

The secant stiffness at small strains and its degradation is highly dependent
on particle shape. Both small strain stiffness and the rate of degradation
decrease with decreasing form.

The axial strain, volumetric strain and the mobilised friction at the onset of
dilation increases significantly with decreasing form.

The peak strength and strain to reach the ﬁeak state increases significantly
with decreasing form. |
The ultimate strength and strain to reach the ultimate state inéreases with
decreasing form.

The maximum dilatancy factor decreases with decreasing form and may °
approach unity (i.e. no dilation)\in case of ektremely platy material.

The maximum rate of volumetric strain with respect to shear strain
decreases with decreasing form and may approach zero in the case of
extremely platy material. ' ) |
The maximum rate of decrease of relative density with respect to axial
strain (i.e. maximum rate of dilation) decreases with decreasing form.

The difference in relative density between the start and end of shearing1
(i.e. the amount of dilation) decreases with decreasing form, and becomes'
negative (i.e. contractive) in extremely platy material.

Bolton’s empirical equation overestimates the rate of dilatancy in case of

low form (platy) materials, - presumably because it was derived from

experimental data on rotund sands.

Particle breakage increases with decfeasing form.
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8.6.2

II

Even in dense samples, a clear transition in behaviour from peak-and-
softening to hardening (and from dilative to contractive) was observed as the

particle shape changed from spherical to platy. This observation was

_consistent in numerical as well as in physical experiments. See Section 7.2.2.

The critical state exists only in high form (bulky) matenals but not in low form

(platy) matenals This observation was consistent in sunulatlons as well as the

~ experiments. See Section 7.3.

Evolution of micro-structural parameters

Anisotropy of particle orientations and contact orzentatzons

The preferential alignment of particles (amsotropy of partlcle orientations)
increased with strain for all forms and density states. However, the rate of
increase of anisotropy diminished with strain in high form (bulky) materials
because of the continuous re-orientation of particles (i.é. reached a critical
anisotropy). It continued to increase in low form (platy) materials because of

the preferred re-orientation of the particles i.e. perpendicular to the major

_principal stress. See Section 6.42.

. B o)
The. ‘preferential orientations of contacts (contact anisotropy) of cylindrical

particles exhibited a pézik and a unique critical value at large strain; particles

with form equal to 0.67 did not exhibit peak but reached a critical contact

anisotropy which was higher than that of cylindrical particles. Anisotropy of

“particles with form less than 0.67 'inqreased'continuously without reaching any

critical value. However, at strains less than 10% (approx.), the contact
anisotropy of dense samples was higher than that of loose samples and it was

consistent for all forms. See Section 6.4.2.

Contact forces
The normal force distribution was more or less isotropic at the start of
shearmg, and became slightly anlsotroplc as shear progressed. Amsotropy

increased slightly with decreasing form See Section 6.4.2.
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8.6.3

8.7

Tangential force mobilisation at contacts increased with decreasing form as

well as with increasing density. The rate of increase with réspect to form was

. much higher than that with respect to density. This could be due to increased

interlocking or sandwiching between particles. See Section 6.4.2.

At large strains, the magnitude of maximum contact force and the proportion
of very strong force contacts increased with decreasing form as well as with
increasing density. However, the rate of increase with respect to form was

much higher than with respéct to dens'ify. See Section 6.4.2. . \

Only cylindrical particles reached a unique critical mean contact force. In non-
cylindrical particles,mean contact force continued to increase with the strain.
Mean contact force increased with decreasing form and with increasing
density. However, the rate of increase of fnean contact force with respect to-

form was much higher than with respect to density. See Section 6.4.2.

Mechanisms responsible for differences in observed behaviour between
rotund and platy particles

Evolution of anisotropy during deposition and shearing, crushing in
experiments, and mobile and immobile natures of high and low form (bulky -
and platy) paﬁiéles during shearing, are thought to be the main mechanisms

that are responsible for differences in the observed behaviour between rotund

“and platy particles. See Section 7.2.

_Practical implications of this research

Particle form has a significant impact on maximum and minimum densities.
The difference between maximum and minimum densities is low in bulky
materials and high in platy materials. This means there is a large potential for

volume changes when platy materials are subjected to shear or compression.

Particle form has a significant influence on the initial structure of soils. Its

effect is higher in platy materials than in bulky materials.
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8.8

- Behaviour during shear deﬁends on the initial structure setup prior to shear,

and mode of shear in addition to the “state” (void.ratio and mean effective
stress). The dependency of shear behaviour on initial structure a’nd' mode of
shear increases with decreasing form. Dilatancy d;ecreases with decreasing
form. Dilatancy can be suppressed by the inclusidn of platy particles.

Therefore, the sti'ength and compressibility may not be uniquely defined either

by state parameters proposed by Been and Jefferies or by CSL and NCL.

Hence, Critical State may not exist for platy materials.

Particle form has a significant effect on crushing. For a given initial effective
stress, particle crushing is more in platy materials and less in bulky materials.
Permeability decreases with decreasing form due to the generation of fines.

Stiffness decreases with decreasing formi because of sliding and crushing.

VBulky materials are’ less compressible ahd platy materials are highly

compressible. _ -

Particle form has an effect on undrained shear strength via dilation. For a

given initial effective stress, undrained shear strength' decreases with
decreasing form because of increased excess pore pressure generation. This
leads fo increased liquefaction potential in the event of earthquakes or any

other rapid loading.

Recommendations for future wdrk : _

The methods developed in this research for estimating form have assumed the
shape of particles to be uniforrh, but in reality they are not. Future forfn
characterisation methods should be de\}eloped to assess sampl.es with mixed

particle shapés.

This study has mainly concentratéd on the drained shear behaviour of

_particulate materials sheared in triaxial compression. However, it is

anticipated that behaviour would be quite different if sheared in other modes
e.g. éimple shear, triaxial extension, direct shear, ring shear, which need

further study.
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e This research indicates that fabric anisotropy may have a significant effect on
shear behaviour in the case of anisometric particles. This was not explored in

this study and needs further research.
e Significant particle breakage and/or crushing were observed in exi)eriments

especially in low form materials. This and particle bending should be

- incorporated in DEM for realistic simulations of the effects of particle form.
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APPENDIX A

FORM CORRECTION FACTOR FOR RANDOM ORIENTATION OF
PARTICLES | ' |

Mastersizer 2000 uses the following relation to-determine the Obscuration during a

laser diffraction particle size measurement

Obscuration = L=1, (Ala)
0
This can be re-written as
—;’— = (1 —Obscuration) (Alb)
0 . .
'As per Beer-Lambert law,
12
L = e*_n’; where T = ZM (A2)
I, 4
Equation (A2) can be re-written as follows by substituting equation (A1b)
Mmd? _ log . (1-Obscuration) (A3)

2 4 -5>.0,

L.H.S part of equation (A3) represents the projected area of particles per unit volume
if the particles under consideration are circular and isotropic in cross-section with
diameter 4. If particles are anisotropic, the projected area (of a given number of
particles) determined using equation (A3) is approximately equal to their mean value
rather than the maximum. .possible, due to their random orientation during
measurement. Therefore, equation (A3) must be corrected in order to capture the
- maximum projected area, and can be written as ' |

Mnd? log, (1- Obscuration) 5

Z 4 -bY 0, 4

(A4)

where Cris the correction factor to account for random orientation of particles. -

4
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Projected area of partiéles can also be determined from the known volume-weighted

particle size distribution predicted by Mie theory of light scattering.

" As per Cauchy’s‘ theorem, the mean projected area of any réndomly oriented‘ convex
solid particle is expected to be approximately equal tovone-quarter of its total surface
area (Cauchy, 1908), although (as notedby Vickers, 1996) this is not true for shapes
such as cuboids. Using this principle, the projécted area of particles per unit mass
(cm?/gm) can be expressed in terms of PSD by volume as follows

V.

7

Surface area fer unit mass _ d, (AS)

Projected area per unit mass =

The above equation can be re-written for projected area of particles per unit volume as

follows

Projected area per unit volume = (ES—J — z —+ ‘ (A6)
, \ P ,

Where C; is the solids concentration in gm/cm>. The dimensionless ratio (%) is

the theoretical volume concentration (Cy,) of solids.

Upon equating equations (A4) and (A6), an equation of the 'following form qan be
obtained for determining the corrected Cy, (%),
100log, (1- Obscuration) y
3 V0
—Zp) iz
B

Corrected C,, = (A7)

- Since particle orientation is random during measurement, the projected area of a given
number of particles seen by the Mastersizer (during obscufation nﬁeésurements) will
not be equal to the maximum possible,. but will equal the mean, which leads to an
underestimation - of C,h and subsequently an overestlmanon of form Cy must be
corrected by multlplymg a factor (Cp, defined as a ratio of the maximum possible and

the mean of randomly projected areas of a particle.
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Considering the particles as scalene ellipsdids L>1>098):

. “the mean projected area-of a group of randomly oriented particles can be
determined by using the Cauchy’s theorem (Cauchy, 1908) in conjunction
with Thomsen’s formula (Thomsen, 2004) for estimating the true surface area,
using the following equation "

4= Surfazearea _ %[(Ll)p+(IS)p +(SL)p:| 2 (A8)
* where p =~ In(3)/In(2)
e the maximum possible projected area of a scalene ellipsoid is

77

2 (A9)

A‘max

Thus, the correction factor (defined as a ratio of the maximum possible and the mean
of randomly projected areas) can be expressed in terms of two dimensionless ratios,

S/L (i.e. initial estimate of form determined using equation (4.3)) and /L, as folldWs: -

C, = T _ 2 (@A)

e EHEEAI

The variation of ‘Cf with respect to /L and J/L are shown in Figure 4.4.
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APPENDIX B
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Figure B.1: Typical calibration result of the pressure transducer
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Figure B.2: Typical calibration result of the axial load cell
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Figure B.3: Typical calibration result of the DC-to-DC LVDT transducer
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Figure B.4: Typical calibration result of the Hall-effect strain gauge

Error (microns)

225




