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SUMMARY

Particulate materials are ubiquitous in the nateralironment and have served
throughout human history as one of the basic nasefor developing civilizations. In
terms of human activity, the handling of particalahaterials consumes approximately
10% of all the energy produced on earth. Advanoethe study and understanding of
particulate materials can thus be expected to hawajor impact on society.

Geotechnical engineers have a long history of stggdgarticulate materials since
the fundamental building blocks of the professiodude sands, silts, clays, gravels and
ores, all of which are in one form or another patates. The interface between
particulates and other engineered materials is wapprtant in determining the overall
behavior of many geotechnical systems. Laboratapeemental studies into interface
shear behavior has until now, been largely confitedystems involving uniformly
graded sands comprised of a single particle size.

This study addresses these potential shortcomyngsvestigating the behavior of
binary particle mixtures in contact with surfac€ee binary nature of the mixtures gives
rise to a changing fabric state which in turn cHach the shear strength of the mixture.
Accordingly, packing limit states and the shearersgth of binary mixtures were
investigated across a range of mixtures, varyingarticle size ratio and the proportion
of fine particles to provide a reference.

Binary mixtures in contact with smooth surfaces evevestigated from both a
global shear response and a contact mechanicseptix& A model was developed that

allowed for the prediction of an interface frictiamoefficient based on fundamental
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material properties, particle and mixture paranset&urface roughness changes as a
result of shearing were also examined.

The interface shear behavior with rough interfagas examined in the context of
the relative roughness between particles and srfaatures. The interpretation of
traditional measures of relative roughness suffemfthe need for a definitive average
particle size, which is ambiguous in the case aof-uoiform mixtures. Measures of an

applicable average particle size for binary mixsunere evaluated.

XVi



1. INTRODUCTION

1.1. Context for this research

Particulate materials occupy a very prominent rislethe world. They are
ubiquitous in the natural environment and have exmroughout human history as one
of the basic materials for developing civilizations

Particles are present in the atmosphere, the ocaadson land. There is a
virtually inexhaustible supply of sand particles aur shorelines and in deserts, which
comprise more than 10% of the land area of thehedmnt terms of human activity,
particulates are no less important. The handlinghtd class of materials consumes
approximately 10% of all the energy produced onthedDuran, 2000). This ranks
particulate materials second on a list of humaarties, behind only water. Advances in
the study of particulate materials are thus booruaive a major impact on society.

Particulate materials are processed in many divedigstries and are handled in
some form in every nation on earth. Some of theisiribs that are major handlers of
particulates include mining (ore), agriculture (ograins, seed, fertilizer), construction
(sand, gravel, cement) and the pharmaceutical indusow-cost raw materials form a
large part of the particulate materials handledralustry. The processes of extracting,
crushing, grinding, separating, transporting aratirsgy of these materials are generally
carried out using somewhat basic technologies. eSite rise of more specialized
industries that also use particulate materialsh sag the cosmetic and pharmaceutical
industries, the incentive to optimize and contraitigulate processing has increased and

increasingly sophisticated processing technologiedeing demanded and developed.



At many stages in the handling of particulates,ghsdicles are placed in contact
with a solid surface. These interface interactibesveen grains and silo walls, ores and
conveyor belts, sands and geomembranes, and gravelsoncrete piles are often the
controlling factor in determining how these systemiisbehave.

Geotechnical engineers have a long history of stgdyarticulate materials
(soils) and the behavior of the interface betwe@ardiculate soil and a continuum solid
is of fundamental importance to the performancemainy geotechnical engineering
systems. Examples of such geotechnical systemsdeackontact surfaces between soil
and man-made elements (pile foundations, tunnelsining walls), the boundaries
between adjacent soil and rock layers, and inteshelr zones formed within individual
soil masses. In addition, many laboratory and tn-geotechnical testing techniques are
influenced by interface behavior (for example thgdr cell permeameter and the cone
penetration test). Despite the prevalence and itapoe of interfaces in geotechnical
engineering, the study of geotechnical interfacestipically received less attention than
the study of internal soil behavior, although tisideginning to change as evidenced by
the recent International Symposium on the Charaetiion and Behavior of Interfaces
held in 2008 (Frost, 2010).

This dissertation seeks to extend the work donghis field by investigating
binary particle mixtures in contact with both snfooand rough interfaces. The
dissertation focuses solely on non-plastic coaraaudar soils. Specifically, quartz sands
varying in diameter from approximately 0.1mm torti) were used in the study. Smaller
size particles were not studied as surface effegtted to the specific surface then

become dominant. Both uniform sands and binary uneg made of these sands were



studied. Various counterface materials were stydiggresenting some of the common

geomaterials found in use today.

1.2. Outline and organization of dissertation

This dissertation presents results and discussionsed on the general topic of
geotechnical interface behavior. In addition tcs timtroduction, the thesis is organized
into six chapters, the contents of which are oatibelow:

Chapter 2

Chapter 2 provides a summary of previous reseancliinfs that have important
implications for the current study. In particulamnilarities to and differences between
previous work and the current study are examindthptr 2 is divided into two main
sections: the first reviews particle mixtures aheit behavior, and the second part
reviews interface shear behavior.

Chapter 3

Chapter 3 presents the information related to treterals studied and the
experimental methods and equipment used to stuey.tinformation related to the
particles themselves is presented, along with méion related to the counterface
surfaces tested. Details of all experimental praoesiare also provided.

Chapter 4

Chapter 4 describes the results of tests on biparticle mixtures. Since the
limiting case of a binary mixture would be a unifosoil, the study of uniform soils is
also included here.

Data and discussion from limiting void ratio andedi shear tests comprise the

majority of this chapter.



Chapter 5

Chapter 5 presents the results and analysis ofybiméxtures in contact with
smooth counterfaces. Again, uniform soils are fegamined in order to provide a
reference point for the binary mixtures. Interfabear test data is presented showing the
stress-strain response of the interface systenfia@uprofilometry data is also presented
which quantifies the changes in the counterfacéasardue to shearing against uniform
and binary particle mixtures.

The observed behavior is then examined from altrddcal perspective, seeking
to understand the behavior by relating the restdt§undamental Hertzian contact
mechanics and principles of friction. A model i®gEnted that allows for the interface
friction coefficient to be estimated based on theiple and counterface properties. This
model is extended to apply to binary mixtures.

Chapter 6

Chapter 6 presents the results and analysis frats t@ith binary mixtures in
contact with hard, rough counterfaces. The conoéptlative roughness is re-examined,
seeking a relationship between particle size, sarfaature size and observed interface
shear behavior. The effect of changing surface hnags and mixture proportions is
examined.

Chapter 7

Chapter 7 presents the conclusions of the studypaoddes recommendations

for future study on this topic.

References and appendices are presented at tlod #reddissertation.



2. CURRENT UNDERSTANDING OF GEOMATERIAL GRADATION

EFFECTS AND INTERFACE SHEAR BEHAVIOR

2.1. Introduction

This chapter summarizes previous research finditlggt have important
implications for the current study. In particulamnilarities to and differences between
previous work and the current study are examinedewtral thread running through this
study, and thus through this chapter, is that #régbe size distribution of an assembly of
particles has an important influence on the wawlinch the particles pack relative to one
another, both at the formation of the assemblygjiaht microstructure) as well as during
any process that causes the particles to moveiveelddb one another (induced
microstructure).

The influence of different particle sizes and pmdetisize distributions will be
examined through the study of binary particle migg,) i.e. mixtures comprised of
particles of two distinct sizes. This is a simmed more illustrative and instructive case
as compared to more complex ternary (or higher rprdextures. A review of the
behavior of binary particle mixtures will be presah below, drawing largely on
literature from fields outside of geotechnical eragiring. Various packing arrangements,
models for describing void ratio changes and ststi@ngth will all be reviewed in
relation to particle mixtures.

Interactions between particle mixtures and surfaeeb be examined by
reviewing aspects of tribology as well as the grayibody of work within the
geotechnical engineering field that specificallysiolers particulate-continuum interfaces

and the process of shearing at those interfaces.gidwing significance of this area of



research is reflected by the recent internatiopadp®sium dedicated to this topic (Frost,
2010). A significant contribution of this thesislMbe to examine the effect of particle

size distribution on interface shear behavior as i not a topic that has received any
meaningful attention in previously published works.

The interplay between particle size and surfacgmoass has been demonstrated
in previous studies. The relative roughness of réasa plays a very important role in
determining the interface shear behavior but tlais dinly previously been examined in
cases with uniform particle assemblies. These ssudill be reviewed in order to provide
insight into the case of more complex particle sisgributions.

The effect of hard and soft counterfaces on interishear behavior has long been
established and a review of this work follows idlerto provide understanding on how
particle mixtures may interact with such surfacé&ar is an aspect of interest with
regards to soft counterfaces although this is éailyy recently receiving attention in the

geotechnical community.

2.2. Particle Mixtures

There is a tendency in geotechnical engineeringant to classify soils into one
of four primary groups, viz. gravel, sand, silt day. This tendency highlights the
understanding that these different soil types behiadifferent ways at the particle level,
but also masks the fact that most naturally ocngrsioils cannot be classified so simply.
Naturally occurring soils are usually comprisedaomixture of different particle shapes
and sizes rather than a single uniform particlgpsha size. Soil mixtures, such as silty-
sands and clayey-silts, are more frequently enesedtin geotechnical engineering

projects than uniform gravels, sands, silts orl&oil mixtures are commonly found in



geotechnical construction such as engineered filspbankments and ground
improvement projects.

Gap-graded materials, which can be approximatedibgry particle mixtures,
form an important group of engineered materialschSmaterials are often used for
flexible pavements and for water retention filterslams (Peters and Berney, 2010).

Despite the widespread occurrence of soil mixtugesitechnical research, and
laboratory testing in particular, has tended tafmore on uniform soils. There is thus
considerably less data available on soil mixtures$ @n incomplete understanding of the
fundamental behavior of soil mixtures. This incoatplunderstanding can be attributed,
at least in part, to the lack of a unifying themat framework with which to characterize
and model soil mixtures based on their constituaaterials. Part of the difficulty in
studying soil mixtures is the complexity of the beior and the lack of index parameters
to characterize them.

There is a recognized need for a framework whetbbymacro-scale response
and state of soil mixtures can be predicted frora foperties of the constituent
materials. Such a framework, validated by expertaler@sults, would also prove useful
in selecting the optimal materials and mix promors for the design of engineered soils.
Other potential applications include optimizing na&signs for embankments, subgrade
soils and for soil improvement projects in areathwnarginal soils.

Naturally occurring particles all exhibit some degyrof variation in particle size,
regardless of the soil chosen or the size measmtemethod or descriptor employed. An
accurate description of particle size for a giveil swust include information regarding

this size variation. In geotechnical engineering thformation is usually presented in the



form of a particle size distribution plot showinbet relative frequency with which
particles within a number of narrow size rangesuoc¥arious descriptors, such as the
coefficient of uniformity, G, and the coefficient of curvature,,,Care employed to
describe and characterize the nature of the sstgluition.

In general, mixtures behave as a function of thievidual component behaviors
as well as a function of how the components areethiXhe combined effect of how the
mixture as a whole acts may not necessarily beooisvirom the component behaviors
alone. There is a need to understand how the coemp®ct in isolation (for the limiting
case or boundaries of the phenomenon), and alsalmwomponents interact with each
other and what effect this has on the overall biglnav

Individual components and mixture ratios determihe packing density and
structure, this in turn effects the strength. Gowatlels exist that predict the density (or
void ratio) from the constituents (Dodds, 1980; a&ud Standish, 1991; Finkers and
Hoffmann, 1998), but such models are not availédmepredicting the shear strength or
the interface shear strength and void ratio bylfitsenot a sufficient predictor of
strength.

In one sense, every soil encountered is a mixddEBaen in the most uniform of
sand deposits one will find particles of differisge and shape. Soils used for research
purposes that are considered to be uniform inclDttawa 20/30, A.F.S. 50/70, F-110,
Monterey #16 and Monterey #0. Table 2.1 presergmgize and grain size distribution

data for the aforementioned sands.



Table 2.1 Examples of Uniform Sands

Sand Darge Dso (Mmm) Dsmall Cu Relative Range
(mm) (mm) (Diarge~Dsman)/D50
Ottawa 20/30 0.85 0.72 0.60 1.2 0.35
A.F.S. 50/70 0.30 0.26 0.21 1.4 0.35
F-110 0.21 0.14 0.08 1.6 0.93
Monterey #0 0.60 0.38 0.13 1.6 1.24
Monterey #16 2.4 1.2 0.80 1.3 1.33

Note: Darge = Size of largest particle,sR. = size of smallest particle

As can be seen in the table, there is not a wéilhei® range of relative particle
sizes that define a uniform soil. By the term “nabsoil” we mean a soil with at least two
distinct and readily discernable (based on sizeypmnents of the solid phase. For the
purposes of this study, binary particle mixturedl Wwe studied. The review will thus
focus largely on binary particle mixtures. Binargriicle mixtures are studied in
disciplines as diverse as ceramics, mining, chdmeayineering, and food and
pharmaceutical handling. This is reflected in tihese range of publications covering

this topic.

2.2.1. Packings of Particles

Volumes and surface areas of regular geometridalssare readily determined,
and, as such, the majority of research on partpdekings has been carried out
considering perfectly spherical particles. A reviest packing arrangements and
characteristics of rigid mono-sized spheres pravide excellent starting point for this
review.

Regular packings of rigid mono-sized spheres haen lextensively studied with

some of the earliest work investigating the flowvedter through a soil mass (Slichter



1899). Five distinct stable configurations are tdfesd: simple cubic, cubic-tetrahedral,

tetragonal sphenoidal, face-centered cubic andhetiral packings (Graton and Fraser,
1935). Table 2.2 shows various properties of threggilar packings. These values of
porosity are completely independent of the siz¢hef particles and it can be observed

how the co-ordination number increases as the natid decreases.

Table 2.2 Properties of Regular Packings, data f{iDeresiewicz 1958)

Arrangement | Porosity | Void Ratio | Packing Density Co-ordination
(n) (e) (1-n) Number (cn)
Simple Cubic 0.476 0.908 0.524 6
Cubic-
Tetrahedral 0.395 0.652 0.605 8
Tetragonal - 5, 0.432 0.698 10
Sphenoidal
Face-Centered ) 5, 0.351 0.740 12
Cubic
Tetrahedral 0.260 0.351 0.740 12

Packings of spherical particles in random arrangésnieas also been extensively
studied. A good summary of early research can bedaon (Brown and Richards 1970).
Results of tests from many researchers are dedciimel include various types of
materials, including poppy seeds, lead shot andsgteeads. Particle sizes varied from
0.04mm to 4.8mm and the results were shown to lbstantially independent of the
particle size. The packing densities are foundatmye from approximately 0.60 to 0.64,
indicating an intermediate density, but tendingdodg the looser packings. (Santamarina
2001)) indicates that random packings of mono-sigpberes will typically achieve

packing densities of between 0.56 and 0.67 andaVwextage co-ordination numbers can
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vary from approximately 6 for loose packings to @pgmately 9.5 for dense packings. A
similar range of co-ordination numbers is repoite@rown and Richards 1970) where
values of average coordination number range fror@ t 9.5, as determined
experimentally.

Lu (2010) recently identified a new measure of $aliric, called the “packing
signature”. This is a meso-scale measure of vdid tAroughout a three-dimensional
arrangement of particles. It is interesting to nttat this packing signature shows
definite periodicity, with the size of the partisléargely determining the wavelength of
the measurement signal.

The minimum and maximum void ratios for real sairtcles will differ from
those of spherical particles. In general, for margular particles, there is greater
opportunity to build a loose arrangement of pagsclresulting in a lower minimum
density (greater void ratio). A comprehensive revigf the factors affecting the void
ratio of soils can be found in (Youd 1973). The tmsignificant findings of that study
were that the primary factors controlling the limgt void ratios for clean sands are
particle shape and the range of particle sizeseptedt was also found, contrary to
previous studies, that particle size per se hasigrficant influence on the limiting void
ratios. This would seem to be in agreement withfihéings for mono-sized spherical

particles which also showed no dependence on thelgzarticle size.

2.2.2. Mixtures of Particles of Different Sizes

An assembly of mono-sized particles will leave vephce between the particles.
These voids can be filled with smaller particlesicihwould result in a denser

arrangement. In turn, these smaller particles leards which can be filled in by even
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smaller particles, resulting in an even denser ipgckt is thus apparent that the relative
size and proportions of particles present will pdayery significant role in the packing
structure of the entire arrangement. The casenafrpimixtures (two components) will be
considered as it is a simpler case than ternaryi@drer order packings) and allows for
the primary aspects to be illustrated clearly withennecessary complication.

In the earliest related work, (Furnas 1931) waseregted in determining
mathematical expressions for intermittent and cwmus gradations that would achieve
the maximum density. The parameter, K, was desighas the ratio of the smallest to the
largest particle present and was found to be a wepprtant parameter. This parameter
(or it's inverse) is named differently by differeatithors and in the current study will
generally be termed “particle size ratio”.

Particle mixtures were further studied by (McGe®9$1) who showed that as the
ratio between particle sizes increased (for bimarnytures) a denser arrangement was
achieved. An approximately sevenfold differenceneein particle diameters was found
to produce the most efficient packing and this welated to the triangular pore size
created by the large particles through which thalemparticles had to migrate. It was
also shown that the percentage of small partictesgmt when the packing reached a
maximum density was between 20% and 40%.

Many researchers have attempted to develop matieinatodels that relate the
particle size distribution to the porosity of thextare. These models can be broadly
classified into two main groups: geometrical modatsl analytical models (Yu and
Standish 1991). All of the geometrical and analjtimodels have been shown to be able

to predict the porosity of particle mixtures withrious degrees of success. It is however
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noted by many researchers (Stovall, De Larrardl.e1386); (Ouchiyama and Tanaka
1989) that comparisons between models are veriguliffsince different assumptions or
geometries are used. A brief overview of the dgualent of the primary models will be
presented next.

The first analytical model was proposed by Westraad Hugill (1930) and is
called the linear packing model. This model hasesipeen extended to multi-component
mixtures and continuous distributions (Bierwagen &aunders 1974). A more recent
version of the linear packing model was develogei\all, De Larrard et al. 1986) to
address some short comings in the previous mod@alsng a slightly different approach
and basing the new analytical model on the experiaig¢heory of mixtures (Yu and
Standish 1988) developed a mixture packing model.

The geometrical models are based on assuming aircquarticle geometry.
(Dodds 1980) developed a simple statistical gedoatmodel which assumed that all
particles were touching their neighbors. While die¢his is an invalid assumption, the
model, which uses tetrahedral sub-units for catmgdathe porosity, shows results very
similar to more complex models. Other geometricabtlels have been proposed (Suzuki
and Oshima 1985); (Ouchiyama and Tanaka 1989).elThexlels all assume a certain
particle configuration, which while clearly questable, does have the advantage of

allowing other properties, such as coordination bemto be calculated.

2.2.3. Intergranular void ratios

In the geotechnical literature various aspectstedldo particle mixtures have
found expression in research on silty sands. Itiquéar, research on the undrained shear

strength related to liquefaction has been studkteinsively.
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Traditionally, void ratio has been chosen as ondhef most important state
variables. This is seen in the choice of void ratsoa central parameter in critical state
soil mechanics (Roscoe et al, 1958), in the deveto of the steady-state concept
(Poulos, 1981) and in the formulation of the stsieameter concept (Been and Jefferies,
1985). The use of void ratio has however led to esamcertainty in the study of such
cases as the undrained shear strength of siltyss@igvanayagam, 1998). Alternatives
to the traditional concept of void ratio have the€n sought.

Thevanayagam (1998) introduced the concept of itergranular and interfine
void ratios. The intergranular void ratio is defings the void ratio of the original coarse-
grain matrix if the finer particles were removedias considered to be an index of the
active contacts of the coarse-grained componens. mieasure of void ratio is applicable
to soils with a low percentages of finer partigeesent (below a certain threshold). The
interfine void ratio is applicable for soils withhggh percentage of finer particles (greater
than a certain threshold). Under this proposed éwaark, the finer particles are regarded
as voids when the percentage of finer particldevisand are assumed not to participate
in resisting load. When the percentage of finettigas is high, the large grains are
considered to be voids. In a similar study, Yan@le{2006) examined the transitional
fines content (TFC) which is the point at which aran separate the material as being
either sand-dominated or fines-dominated. Thedystxamined whether the steady state
line, limiting void ratios and various cyclic anduefaction parameters could be used to
determine the TFC. They determined that based|dhesde different approaches that the

TFC for the studied sand-non-plastic fines mixtwes approximately 30%.
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Thevanayagam et al. (2002) introduced an equival®etrgranular void ratio
which sought to account for the contributions ¢ toarse and fine components at high
and low percentages of finer particles, respegtiv€his equivalent intergranular void
ratio requires an additional parameter which regmesthe fraction of finer particles that
participate in load transfer through the soil. Retg this parameter is problematic and
has generally been back calculated. Rahman eR@D8] attempted to address this by
developing a semi-empirical relationship betweers tharameter and the size and
percentage of finer particles in the context oflpynmixtures.

Gutierrez (2003) developed very similar relatiopshirom the starting point of
mixture theory. Good correlations were found betwtee percentage of finer particles
and various other parameters, including the cyatidrained shear strength and mixture
void ratio.

These concepts of intergranular void ratios andsiteonal fines content all apply
to soil mixtures. While the studies undertaken tedgenerally consider the fine
component to be significantly smaller than the seatomponent, the current study will
investigate whether the same concepts can be dpplimixtures where there is not such
a large particle size discrepancy.

Binary particle mixtures have also been studiedgisiumerical simulations. The
work by Consiglio et al. (2003) showed how the v@to of binary particle mixtures at
different mixture ratios could be obtained using n#eCarlo simulations. Results
showed a minimum void ratio at approximately a 1@8acentration of larger spheres.
That study was completed only for particles thal basize ratio of 2 and for a very

limited number of mixture ratios. Due to the lar@®0,000) number of simulations
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performed, the expected error in the reported teswbs estimated to be very low.
Results do differ however from other experimengglutts on spherical particles at similar

size ratios.

2.2.4. Strength tests on mixtures

A number of studies have been conducted that heamnieed the shear strength
of cohesionless sand-gravel mixtures (Holtz andb&ibl956; Doddiah et al., 1969;
Vasileva et al., 1971; Marsal and Fuentes de |aaRD876; Fragaszy et al., 1992). These
studies showed that the maximum shear strengtheafixtures approximated that of the
sand (finer component) when the percentage of g{avarse component) was less than
approximately 50% by mass. The maximum mixture skangth approximated that of
the gravel when the gravel fraction was greatern ttapproximately 70%. At
concentrations of gravel between 50% and 70% theimen shear strength of the
mixture was some combination of the strengths efttto components.

Similar results were obtained by using binary migstuof glass beads with a
particle size ratio of 12.5 (Vallejo, 2001). Indltase, peak shear strengths from direct
shear tests also showed three distinct zones ohvimh with the transition zone
occurring at mass concentrations between 35% af@ af0the coarse fraction. In that
study however, the validity of the tests performth predominantly coarse grains is
guestionable due to the very large size of theglestin relation to the size of the testing
apparatus.

Simoni and Houlsby (2006) studied the strength ditatancy of sand-gravel
mixtures in a large direct shear box and speclficaivestigated how the grain size

characteristics affected the shearing resistanbey Tound that adding even a small

16



amount (less than 10%) of gravel to a sand inccebséh the peak and constant volume
friction angles. They further found that the minmmuwoid ratio could be used as a
normalizing parameter. Empirical relationships weeseloped to predict the peak shear
strength of sand-gravel mixtures up to 50% gravetgonent.

Vallejo and Mawby (2000) investigated the sheagmgith of sand-clay mixtures.
While these results are not directly applicabletite current study due to the plastic
nature and relatively small size of the fines cong, the results are nonetheless
noteworthy. The authors found that if the coars@manent was greater than 75%, then
the strength of the mixtures was basically thathef coarse component by itself. If the
coarse component was less than 40% (by mass)Hbestrength was basically that of the
clay. For the situation when the coarse fractios Wwetween 40 and 75% the strength of
the mixture was partially controlled by each comgmutn The proposed explanation for
this behavior is based on the porosity resultiognfimixing the components. The point at
which maximum density was achieved representedbthendary between where the
mixture strength was sand controlled or clay cdigdo

The relationship between binary mixture properaesl shear banding has also
been experimentally studied (Viggiani et al. 200¥pnodisperse and binary mixtures
were both studied under plane strain conditionagustereophotogrammetry to capture
the onset of localization and shear band charatitesi The results confirmed that the
shear band thickness does depend on the meansizainbut that orientation does not.
The authors concluded that grain size distribut@s a major effect on shear band
characteristics but that simple descriptors of $iee distribution cannot be directly

related to the shear band characteristics.
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The angle of repose of particle mixture has beediatl by Chik (2005) using the
ASTM C1444-00 Funnel Test. Results indicate that blasal surface upon which the
particles are placed is also a very important facdm a “rough” basal surface the angle
of repose was found to decrease by approximatelgdsees with the addition of finer
material. This suggests that the fine particldgrithe spaces found between the surface
texturing, thereby reducing the effective roughndss a “smooth” basal surface the
angle of repose increased by approximately 5 degritd addition of finer material. No
guantification of the surface roughness was attethpgo any relationship between
strength and relative roughness was not establishiedclear, however, that the strength
of binary mixtures can vary significantly dependiog the mixture ratio and that the
interface (in this case the basal surface) doeg alaignificant role in the measured

strength (taking the angle of repose to be a measfstrength).

2.3. Behavior at Interfaces

2.3.1. Friction at Interfaces

The basic laws of friction as summarized by Bowedad Tabor (1956) indicated
that:
1. Friction is independent of the contact area betvwgerfaces
2. Friction is proportional to the load transferredviieen surfaces
These statements are a restatement of Amonton’s bawriction first elucidated
in the 17" century. Since the frictional force is independehthe gross area of contact,
one can express the same relationships in tern®wifdary shear stresses and normal
stresses as is more commonly done in geotechmecgh@ering. Amonton’s Laws imply

a constant friction coefficient but many materiaisfact do not obey this law as their
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friction coefficients can vary with normal load. R detailed analysis of friction, refer to
Bowden and Tabor (1956).

In modeling real surfaces Archard (1957) found tmattact behavior is a function
of the number of asperities touching the surfaédastic conditions at these contact
points resulted in a variable friction coefficiewhile plastic conditions resulted in a
constant friction coefficient. Real materials extid behavior somewhere between the
two extremes and Archard presented a generalizedtieg linking the contact area to

the applied load. A thorough review of this workidze found in Dove and Frost (1999).

2.3.2. Particulate Materials at Interfaces

When discrete particles are moved relative to thvase they are contacting, they
are able to either slide along the surface or fifflis is in contrast to asperities from
another contacting surface in that those aspedtesot have the option to roll.

The contacting particulate assembly can deformigdlgrior completely in one of
two mechanisms: sliding and shearing. Pure sligsngharacterized by translation with
respect to the counterface with no internal pati@arrangement. Pure sliding of a
particulate assembly along a counterface can oaeder the following conditions: (1)
the surface is smooth relative to the contactimjqa size, (2) the normal stress remains
below the critical stress level, thereby preventparticles from embedding in the
surface, which can lead to surface ploughing, otigda fracturing, and (3) the surface is
sufficiently hard so that abrasive wear is neglgiduring shear. In the case of pure
sliding, interface friction is generated solely digesliding at the particle-counterface

contacts and therefore volume change in the adjg@eticulate structure is negligible.
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Shearing of the particulate structure occurs to/ingrdegrees when one of the
conditions for pure sliding is not met. A changeahe continuum surface roughness, the
confining stress, the continuum hardness, or pddie shape can result in sliding at the
particle-counterface contacts no longer being thezhmmnism with the lowest friction
coefficient (i.e. requiring the minimum energy). @h internal shearing within the
particulate medium provides less resistance torghea sliding at the interface at least
partial shear will occur. For example, for sheaaiagt smooth surfaces at low normal
stress, sliding at the counterface contacts pravitie least resistance, as sliding can
occur with essentially no particle rearrangemend d&nerefore no volume change.
However, if for example the surface roughness m@eiased slightly, sliding at the
interface results in higher frictional resistance particles must displace into the
contacting particulate structure to overcome sefasperities. This translational
movement requires the contacting particulate strecto deform to allow the particles to
pass over the asperity. In conditions where botldingg and shearing occur
simultaneously, the internal shear deformatiorhefparticulate structure permits sliding
at the interface contacts. The case of pure irter&hearing is analogous to shearing
within a global particulate mass, and occurs whenimnterface resistance is higher than
the internal resistance over the entire conta@,assentially clogging the interface.

These two basic types of particle motion, sliding #olling, were shown by Fang
et al. (1993) in their study of single sand paescplaced between two metal surfaces.
One surface was displaced relative to the othavalt observed that sliding particles left
tracks in the form of a groove while particles thalled caused serial pitting of the

surface. In this same, study the authors attemiaextcount for the factors that would

20



cause either rolling or sliding. It was proposedttthe main determining factor was the
ratio of the vertical to horizontal moment armstloé couples keeping the particle in
equilibrium and that sliding would occur only ifigshratio exceeded the friction

coefficient. Experimental evidence confirms this ¢glyowing that particles with ratios
greater than the friction coefficient did in fadide, while particles with lower ratios

rolled.

It was further shown that this ratio increases \either an increase in the normal
load or with a decrease in particle size, thus nwakine particle more likely to slide. This
is a very interesting result given that it is aksmwn that larger particles are more likely
to slide on a given surface than smaller partifléssugi and Kishida, 1986; Paikowsky
et al.,, 1995). In these cases, it appears as ifritiease in normal load per particle
outweighs the effect of increasing particle sizeother observation was that maximum
value of the friction coefficient of a rolling paite was greater than that of a sliding

particle.

2.3.3. Interface Shear in Soil Mechanics

The placement of particulate material (soil) adjce® a continuum material
(foundation, tunnel, landfill component) creates iaterface between two different
materials. This particulate-continuum interface @mg the behavior of many
geotechnical systems, including deep foundatioe®sgnthetic liners, earth retaining
structures and trenchless technology projects. Addmental understanding of the
mechanisms governing the behavior of these georahiaterfaces is essential if the

design of these systems is to be improved.
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Numerous factors that affect measured geomaterieiface behavior have been
identified and can broadly be categorized into éhgroups: particulate properties,
continuum (counterface) properties, and test cant

Particulate properties that affect interface shsslravior are particle shape (at
various scales, including overall shape, angulardgd surface roughness), density,
particle size (this will be more extensively reveain later sections) and particle size
distribution. Continuum or counterface propertieattare of interest are the roughness of
the surface and the hardness. Testing conditioat dffect the measured interface
response include the normal stress applied achessnterface, the strain rate and the
method of testing employed (type of device used).

All of these factors play some role in affecting tbbserved interface behavior,
although to varying degrees of significance anddoying degrees of relevance to this
study. The following sections will focus on the mosevant factors.

Early contributions in the study of interface shetrength mechanisms were
made by (Potyondy 1961)) and (Brumund and Leona®@d8). Conclusions from these
initial efforts showed that continuum surface roogés was a factor contributing
significantly to the interface shear strength, asesnormal load, moisture content and
the properties of the sand particles. The partieularoperties identified were size,
angularity and surface texture. It was observed #sathe surface roughness of the
counterface was increased, the interface frictioglaincreased. This occurred until the
interface friction angle was equal to the interfradtion angle of the soil, leading to

failure occurring within the soil mass and notta interface.
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Skinner (1969) investigated glass balls in contdtit a glass plate and found that
the presence of water had a very significant eftectthe shear resistance. This was
attributed to the change from sliding to rolling evhwater was present. However, the
effect of water was limited to the interface siriests with glass balls in a direct shear
device did not show the same increase in strengmwater was present.

Yoshimi and Kishida (1981) conducted tests on @ryds at different densities in
contact with steel surfaces of varying roughnesg donclusion from these ring torsional
shear tests was that the coefficient of frictiorswaainly dependent on the continuum
surface roughness and to a far lesser extent odethgity of the dry sands. Further tests
carried out on sand-steel interfaces by Uesugi Kisthida (1986) using a simple
interface shear device showed that the continuunfasa roughness, mean particle
diameter, sand density and mineralogy were fadtwast did significantly influence the
interface shear strength. They showed that theseanstrong connection between mean
particle size and surface roughness. This led th tte very important realization that
surface roughness should be considered as a maatatiee to the mean particle size
and to their proposal of a modified roughness patam R, which captured this
interaction.

Uesugi and Kishida (1986) found further that belawcritical roughness” the
particles simply slid along the steel surface wiiléhe surface roughness was greater
than this “critical roughness” then the failure redvfrom occurring at the interface to
occurring within the soil mass. This can be seefigure 2.1 below. They also found
that the testing apparatus, coefficient of unifdynaind applied normal stress did not play

as meaningful a role in controlling the interfabear strength.
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Figure 2.1 Bilinear Roughness-Friction Relationglipsugi and Kishida, 1986)

Williams and Houlihan (1987) studied a range ofi-gepomembrane interfaces
and, similarly to research with steel interfacésyas found that the interface friction
depended upon surface roughness, particle size, apal composition and the water
content of the soil. Similarly to previous reseantiwas observed that as the roughness
of the counterface increased, the failure planeeddvom the interface and into the soil
mass. In contrast to some of the research with stésrfaces, it was found that the
normal stress and soil density did play a roledidsthe tensile strength and modulus of
the geomembrane.

O’Rouke et al. (1990) conducted interface sheds tes sand-polymer interfaces
and focused their investigation on the effect ef sirface hardness of the polymer. Both
high-density polyethylene (HDPE) and polyvinyl aidie (PVC) smooth geomembranes
were tested to give a range of hardness values dlbeerved that the interface strength
decreased as the hardness of the counterface sedreRRelatively hard materials (HDPE)
induced sliding at the interface while relativelyftsmaterials (PVC) induced rolling of

the particles.
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Using a dual interface shear apparatus Paikowslal. gt1995) identified three
distinct zones of roughness, as measured withHBr “smooth” surfaces (< 0.02) the
failure occurred at the soil-continuum interfaceile/tior “rough” surfaces (R> 0.5) the
failure occurred within the soil mass since theeiinal friction of the soil was fully
mobilized during shearing.

Dove (1996) completed experimental and theoretiralyses showing that the
shear mechanisms for smooth geomembrane-granulteriatainterfaces are elastic-
plastic sliding and plowing. It was also found tlsatface roughness has a first order
effect on granular material-geomembrane interfaoength but there is a limit to the
beneficial effect with increasing degrees of swefeexturing.

Dove and Frost (1999) have shown that for Ottaw@®@8and in contact with a
smooth HDPE geomembrane, the interface frictiohinitially decrease with an increase
in normal stress. This will occur up until a crticstress is reached, after which the
interface friction will increase as normal stressreases. At stress levels below this
critical stress level, which is dependent on theema, the contact stress per particle
decreases with increasing global normal stress tduan increase in the number of
particles contacting the surface. The interfacetitm is thus decreased due to the
reduced contact stresses even though the gloleslssevel is increasing. At the critical
stress, the number of particles per unit area intamt with the surface reaches a
maximum and any increase in the global normal stieseflected not in an increase in
the number of contacting particles but rather iniragrease in the contact stress per
particle. This results in the particles plowingarthe surface of the geomembrane and

leads to a greater force needed to translate theetative to the geomembrane. There is
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thus an increase in the interface friction. Thetical stress was found to be
approximately 60 kPa for the geomaterials testéalviRg is especially evident for softer
geomaterials, such as geomembranes, but not sigmniffor harder materials, such as
steel. Particles plowing into the geomembrane cthusgeomembrane surface to change
and the extent of this change can be quantifiettieZet al, 2000).

Studies have shown (Lings and Dietz 2005), thatttwesholds exist in terms of
interface shear behavior and surface roughnesswBalcertain relative roughness the
interface behavior is non-dilative. Above this #ireld, but beneath the upper limit of
relative roughness, the interface behavior istyy@tal of sand stress-dilatancy behavior.
At relative roughness values greater than the ulopéy the shear zone moves fully into
the soil mass and the strength characteristics thoect shear tests are seen.

As has been summarized above, surface roughnegs placritical role in
determining overall interface strength. It has ab®®n noted that for smooth HDPE
geomembranes, the displacement of sand partidets/esto the geomembrane results in
wear of the surface and changes in the surfacehrmss even at very modest normal
stress levels. It is thus of great importance tthier explore the mechanisms causing the

changes in surface roughness and to quantify ttiesmeges.

2.3.4. Wear of Counterface Surfaces

Wear can be defined as the progressive damagevinganaterial loss, which
occurs on the surface of a component as a resii# ofotion relative to adjacent working
parts. It is evident that this definition can b@lad to a soil-geomembrane interface. For
interface shear behavior the volume of wear dajerserated is not of direct interest but

rather the change in surface roughness due to we&or the purposes of subsequent

26



discussion, the definition of wear will mean thebe in surface roughness as measured
by surface profiles taken perpendicular to the shgalirection.

Vaid and Rinne (1995) noted that grooves were fdrme smooth HDPE
geomembranes after shearing in a ring shear apgarBbr angular sands the groove
depth did not exceed 10% of the mean particle amkthe maximum amount of scarring
was observed at the initiation of the residual sk&@ss.

Zettler et al (2000) specifically investigated the wear of sthoddDPE
geomembranes in contact with both sands and gksssstand showed that changes in the
surface topography were a function of shear digplent, normal stress and particle
shape. Results showed that angular sands resnltbé ihighest peak interface strengths
as well as the greatest amount of surface weaewvid glass beads resulted in the lowest
interface strengths and least amount of wear. iBhilsie to the propensity for the angular
sands to plow into the geomembrane as a resutteofigher contact stresses induced by
the angular features of the particles. At low ndrsteesses, the angular sands did not
behave significantly differently than the other dsudue to the fact that, in common with
the other sands, the particles slid along the sarfather than plowed into it. The
transition from a sliding to plowing mode occurisd lower global normal stress for the
angular particles. Angularity was identified as iarportant parameter, as was normal
stress. For plowing, and thus wear, to occur threnabstress must be sufficiently high so

that the yield stress of the geomembrane is exceede

2.3.5. Measures of Relative Roughness

There are many ways of determining the roughness surface and many

researchers have developed new ways of calcul#tsngoughness (for a comprehensive
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review see Sozer, 2005). The first study to recogand quantify the relative aspect of
surface roughness in the context of interface shear by Uesugi and Kishida (1986).
Analysis of their results showed a strong intemactbetween average particle size and
surface roughness which indicated the importancelafing the surface roughness to the
particle size. They proposed a normalized roughpasameter, R which is calculated
by measuring the vertical relief between the higlpesk and the lowest valley over a
length of profile equal to the average particlemeser and then dividing that through by
the average particle diameter. This realizatiorntdéethe classic bilinear plot shown earlier
in Figure 2.1.

More recently research by DeJong (2001) and S&#)5) has moved further in
this direction by developing techniques that lihle fparticle size and characteristics to
surface profiles. Kinematic measures of roughnesssider a particle rolling over a
surface and thus take into account the interadtiemveen the surface and the particle.
Examples of such kinematic measures are the Ersysttif system and the centroid
trace method. Additional details on the E-systerh @otif system are provided in Sozer
(2005).

The significance of “relative size” is evident imet centroid trace (CT)
experiments performed by DeJong et al. (2001). Kpeements reveal that a 1.0mm and
a 20.0mm diameter particle experience the samaprofile in different ways. The
relative dimensions of the particle and the surfadile comprising of peaks and valleys
is captured by the CT method. Complete details e ¢entroid trace method are

presented in DeJong (2001).
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Disadvantages of the aforementioned systems atgé#nmacle shapes need to be
assumed a-priori and this shape is assumed to herisgpl (or circular in two
dimensions). This is clearly a reasonable firstrapipnation although the affect of this
assumption has not been demonstrated. The cemtaciel method is essentially the same
as applying a series of filters to the profile anditself does not produce a value of
relative roughness but a new profile that approx@®mdhe path that a circular particle

would have taken.

29



3. METHODS AND MATERIALS

3.1. Introduction

This chapter describes the test program carriedirowirder to investigate the
effect of geomaterial gradation on interface shédre particulate and continuum
materials used in this study are described and/aedl The experimental apparatus used

and procedures carried out are also presented albingnalysis thereof.

3.2. Materials Tested

3.2.1. Particulate Materials

The particles used as components of the partichtungis were obtained by
scalping specific size fractions from commerciaMailable sands, termed the “source”
sands. This enabled strict control over the partgize and resulted in a very narrow
range of particle sizes for each component that thas to be mixed. The three source
sands used were:

« ASTM 20/30, poorly graded medium sand
« A.F.S.50/70, poorly graded fine sand
* F-110, poorly graded fine sand

All are quartz sands with a specific gravity of eppmately 2.65 (U.S. Silica
data sheets). These source sands were chosen dedatieir appropriately different
sizes and because they were all comprised of pewtaf the same mineralogy, specific
gravity and particle shape. Bolton (1986) has shtvat mineralogy plays an important

role in the internal friction of sands and thusviis desired to use sands of the same
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mineralogy. The sands were supplied by the U.Sc&S@Company. Additional properties

of these three source sands is given below in Talle

Table 3.1 Properties of Source Sands

Sand Dio (mm) | Dsg(mm) | Cu? cc® Emin® Emax

Ottawa 20/30 0.65 0.72 1.15 1.0p 0.502 0.741
A.F.S. 50/70 0.24 0.26 1.43 0.96 0.617 0.861
F-110 0.081 0.14 1.62 0.99 0.535 0.848

Note:3C,=Dgy/D10;, "Cc=D37(DgoXD10); ‘ASTM D4253 method 1A’ASTM D4254 method B

The three sands obtained by scalping are desigimtdtie sieve sizes used to
scalp out the desired size fraction. The scalpadpoments are thus termed 20/25, 50/60
and 100/140 and were scalped from the ASTM 20/3.& 50/70 and F-110,

respectively. The amount of sand obtained frompseglwas as follows:

* Yield of 20/25 from source: 67%
e Yield of 50/60 from source: 81%
* Yield of 100/140 from source: 53%

These percentages show that sieving was an effisiag in which to scalp out
the desired size fractions from the “heart” of #wirce sands while leaving behind the
“head” and “tail”. While sieving does have disadigges, one notably being that particle
shape plays a role in determining which particlasspthrough the mesh, the advantages
are significant. Principally, sieving provides aans of simultaneously characterizing
and separating by size. Other methods for graia slmaracterization (for example by
light scattering or optical methods) do not actuskparate the components, which was
necessary in this case.

While scalping out the desired size fractions, aswumportant to limit the amount

of material placed into the nest of sieves. Thers®wsands themselves were poorly
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graded and thus contained a very high percentageatdrial that would be retained on a
single sieve. This had the effect of clogging ugt ingle sieve if too much material was
sieved at a time. An amount of approximately 30@g wieved at a time to ensure that the
particles did not clog any single sieve, allowirtg &in accurate sorting of the grains.
Sieving was done for 10 minutes on a mechanicakeshas recommended by Lambe
(1951).

Grain size distribution curves for the source saaslwell as for the scalped sands
are shown below in Figure 3.1. Additional propextad the scalped sands are given in

Table 3.2 and representative microscope imageshanen in Figure 3.2.
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Figure 3.1 Grain Size Distribution
Table 3.2 Properties of Scalped Sands
Sand Dso (Mm) Emin” Emax
20/25 0.78 0.529 0.767
50/60 0.28 0.604 0.857
100/140 0.13 0.636 0.899

Note:?ASTM D4253 method 1A°’ASTM D4254 method B
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50/60

100/140
Figure 3.2 Sands used in this study, from the 26¢25, 50/60 and 100/140

Particle shape is an inherently difficult parameter quantify. Numerous
researchers have developed different methods totifparticle shape but no method
has become accepted as standard. For this stugye\plrticle shape is considered to be

a secondary influence, a comparison of the pastitbelong-standing but simple shape
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descriptors is made through the use of referenags;tsuch as the ones shown in Figure

3.3.
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Figure 3.3 Particle Shape Reference Charts, claskivom top left: Krumbein and Sloss,
1963; Powers, 1953; Ozol, 1978 (after Santamagd@l).
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In relation to these reference charts, the shap®sands used can be described,

as is summarized in Table 3.3.

Table 3.3 Shape Descriptors of Studied Particles

Particle Shape Sphericity Roundness Description
(Ozol, 1978) (Krumbein (Krumbein (Powers, 1953)
and Sloss, and Sloss,
1963) 1963)
20/25 Spheroid 0.7 0.9 Well rounded
50/60 Spheroid 0.7 0.7 Rounded
100/140 Spheroid 0.7 0.4 Subrounded

The shape of the sands will, to some extent, etteetobserved behavior. This
study is deliberately focused on the role thatsilze ratio and mixture proportions have.

The three sands resulting from the scalping weza ttombined in different ratios
by mass to produce the sand mixtures that weredeBarticle size ratios of 6.1, 2.8 and
2.1 were produced by mixing 100/140 and 20/25, ®@6Ad 20/25, and 100/140 and
50/60 respectively. The various mix proportions expressed as a mass percentage of
the finer particles. For example, a mixture named“®.S.R. 2.8 60%” would be
comprised of 60% 50/60 and 40% 20/25. It is impdrta note that the mixtures have
been combined based on the weight of the compoaaxtsiot on the number of particles
or specific surface or any other measure. Thisdes® for practical reasons (it is simpler
to accurately determine mass rather then numbpanicles or specific surface) and it is
consistent with the other studies that have beempteied on soil mixtures.

Grain size distribution plots for mixtures with f@ifent particle size ratios and

percentage of smaller particles are shown belowgare 3.4.
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Figure 3.4 Grain Size Distribution Plots of Bindryxtures
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3.2.2. Counterface Materials

3.2.2.1.Geomembrane

The geomembrane used in this study was a smoothdagsity polyethylene
(HDPE) Dura Seal HI geomembrane supplied by theoNat Seal Company. HDPE is
currently the most widely used geomembrane matdualto its high tensile properties at
low strain levels. Other commonly used geomembraagerials include very flexible
polyethylene (VFPE) and polyvinyl chloride (PVC).

The selected geomembrane is produced from fornllabdyethylene resin and
contains 97.5% polyethylene and 2.5% carbon bi&ekected engineering properties are

listed below in Table 3.4.

Table 3.4 Properties of smooth HDPE geomembrane

Thickness | Density Tensile Properties
(mm) (g/cm3) oy (Pa) op (Pa) gy (%) € (%)
1.0 0.94 15.4 26.6 13 700

Note: y designates yield, b designates break

3.2.2.2.Smooth Steel

The steel plates used in this study were gauge B& steel. The assumed

properties of the steel are listed below in Tabte 3

Table 3.5 Properties of Mild Steel Plate

Property Value
Elastic Modulus 200 GPa
Poisson’s Ratio 0.3
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3.2.2.3.Artificial Rough Counterfaces

The rough counterface surfaces were created byisgatommercially available
sandpaper sheets to an acrylic base using eporysdiidpapers were supplied by Norton
Abrasives and the following grit sizes were useg]: &), 80, 100, 120, 150, 320 and 600.
These range from a very coarse to an extra fineitex

Care was taken when securing the sandpaper toagetb ensure that no folds,
air bubbles or any other disturbances were presten the surfaces had been bonded
together. A light roller, not heavy enough to damd#ge sandpaper surface, was used to
smooth out the surface. Results from the testingheke surfaces are presented in

Chapter 6.

3.2.2.4.Pipe Surfaces

The pipe surfaces tested as a part of this studg sgpplied from contacts in the
pipe jacking industry. Short sections of pipe wprevided (usually two or three feet
long) which were then cut into coupons to be testedted sections included pipes made
from fiber-reinforced polymer (Hob&¥), polycrete, steel, vitrified clay and concrete

(both a wet-cast and a pre-cast (Packerh8ad

3.3. Experimental Apparatus and Procedures

3.3.1. Limiting Void Ratio Tests

The maximum and minimum void ratios were determirgd following the
procedures specified in ASTM D4254-00 (Method B) an4253-00 (Method 1A)
respectively.

For each of the three patrticle size ratios, testietermine the limiting void ratios

were conducted at 10% intervals of finer componeyptmass. This resulted in 30

38



different samples being tested. For the minimundwvaitio (maximum density), three
trials per sample were performed, for a total of tB@ls. Due to potential particle
breakage during the minimum void ratio tests, theds were sieved between tests to
ensure continually uniform particle sizes for eae fraction. It should be noted that the
grain size distribution curves before and aftetingswere indistinguishable, indicating
that particle crushing or breakage was not occgrdaring testing. This is due to the
sands being comprised of quartz. If sands of aewfft mineralogy were tested (for
example a calcium carbonate sand) then this mag been very important.

For the maximum void ratio (minimum density), 1idls per test were performed,
for a total of 300 trials. The difference betweka humber of trials for the minimum and
maximum void ratio tests is due to the short dorabf the maximum void ratio test and
the desire to obtain some relevant statisticsedl&d this test. The pipe pullout method
was adopted as this method produced the minimursittks) This method is however
somewhat influenced by the manner in which theiglag are initially placed into the
pipe. This is because the particles in the centitbepipe (in a vertical column) do not
move very much when the pipe is removed. The pesticloser to the pipe flow and
move to fill up the mold, but a substantial portafrthe particles do not.

Pouring the sand into the pipe did result in soegegation of the particles based
on size, this was more pronounced for the highd® Rfixtures and for higher pouring
heights. For these reasons the lowest possiblangpbeight was used and the flow of
particles into the pipe was disturbed using a largal spoon in order to prevent this

segregation from occurring.
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The pipe used for the limiting void ratio tests waade from PVC and the static
electricity build up due to friction with the sampdrticles was noticeable. The charges
were large enough to influence the behavior of1i®@/140 sand particles, but the other
particles were unaffected due to their larger mabss effect was mitigated by wiping
down the pipe with an antistatic cloth before etssh.

A further variable in these tests is the rate aictvihe pipe is removed from the
mold. This has an effect on the way in which thdigias move to fill the mold. If the
pipe is removed at a very rapid rate then the saasls inside the pipe can be lifted up
and dropped back into the mold, increasing the ggnerput into the formation of the
specimen. If the pipe is removed too slowly thestagp/start or slick/slip type of motion
occurs. Based on the experience of performing n@stg, the correct manner in which to
perform these tests was at the slowest possibledsibat would allow for a continuous
flow of particles from the base and sides of theeps it was removed. This was quite
easily achieved with some practice and is thuscoosidered to have had any significant
effect on the measured results.

With multiple trials being performed for each téstre are a number of different
ways in which the test result can be reported.mp#e arithmetic mean could be reported
as the average result but since the test is desigmdind the limiting condition it is
plausible to choose the limiting (or most extreme=ult and to report that as the limiting
void ratio. The approach adopted in this study t@ashoose the limiting value provided
that it was not considered to be an outlier. Outli@ta points that clearly seemed to be
unrepresentative of the material behavior but Eec8bn of some other influence (be it a

procedural error or something else) were not ushd.process used to obtain the results
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does thus contain a subjective element. In pradtioever, the limiting values used and
the mean average approach were seldom very diffelea to the simple nature and
repeatability of the test. This was an additioealson to conduct so many trials, since the
more trials that one performed the more confidem@e would have in the data. Results
from the limiting void ratio tests are presentedChnapter 4. The complete record of all
limiting void ratio tests performed is presented\ppendix A.

An additional series of maximum void ratio testsvwearformed in order to assess
the propensity of the particle mixtures to segreghiring testing. Mixtures comprising
40% finer particles and with a particle size ratfo6.1 were used for these tests. This
particle size ratio is the most susceptible to esgation due to the large difference in
particle size.

The samples were built and tested in exactly theesavay as was done
previously. At the completion of the test the pdes were carefully removed in four
layers of equal mass. The particles from each layere then independently sieved to
determine the percentage of each component forlageh Results from the segregation

tests are presented in Chapter 4.

3.3.2. Direct Shear Tests

Direct shear tests were conducted in order to olite strength parameters of the
various soil mixtures. The peak and post-peak gtrenwere obtained, and thus a
measure of the dilatancy could be determined. ™ests conducted for each particle size
ratio on particle mixtures of 20%, 40%, 60% and 88R&iner particles at stress levels of
50, 100, 300 and 500 kPa (the same stress levatisvitre used for the interface shear

tests). The uniform sands were also tested, giitagal of 60 tests.
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A GeoComp ShearTrac direct shear device was usedriduct the direct shear
tests on the particle mixtures. The device conthiaes3.5mm circular shear box. All
testing parameters were controlled and monitoresutih a connected computer utilizing
GeoComp test control and data acquisition softw@lhe maximum displacement was
approximately 8mm. The shearing rate was set at/bmm(the same as for the interface
shear tests) and measurement readings were takay eecond. The vertical and
horizontal force applied and the vertical and hamial displacements were all
continuously monitored. Rough porous stones wesieqa in the base of the shear box
and between the top of the sample and the loadipg c

Dry samples were prepared in the shear box taveldensities of approximately
80% +/- 5%. These densities could be consistertitgined across the range of particle
mixtures using a dry tamping method and building sample in three layers with the
predefined shear plane passing through the cehtileamiddle layer. Results from the

direct shear tests are presented in Chapter 4.

3.3.3. Stylus Profilometry

Surface profiles of each counterface surface testednterface shear were
recorded using a Taylor-Hobson Form Talysurf Se2iedylus profilometer. The stylus
tip was set to move at a speed of 1mm/second. &bgegrange for the relief was set at
2.1 mm and the data was acquired with a resoluifo82 nm in the vertical direction.
Data points were recorded at micron intervals entthvel direction.

Many roughness parameters can be calculated fraonface profile, each one
having generally been developed with a specifigppse or application in mind (see

Sozer, 2005 for a thorough treatment). For the gaep of this study and to facilitate
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comparison with previous work, the average roughrmesameter, R was used. This
widely used and accepted parameter provides thegeeertical deviation of the surface
profile from the mean line.

Profiles were recorded over a length of 40mm andewiaken both before and
after shearing. This enabled a reliable baselinddoestablished. In addition, repeat
measurements were taken across various spatiaésstal verify the precision and
repeatability of the profilometer results. One sesurface roughness measurements was
taken by passing the stylus over the same pathipleulimes. This was achieved by
securely clamping the geomembrane to the testiatioph and ensuring that the correct
travel limits were set on the profilometer. TengEswere made over what was, within
the accuracy of the setup, the same travel patb.résults of these ten passes, together

with some measures of variation in the data aravsHzelow in Table 3.6.

Table 3.6 Repeatability measurements along sanhe pat

Pass R (10*mm)
1.473
1.642
1.586
1.682
1.506
1.517
1.643
1.668
1.501
10 1.617
Arithmetic Mean 1.583
Standard Deviation 0.074
Coefficient of Variation 0.047

OCoO~NOOUIDE WNPE

As can be seen in Table 3.6 the coefficient of atmn for this set of

measurements is 4.7%. This indicates a narrow gprethe data and good repeatability
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of the R, measurement. The minor variations seen in the alatanost likely due to the
stylus not tracing the exact same path acrossutiace. The tip of the stylus may fall on
either side or on top of peaks in the surface tieguin slightly different measurements.

A second set of repeatability measurements was rad®mpare the average
roughness measurements across different locatiores single coupon cut from a large
roll of geomembrane. Ten profile measurements wesee on each of three coupons.

The results are presented in Table 3.7 below.

Table 3.7 Repeatability measurements on differenpons

Pass Coupon A Coupon B Coupon C
1 1.4921 1.6751 1.5602
2 1.5075 1.6388 1.3341
3 1.2737 1.5915 1.5577
4 1.3154 1.6345 1.4488
5 1.5296 1.7715 1.2839
6 1.6655 1.1750 1.6472
7 1.7065 1.2966 1.2874
8 1.8474 1.3839 1.2397
9 1.8329 1.2354 1.4671
10 1.7245 1.3824 1.6561
Arithmetic 1.59 1.48 1.45
Mean
Standard 0.189 0.197 0.147
Deviation
Coefiicient of 0.119 0.134 0.102
Variation

Note: All measurements;R10°mm)

This set of data indicates that within each couploere is a coefficient of
variation of approximately 11.8%. This is greateart the variability seen for multiple
measurements of a single profile so the increaskiésto the different locations of the
profiles within the coupon. This is entirely expegttout still indicates that there is not a

significant variation in roughness across an irdilal coupon. There is also not a
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significant variation across the three differenupons, indicating that regardless of
where the material was cut from within the largl tiee average surface roughness is
approximately the same. The overall average rowghn®r the smooth HDPE
geomembrane in it's virgin state is thus taken &4 kX 10°mm, the average across the
coupons tested.

Profiles recorded post-shearing were taken at tldpomt of the path traveled by
the particulate specimen as this location had Heend to be the point at which
maximum surface wear occurred (Zettler et al., 208ince the roughness induced by
the shearing was of specific interest, a Gaussiean Was used to omit some frequency
components. Wavelengths greater than 2.5mm andHassgim were omitted from the
roughness calculations. This enabled comparisonth wiata sets from previous

researchers who had used these standard filters.

3.3.4. Interface Shear Tests

3.3.4.1.Device Description

The interface shear tests were performed usingstoru built modular shear
device. The base device has been through a nunilgErsmgn changes since it was first
constructed and these changes were summarizedtthgr{2999). The device uses a ball
screw-jack driven by a 120 volt DC motor to disglate shear box relative to the
counterface. Gear reducers are used to achievsldiestrain rates required for testing
and the drive system is controlled electronicdtisough a DART speed control system.
Limit switches are used to prevent the device fromning beyond allowable physical

limits. Vertical load is applied through a pneurnatylinder which is mounted directly
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beneath the sample and can move to stay in the pagiton relative to the sample. A
photograph of the device can be seen in Figure 3.5.

The sensing devices consist of two load cells, ong vertical and horizontal
force, and an LVDT measuring the horizontal disptaent. The signals transmitted from
the load cells and LVDT were collected by a datguition system consisting of three
parts: a data acquisition/switch unit, a 16-chamneltiplexer module, and a USB/GRIB
Interface. The multiplexer module had a maximumnaggg rate of 250 channels per
second and has a 22 bit resolution. External wivwag minimized in order to reduce the
amount of noise entering the system. The data doailchonitored in real time using HP
BenchLink software installed at the switch unit.

There are a number of issues related to testingyubese types of interface shear
devices. Particles can slide underneath the stheathat is moving over the top of the
counterface. Smaller particles, greater surfacéutarg and high normal stresses will
accentuate this issue. Particles can become lotigadleen the box and the surface,
potentially increasing the shear stress. Lodgediges may also plough into softer
counterface materials. As particles are lost oatrdhar of the box the measurements of
vertical displacement become uncertain. Since tisen®t an established way to account
for these effects by post-processing of the dats litest to minimize this effect through
careful design.

Shear stresses can also develop along the insitle wfathe shear box. By
constructing the shear box out of hard, smooth;flastion surfaces these effects can be
minimized. The normal stress applied may also beuroformly distributed across the

surface. Ensuring an adequately rigid load-tranpfate and centralized point of load
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application will minimize these effects. During tieg it was observed that the applied
normal stress was varying by approximately 5% frdm expected value, with a
generally decreasing trend as the test progre3sesiwas most likely due to the leak-off
of air from the pneumatic system. Since the vamatwas small this issue was not
directly addressed during testing. The data refddram the affected tests is also shown
in normalized format which reduces the impact @ thinor variation.

Inherent to particulate materials is the formatudrforce chains to transfer load.
This cannot be controlled experimentally. Sheaah¢he interface is also progressive in
nature, generally starting at the rear of the speni and propagating forward (in the
direction of travel). This can cause peak sheasstmeasurements to be dependent on
the size of the shear box. Residual shear stressurements will not be similarly

affected.

Figure 3.5 Photograph of Modular Interface Shearicze
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3.3.4.2.Tests on smooth geomembranes

For these tests the direct interface shear modake wged in conjunction with a
circular 63.5mm diameter Teflon shear box. The spec height was 38.1mm and
specimens were prepared to a relative density B using a dry tamping method
and preparing the sample in 5 layers of equal mdss.lower layers were under-tamped
to account for the additional tamping that wasdme as subsequent layers were placed.

Geomembrane specimens were cut from a larger mdlicleamped securely to the
testing platform. The orientation of the geomembrarith respect to machine direction
and shearing direction was consistent across &b taut was not considered to have any
effect on the results. This is due to the unifoynuf the smooth geomembranes used.
Tests were performed at applied normal stresseS0pf100, 300 and 500 kPa at a
constant displacement rate of 1mm/minute, thesanpeters are the same as those used
for the direct shear tests. Tests were performedatonaximum of 40mm total
displacement. During testing, the vertical load,rizamtal load and horizontal
displacement were each recorded at a frequency éfetz using the digital data

acquisition system.

3.3.4.3.Tests on rough counterface surfaces

The same suite of tests as was conducted on thetsnumunterface was
conducted on the rough sandpaper surfaces. The diffsrence was that a newly
designed shear box was used in place of the cirshkzar box.

A new shear box was designed and built specificiltythe current study. The

shear box attaches to the drive train of the dewidkhe same was as the circular shear
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box described before. The purpose of the new shearis to allow direct visual
observation of the particles in contact with tharderface.

The new shear box, known as the “VisionBox”, istaegular and made of
smooth aluminum. One side is made of polycarbomveltéh is optically clear and rigid.
The maximum mid-span deflection in this panel isnested to be less than 0.1mm
Machine tolerances were approximately 0.05mm.

Figure 3.6 below shows the repeatability of thissshbox when sheared against a
rough counterface. Minor variation is noticed ire tldisplacement to peak friction

coefficient but otherwise the graphs are virtualigntical.
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Figure 3.6 Repeatability Test for Rough Counterfaesting (Mixture of 10% 100/140
and 90% 50/60)
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4. PROPERTIES OF BINARY PARTICLE MIXTURES

4.1. Introduction

In a general sense, mixtures are often created thvtpurpose of combining the
properties of the separate components in ordercloege a mixture that has more
desirable properties than either of the separatgpooents acting alone. An example of
this would be a retirement portfolio that holdsanbination of stocks and bonds. The
combination of these two asset classes producegeaaisr risk-adjusted return than either
of the two asset classes would by themselves.

A mixture between two components can also resut andamental change in
the materials. For example, the mixture of twoiligun a chemistry laboratory may give
rise to a liquid and a gas. An engineering examalald be a fiber-reinforced composite,
where the combination of glass fibers and a polymeatrix gives rise to a material with
properties very different from either of the compots.

In contrast, mixing two different granular soilgyéther does not fundamentally
alter the nature of the material. The resulting torix is still a granular material
comprised of discrete particles that can be desdriy the same mechanics and set of
parameters. As such, the mixtures can be readihpaoed with the separate components
in order to understand how the particle size ratid percentage of finer material affects
the behavior and properties. While the mixtures anedamentally similar to the
components, there are interactions possible inxaun@ that are not possible in either of
the components alone, and these interactions megy rgge to behaviors that were not

obvious from examination of the components alonae Guch behavior that is not
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possible for an individual component is that ofreggtion. The separation of different
particles based on size is a concern only for megdwvith different sized particles. The
segregation phenomenon is a fundamental propertiieofjranular state (Duran, 2000)
and is often referred to as the “Brazil nut” phemeoion because of the observation that
when transporting a mixture of nuts in the baclpiokup trucks in South America, the
Brazil nuts (the largest) invariably ended up op ¢ the pile. Segregation is an entire
topic of discussion by itself and a detailed exaton of it will not be attempted here. A
brief look at segregation is, however, requireccsithe effect of segregation poses a
guestion when one is considering how to preparenadigenous sample of a mixture that
has a tendency to separate out.

A mixture of two granular soils, each of which magtually possess similar
characteristics (such as strength or permeabiligy not always be feasible in order to
balance strengths and weaknesses (as was theocabe fretirement portfolio). In this
study the materials that have been mixed are velgtsimilar, differing mainly in their
size. A unigue material was created when the compsnwere mixed but the objective
was not to create a new material to study, rather gurpose was two-fold: (i) to
approximate a gap-graded soil; and (ii) to creaseteof soils that could be tested which
varied within a well defined and measurable framdwthe percentage of finer to course
material and the size ratio between the particles).

The choice to study binary mixtures, as opposeigrioary or other higher order
mixtures, was made in order to limit the potenhaimber of mixtures that had to be

tested in order to test materials occupying the@eeekperimental space. Binary mixtures
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can readily be characterized by the particle sati® and the percentage of finer material.
These are the two aspects that fundamentally ctesize the mixtures in this study.

This chapter will focus first on the way that pelgs in a binary mixture pack
together. The void ratios at the states of maximamd minimum density will be
examined and a model developed that will allowtfe prediction of the mixture void
ratio as a function of the void ratios of the comgats, the particle size ratio and the
percentage of finer material in the mixture.

The shear strength of mixtures will be examinethansecond part of the chapter
by utilizing a unique data set obtained from dirglaéar testing. The peak and residual
shear strengths are examined in relation to theumaxproperties. The effects of normal
stress and dilation will also be examined. Thigieacof the study will also serve as a
reference point for the interface shear strengttliss that will be presented in Chapters 5

and 6.

4.2. Limiting Void Ratios

4.2.1. General discussion on limiting void ratios

The void ratio describes the relative amount oflwamlume to solid volume in a
given sample. A given soil can exist through a eaof void ratios, so the void ratio
given for a particular soil describes the curraiatesof the soil. It is oftentimes more
helpful to describe the state of a solil in relatiorsome reference or limiting state. Two
reference states exist, the maximum and minimurd vaiios. These correspond to the
arrangement of particles that give the minimum swadimum densities, respectively.

Narsilio and Santamarina (2008) suggest that teeists a terminal void ratio (or

terminal density) corresponding to each soil ardpfocess used to achieve that terminal
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void ratio. They also propose that there exist limiting states: a state of certain dilation
(a geometric limit) and a state of certain contoact(a stability limit). All possible
terminal void ratios would fall between these tinils. Based on this approach it would
appear to be more appropriate to consider that litmi&ing void ratios found
experimentally be considered not to be the ultinliatéing states, but rather, to be the
terminal void ratios of the particular process ugedchieve that state. To claim that the
limiting void ratios found experimentally are inctahe ultimate limiting void ratios (or
true limits) implies that the process followed wadeed that single process that resulted
in the true limiting state being found. Since it uh be a never ending process to
determine what that exact process was, it imphas the true limit can never actually be
attained experimentally (or numerically for thatttag.

The procedures set forth in the relevant ASTM staahsl are however expected to
give values very close (perhaps even indistinglokh&rom) the true limiting values. It
must also be noted that the standards do allowdfiberent methods to be used to
determine the maximum void ratio, and the methad thsults in the maximum values
should be used. This is a tacit acknowledgementdiff@rent soils will achieve limiting
states via different processes. While the limitiogd ratio found in this study may not be
the true limits, there is not expected to be agyificant difference between the limiting
void ratio values presented and the true (the@#ftiiniting values.

A very helpful concept in the study of limiting wbratios is the notion of relative
density. This parameter expresses the void rati@ psrcentage between 0% and 100%
where 0% corresponds to the maximum void ratio 400% corresponds to the

minimum void ratio. The expression for relative siénis:
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D, = Gma€

Equation 4.1
a”nax - enin
where: &ax = Maximum void ratio
€nin = Minimum void ratio

e = current void ratio

4.2.2. General factors affecting limiting void ratios

Limiting void ratios have been extensively studiedthe past. An excellent
summary of information can be found in Selig andld§1973). It is shown that both
maximum and minimum void ratios decrease with amease in mean particle size (for
clean sands). The effect is not strong and is ngieeted based on theoretical
considerations which indicate that the void ratiowdd be independent of mean particle
size. It is also shown that both the maximum andimmm void ratios decrease with
increasing particle roundness. This effect is nppehounced for particles characterized
as very angular and angular and is somewhat wegbafticles described as rounded and
subrounded. The particles used in the current stardyclassified between being well
rounded and subrounded (Chapter 3) and therefareefiiect of particle shape is not
expected to be a strong factor. The particle sig#ilbution as measured by, & also
shown to influence the limiting void ratios. An reasing G corresponds to a decreasing
void ratio. This effect is stronger for the maximuwid ratio than for the minimum void

ratio.

4.2.3. Limiting void ratios of binary mixtures

Consider a stable assembly of identical spheresvtid space can be filled with

smaller spheres resulting in an assembly with @towid ratio. This process can in turn
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be repeated ad infinitum with ever decreasing gadicles. A number of general

observations can be made:
* Mixing particles of different sizes results in ander mixture
* The greater the difference in particle size thesdethe mixture
* A maximum density must be reached once some fraatib smaller
particles has been added

Consider the changes in the fabric of the binaryigda mixture shown below:

() (B) (C)

(E)

Figure 4.1 Changes in fabric in a binary particigtare (Vallejo, 2001)

Case A shows a coarse grain matrix without finetigdas. Case B shows a case
when some small amount of finer particles have lzekted to the coarse matrix. Case B

will have a lower void ratio than case A. The smralparticles may serve as wedges
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which will constrain rotation and relative moveméstween particles, thus leading to an
increase in the shear strength. The smaller pastieill not however participate in force

chains and the load will be carried predominantytie large particles. There are not
sufficient small particles to provide lateral suppim the force-carrying large particles.

There will be an increase in the average coordinatumber as well.

Continuing to add finer particles will result inseaC, where all of the available
void space between the coarse particles is fillaeth viiner particles. Case C thus
corresponds to the state of minimum void ratiotHis case the smaller particles are
present in sufficient numbers to provide latergmart to the force chains. The smaller
particles provide many contact points with the éargarticles leading to a large increase
in the average coordination number and allowing stress being carried to be more
evenly distributed throughout the assembly. Thellemparticles also serve to prevent
rotation and relative displacement between pagicime may expect a soil at this state to
reflect the highest shear strength.

If additional finer particles are added they withrs to take the place of the
coarser grains. The coarser grains will no longembcontact and will float within a sea
of smaller particles, as is shown in cases D andhe properties (friction, surface
roughness, mineralogy) of the smaller particleghiss now primary. The large particles
are surrounded by smaller particles and as suchuwbeage coordination number for the
large particles is very high. The average coordmahumber for the smaller particles is
lower, and is basically that of an assembly oEaihller particles.

Case F is the opposite of case A, the entire adgemimade of finer particles.

Note that the only difference from case A to Fhattof scale, one can expect the two
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assemblies to have the same void ratio (assuminiglpacharacteristics, except for size,

remain constant).

4.2.4. Visualization of Binary Mixtures

The previous section illustrated in general terros the addition of a second
component creates a binary mixture and the assdcfabric with varying amounts of
finer and larger particles. For the mixtures usedhis study, namely of P.S.R. 2.1, 2.8
and 6.1, the diagrams (in two dimensions) for teecgntage of finer material of 0%,

40% and 100% are shown below in Figure 4.2.

Percentage Finer Material
PSR 0% 40% 100%
2.1
2.8
6.1

Figure 4.2 Visualization of Binary Mixtures
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4.2.5. Selection of particle size ratios for this study

The particulate materials were introduced in ChaBtéut it is now time for a
more detailed examination of why the particulaesiatios were chosen for this study. To
recall, the particle size ratio is defined as thiorof the largest to the smallest particle
and the particle size ratios chosen were: 6.1a8B2.1.

The figure below demonstrates the rationale clearly

[ BEO%, Densily Limil for Steel Shot
85 J
- i"l:'_ — ]

o —e—

—

Triangular 84.5% , Demsity Limit |
Pore ¥ Tmesh Shat ws 400mesh W
Diametar

T mesh [dg = 0240 mived with 20, 30, 40,50,60,80, D0 or 400 magh
14 magh (de =008] in)mixed with 100 mash
18 mesh (dg = 0.043indmixed with MO0 mash
20 mesh (de =0.036in) minad with 100 mesh
&0 mesh  (de =00 10 in) mized with $00 mash
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[e] 15 20
(DHIIIETEH OF LARGER SPHERES
MAMETER OF SMALLER SPHERES

Figure 4.3 Maximum observed packing of binary migtu(McGeary, 1961)

Beyond a size ratio of approximately 7 (indicatguthoe red arrow at the “knee”
of the curve) the density (or void ratio) is nopegted to change significantly as the size
ratio changes. The expected void ratio for mixtunéth a size ratio of 20 is not that
different from a mixture with a size ratio of sevémn the other hand, for mixtures with
size ratios between 1 and 7, there is a significkiainge in the expected void ratio. A

“mixture” with a size ratio of one is not a mixtuteut just a uniform soil. Choosing size
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ratios of 2.1, 2.8 and 6.1 covered the region whieeeexpected void ratio changes with
size ratio would be the greatest.

Another consideration in choosing the size rati@s when segregation due to
vibration was considered. The minimum void ratigttes a situation where such a
situation exists. In vibratory situations thereaaisritical diameter ratio which will allow
for continuous rise of the larger particles duevaalt effects. This is when we consider
the stability of a larger intruder particle risindprough a continuum of vault
configurations such that the intruder particlet&bke when it rests on two particles below
it's center of gravity (Duran, 2001). The criticihmeter ratio is found analytically to be
2.78 which agrees with values found from numesoalulations.

Based on the above observations the size ratiosechcover values above and
below this critical ratio as well as covering thegion of behavior where the greatest

changes in void ratio as a function of particleg@tio are likely to take place.

4.2.6. Results of limiting void ratio tests

4.2.6.1.Minimum Void Ratio

The vast majority of previous studies have examitmedcase of minimum void

ratio (or maximum density). Results from the cutitndy are presented below.
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Figure 4.4 Minimum void ratios

Figure 4.4 shows how for all the size ratios coaid the minimum void ratio
varies as the percentage of finer material ranges f0% to 100%. A number of
observations can be made:

* All the data show a similar trend; an initial dease in the void ratio as
finer material is added, a gradual bottoming ontl a subsequent increase
in the void ratio until only the finer materialpsesent.

* The decrease in void ratio becomes more exaggewatedan increase in
the particle size ratio.

* As the particle size ratio increases, the percentaf finer material
required to reach a minimum void ratio decreasssn@cated by the blue

line).
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* The percentage of finer material at the minimumdwvtio varies from
approximately 25% for the 6.1 size ratio, to 30% 28 and to 35% for
the case with a size ratio of 2.1.

* At 0% finer particles the difference between 2042% 50/60 is explained
by the minor difference in particle shape. The 30/ a more rounded
shape than the 50/60 and thus the 0% point forcparize ratios of 6.1
and 2.8 are less than the void ratio for the 0%tpfoir a particle size ratio
of 2.1.

* At 100% finer particles a similar observation canrbade. The 100/140
particles are more angular than the 50/60 partickesulting in a higher

void ratio.

4.2.6.2.Maximum Void Ratio

The data for the maximum void ratio is shown below:
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Figure 4.5 Maximum void ratios

Figure 4.5 shows how for all the size ratios coa®d the maximum void ratio
varies as the percentage of finer material ranges f0% to 100%. A number of
observations can be made:

e All of the curves show a similar shape to each ot well as to the
minimum void ratio curves.

 The lowest values for these cases are almost thee dblue line),
indicating that the percentage of finer materiajuieed to achieve the
lowest maximum density is approximately constargardless of the

particle size ratio and is approximately 38% fditlad particle size ratios.

4.2.6.3.Same data — improved presentation

The general trends and some general observatiorbeanade from the above

void ratio plots but the data is somewhat obscumgdhe fact that the initial and final
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points (0% and 100% percentage finer materialjafudifferent levels. This is inevitable
when using real particles as the limiting void gatiepends on a number of factors, as
previsouly discussed.

The differing start and end points makes direct gansons less clear and also
does not facilitate modeling the data. An improveethod of examining the data was
thus developed. This will allow more clear compams and thus a better interpretation
of the data, as well as allow for a simpler apphoachen developing predictive
equations.

The new approach for examing the data seeks tatesthe effect of mixing the
two components while minimizing any other effedibe method developed determines
the ratio between two volumes. One volume is then i the volumes of the two
components when each component is not mixed. Tier eblume is the volume of the
mixture resulting from mixing the same two compdseNisually, it can be thought of as
the ratio between the volume of a layered systeraugethe volume of a homogenous
mixture, for the same mass of material.

The volume reduction is expressed as a ratio betwesse two volumes and can
be calculated as a function of the percentage hmaterial, the porosity of the mixture
and the porosity of each of the individual compdseihe method applies equally well
to either the minimum or maximum void ratio casBse volume reduction ratio can be

expressed as:

VRR= (2= M) (Psian) + 1= n,,) A Pyman)

Equation 4.2
(1_ nsmall) (1_ nlarge) 9
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Alternatively, the pix can be expressed as:

(pl arge) + (psmall) + 1
_ (nl arge _1) (nsmall _1) VRR
( pl arge) + ( psmall)
(nl arge _1) (nsmall - 1)

n

mix

where:

Nmix = porosity of the mixture

Nsmail = POrosity of the small particles alone

Narge = POrosity of the large particle alone

Psmall = percentage of small particles

Parge = (1-pmal) = percentage of large particles

VRR = volume reduction ratio

The benefits of remapping the data are clear below:
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Figure 4.6 VRR data for particle size ratio 6.1
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Figure 4.7 VRR data for particle size ratio 2.8
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Figure 4.8 VRR data for particle size ratio 2.1

In each case with the data plotted as straight vatid any comparison between
the behavior of the,gx and g, are very difficult due to the gap between the daie the

differing start and end points. In the VRR chartsoaparison is far simpler. One can
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readily see that due to mixing the void ratios dase (as we saw before) but the relative
nature of change is now clear.

It is apparent that the minimums are more sharpfindd in the VRR plots and it
is clear that at a level of approximately 60% seraparticles there is a change in the
behavior of the materials. At amounts of smallettiples greater than 60% the volume
reduction due to mixing is virtually identical footh the g, and @,ax cases. For all other
amounts of smaller particles the volume reduct®rsignificantly greater for the,g
case. The difference appears greatest at appradyn% smaller particles.

Utilizing this new approach we can reexamine th@a daross the range of particle

size ratios:
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Figure 4.9 VRR data for.gxand n

Plotting this data in this framework and on the sataled axes allows a number

of additional observations:

69



* The intermediate size ratio, which is closer to ¢hse with size ratio 2.1,
now tracks more closely with the 2.1 case. Thimm@e reflective of the
true material behavior.

* The lowest values for the,g case is further left and more angled than for
the gnaxcase.

e The minimum void ratio case (maximum density) iguably more

sensitive to mixing as the size ratio increases.

4.2.6.4.Correlating @in t0 €nax

The limiting void ratios are sometimes expresserhtiss of one another. This is
usually done to fit a correlation, and presumaldydetermine both limits by only
performing a single test.

The relationship betweenng and @ax for all of the mixtures tested is shown

below:
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Figure 4.10 Correlations betweep.gand @n

As can be seen in Figure 4.1Qy,e= 0.6662g.x (correlation fitted assuming the
origin to be a point). This correlation is very quemable to other published data sets as

summarized by Thomas (1997) and shown in Figuré Below. The dashed blue line in
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Figure 4.11 is the best-fit line from Figure 4.¥@hile the fit is reasonable for the data in
aggregate the upper part of Figure 4.10 indicatas there is a definite pattern to the

variation in this ratio. The ratio between the exgjve void ratios can differ by as much

as 67% from the mean.

1 .E ] L L T
Alyanak — @pn = 0.679 eng (I = 95.5%)
De Jasger eqn = 0.676 Emay ff =91.6%)
12} Youd Emin = 0.556 By, (I = 96.3%) . _j
Others e, =0.621 8,4 (I = 86.8%)
=
Fo8 L- .
Fractions
0.4 - & Alyanak (1961) |
ST O De Jasger (1991)
| /,-f_-‘_'.’- 0 Youd (1973)
ol
4‘-44 < * Other sands
0.0 = = L 1 — 1 i
00 0.4 0.8 1.2 1.6 2.0
ema:

Figure 4.11 Literature correlations betwegg@nd &, (Thomas, 1997)

4.2.6.5.Comparison with source sands

The sands tested were scalped from different saaods so it will be beneficial
to examine how the scalped portions compare tesdhece sands. The scalped sands by

design have a narrower range of particle sizesepteend this should be reflected in the

limiting void ratio data.

Table 4.1 Comparison with source sands

Ottawa A.F.S.
20/30 20/25 50/70 50/60 F-110 100/140
€min 0.502 0.529 0.612 0.604 0.535 0.636
€max 0.741 0.767 0.861 0.857 0.848 0.899
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Table 4.1 indicates how the minimum and maximundvatios have changed as
a result of the scalping. For the cases of thew2tt20/30 and the F-110 sands, when the
scalped fractions were tested both the limitingdveoatios showed increases, quite
noticeable was the large increase in the minimund vatio for F-110. This general
behavior was expected due to the decrease in thiéalble particle sizes (and hence a

decrease in . In contrast, A.F.S. 50/70, when scalped, shovesg slight decreases.

4.2.7. Segregation Tests

The results of the segregation testing are showowbi@ Figure 4.12. Three trials
were conducted and each is shown in a differemdrdnlthe figure. The mass percentage
of finer particles is shown for each of the excaddayers. For reference, the dashed blue
line indicates where the data points would plot domixture with a perfectly uniform

spatial distribution of each component.
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Figure 4.12 Segregation Testing

Figure 4.12 shows that Layer 4, the bottom layent@ins a lower average
percentage (37%) of finer particles than would kgeeted. Layer 3, immediately above
layer 4, shows a slightly higher average percentdg®) of finer particles than would be
expected. The upper two layers, layers 1 and 2yshxercentages of finer particles of
40% and 41%, respectively.

These numbers indicate that segregation is nogmifisant factor during the
limiting void ratio tests. The deviation from theference of 40% is at most 3% (layer 4).

This is, however, a repeatable deviation, as idenged by the cluster of data points in
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layer 4. The reason for the decrease in the pexgentf finer particles in this lowest
layer is due to the method by which the partickesiaitially placed in the pipe (the pipe-
pullout method was used for the maximum void r&isting). The mixture of particles
was poured from a container into the pipe, withr@pcheight approximately equal to the
height of the pipe used. As the particles moverajadhe sides of the container and out of
it, the small and large particles partially separatith the larger particles rising to the
surface and being the first to exit the contained &all into the pipe. This leads to the
larger percentage of larger particles in the lowager. This effect was mitigated by
disturbing the flow of particles, just before thexited the container.

Segregation for the mixtures with P.S.R. 2.1 ar®li®.not expected to be as
significant an effect as it is for the P.S.R. 6.iktare, which itself has been shown to be
of negligible effect. These findings, however, ddicate that there may be a very minor

overestimate of VRR, since the assumption of homeigis not strictly valid.
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4.3. Shear Strength

4.3.1. Introduction

When one considers the shear strength of a pateuhaterial at the particle
level, one identifies a number of factors thatahcurrently, and to varying degrees,
contribute to the overall strength. These factoes amongst others; interparticle friction,
dilatancy, particle geometry and rolling frustratiGGantamarina, 2001). Which of these
factors are being affected most significantly bg thinary nature of the mixtures is an
important consideration. Due to the choice of gt used in this study the influence of
interparticle friction and particle geometry haweh minimized. In this next part of the
study, the focus will be on how the particle siaia and percentage of finer material
influences the peak and large displacement streraghvell as the dilatancy.

As well as being of interest in and of itself, thesults of the direct shear
experiments will be very helpful in understandimg tresults from the interface shear

tests.

4.3.2. General discussion on direct shear testing

The direct shear test is arguably the oldest angplsst test for measuring the
shear strength of soils — this has both advantagéslisadvantages. For detailed reviews
of the history and current state of the art of dilghear testing please refer to Lings and
Dietz (2004).

The primary reason for selecting the direct sheat was because it is most
directly relatable to the interface shear testddooted as part of this study. It is of vital
importance that the results from the two differegdts be compared and contrasted and

this was most easily achieved by using the direeaistest.
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4.3.3. Results

The data from the direct shear tests is presentdtkitables below:

Table 4.2 Direct Shear Test Data for P.S.R. 2.1

PSR.21

Test Normal Relative Peak Large Disp.

20/25 50/60 100/140 Reference Stress Density Friction Friction
[kPa] [%] Coeff. Coeff.

50/60_50 50 84 0.819 0.586

0 100 0 50/60_100 100 81 0.732 0.604
50/60_300 300 80 0.632 0.582

50/60 500 500 81 0.648 0.573

21 20 50 50 83 0.743 0.586

0 80 20 21 20 100 100 84 0.733 0.573
21 20 300 300 82 0.633 0.550

21 20 500 500 85 0.598 0.514

21 40 50 50 83 0.715 0.533

0 60 40 21 40_100 100 81 0.715 0.579
21 40_300 300 82 0.645 0.549

21 40 500 500 84 0.606 0.525

21 60_50 50 81 0.771 0.593

0 20 60 21 60_100 100 85 0.716 0.582
21 60_300 300 85 0.663 0.582

21 60_500 500 84 0.614 0.551

21 80_50 50 80 0.693 0.566

0 20 80 21 80_100 100 82 0.625 0.581
21 80_300 300 81 0.616 0.592

21 80 500 500 83 0.612 0.549

100/140_50 50 80 0.721 0.624

0 0 100 100/140_100 100 83 0.651 0.609
100/140_300 300 84 0.637 0.627

100/140 500 500 82 0.631 0.627
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Table 4.3 Direct Shear Test Data for P.S.R. 2.8

P.S.R.2.8

Test Normal Relative Peak Large Disp.
20/25 50/60 100/140 Reference Stress Density Friction Friction
[kPa] [%0] Coeff. Coeff.
20/25_50 50 81 0.662 0.530
100 0 0 20/25_100 100 85 0.680 0.503
20/25_300 300 82 0.607 0.533
20/25_500 500 82 0.618 0.495
28 _20_50 50 81 0.720 0.508
80 20 0 28 _20_100 100 85 0.700 0.502
28_20_300 300 84 0.696 0.520
28 _20_500 500 80 0.688 0.526
28 _40_50 50 82 0.796 0.610
60 40 0 28_40_100 100 85 0.754 0.589
28 _40_300 300 83 0.716 0.573
28_40_500 500 85 0.625 0.548
28 60_50 50 82 0.812 0.586
40 60 0 28 60_100 100 84 0.730 0.579
28 60_300 300 83 0.701 0.595
28 60_500 500 85 0.666 0.611
28 80_50 50 80 0.803 0.620
20 80 0 28 80_100 100 85 0.754 0.624
28 80_300 300 80 0.661 0.628
28 80_500 500 83 0.646 0.640
50/60_50 50 84 0.819 0.586
0 100 0 50/60_100 100 81 0.732 0.604
50/60_300 300 80 0.632 0.582
50/60_500 500 81 0.648 0.573
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Table 4.4 Direct Shear Test Data for P.S.R. 6.1

P.S.R.6.1

Test Normal Relative Peak Large Disp.

20/25 50/60 100/140 Reference Stress Density Friction Friction
[kPa] [%0] Coeff. Coeff.

20/25_50 50 81 0.662 0.530

100 0 20/25_100 100 85 0.680 0.503
20/25_300 300 82 0.607 0.533

20/25_500 500 82 0.618 0.495

61_20_50 50 85 0.844 0.603

80 20 61_20_100 100 84 0.786 0.544
61_20_300 300 84 0.715 0.522

61 _20_500 500 84 0.695 0.534

61_40_50 50 83 0.875 0.640

60 40 61_40_100 100 85 0.767 0.619
61_40_300 300 85 0.699 0.575

61_40_500 500 80 0.695 0.600

61 _60_50 50 84 0.714 0.549

40 60 61 _60_100 100 83 0.722 0.605
61_60_300 300 81 0.644 0.583

61 _60_500 500 81 0.571 0.523

61_80_50 50 85 0.630 0.519

20 80 61_80_100 100 81 0.631 0.548
61_80_300 300 85 0.601 0.539

61 _80_500 500 80 0.593 0.543

100/140_50 50 80 0.721 0.624

0 100 100/140_100 100 83 0.651 0.609
100/140_300 300 84 0.637 0.627

100/140_500 500 82 0.631 0.627
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Typical data from the direct shear tests is shoelnw:

PSR 2.8 40% Fines
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Figure 4.13 Typical direct shear data

A number of observations are made with respedidctress-strain plot:
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Peak strength is dependent on the normal stresgshésiormal stress
increases the peak strength decreases. The namess svas varied from
50 kPa to 500 kPa and in this case the peak amdlietoon is observed to
vary from 32 degrees to 38.5 degrees.

The strength at large displacement is very weadklgt all, dependent on
the normal stress level. This indicates that thgelalisplacement strength
does not reflect the normal stress level, but othe particle
characteristics.

The strain to peak strength increases with incngasormal stress.

The shape of the stress-strain curve changes watinal stress. The
flattening of the peak occurs with the increas@anmmal stress, reflecting
the suppression of the dilative tendency of thegseliom to dense sand

specimens.

One can also make a number of observations from plo¢ of vertical

displacement:

At low normal stresses (50 and 100 kPa) the santesot contract, but
did subsequently dilate (reflecting the mediumeask packing of the soil
specimens).

At higher normal stresses (300 and 500 kPa) theplesmminitially
contracted, and then dilated.

In all cases, after some strain the samples shesdrednearly constant
volume (or constant void ratio) reflecting the fatmon of a fully

mobilized zone of shear failure in the center ef sample.
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* Anincrease in the normal stress resulted in aragspon of the dilation.
Using the type of data shown above the relationdleppveen peak shear stress

and normal stress can be plotted in order to catleuhn overall friction angle for the

specimen.
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Figure 4.14 Direct shear friction angle calculation

In the figure above, a straight line has beenditteough the data points and the
origin. One can confidently use the origin as aanpon this line since the frictional basis
for the shear strength of soils implies that abzaesrmal stress the shear strength will be
zero. Note that this may not be the case for sématsare cemented or have some fluid
present. The slope of this line defines the peakeaof friction, which is 33.1 degrees.

A measure of the goodness of the fit of this mockh be provided by the
coefficient of determination, RIn this case R= 0.9851, indicating a good fit to the data.

Although the high Rvalue in this case is somewhat misleading, givenfact that we

82



have already observed that the strength is strepsndlent. If one calculates the peak

friction angle for each of the four normal stresglbe following are the results:

Table 4.5 Peak friction angles at different norstedss levels

Normal Stress (kPa) Peak Shear Stress (kPa) Peaki€ion Angle
50 39.8 38.5
100 75.4 37.0
300 214.9 35.6
500 312.4 32.0
Linear Regression 33.1

One can immediately observe that the overall oragye peak friction angle
determined from the linear regression does not rately reflect the soil behavior,
despite the high Rvalue. This is due to the low number of data poamd the fact that
the data point for the 500 kPa normal stress hdis@oportionately large effect on the
slope of the regression line due to it being thethiest from the origin (which acts as a
kind of pivot point).

The data from the direct shear tests is presemted here on in summary form.
The peak effective shear stress ratios were cadzlilbased on the recorded horizontal
and vertical load data and the large displacemehteg were obtained from an average
over the region of the curve where shearing coetinat a constant volume and at a
constant shear stress.

The plot below shows the boundaries of the peadngth envelope for all soil
mixtures tested, excluding the uniform soils. Thefarm soils are plotted as orange
points on the same plot. The upper blue line reprssa peak friction angle of 35.2

degrees while the red lower bound represents afpetikn angle of 30.1 degrees.
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Figure 4.15 Peak Strength Envelope

From the plot it can be seen that at low normassies the uniform soils plot
slightly above or very close to the upper boundérgicating that compared to the soil
mixtures, the uniform soils have relatively highpak friction angles. At high normal
stresses the uniform soils plot towards the middléower bound, indicating relatively
lower peak friction angles.

From this overview of the data it may be inferrbédttuniform soils are more
sensitive to the effect of normal stress on peangth than mixed soils.

A similar plot can be drawn for the large displaeetnstrength, as is shown

below:
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Large Displacement Strength Envelope of All Sands
400 : ‘ ‘ ‘
‘< 300 ,,,,,,,,,,,,,3,,,,,,,,,,,,3,,,,,,,,,,,,3,,,,,,,,,,,,3, ,,,,,,,,,,, T
< 1 1 1 1 *
; | | i - -7
— | | | |
% 200 A 1 1 " -7
® | | LY - - |
9 1 1 *> 1
(/) | | - - | |
% 100 : - : 1
(U N r-- - - = P R r-- - - - T T T T~ B I
= 1 - 1 1
-~ | I I
L= : : :
>
- | | | |
0 : : : :
0 100 200 300 400 500
Normal Stress [kPa]

Figure 4.16 Large Displacement Strength Envelope

It can be seen in the plot above that for the latigplacement strengths, two of
the uniform soils bracket the envelope, while thiedtlies in the center of the envelope.
The upper bound is mirrored by the 100/140 soillevtiie lower bound by the 20/25 soil.
This indicates a size and/or shape effect on tige ldisplacement strengths.

The most rounded of the particles is the 20/25targlcorresponds to the lowest
large displacement friction angles. The most angafathe particles, though still only
mildly sub-angular, is the 100/140 which shows ldrgest large displacement friction
angles.

Uniform soils are thus seen to bound the largelatgment friction angles which
is not the case for the peak friction angles.

The upper bound corresponds to a friction angl82% degrees and the lower

bound to 27.3 degrees. These angles are clearbr Ithan the peak friction angles, with
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both bounds shifting by the same amount of 2.7ekyrThe internal range of each of the
envelopes is thus also the same, at 5.2 degrees.

This leads to an important observation: the eftd@cthe particle mixing on the
peak friction angles is greater than the effedflizftancy (the portion of strength greater
than the critical state). This is true by a factbalmost two.

To summarize, the effect of mixing is indicatedthg internal range of the peak
strength envelope. This range is approximately 8egrees. The dilatancy effect
(difference between the peak and large displacemahies) is approximately 2.7
degrees. This indicates that the mixing charadiesidiave the potential to be almost
twice as significant as the effect of dilatancy floe binary mixtures studied between 50
and 500 kPa.

A further examination of the peak effective strest® is shown below:
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Figure 4.17 Peak Effective Stress Ratio
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The plots above show the peak effective stress fatieach particle size ratio and
mixture percentage for all four normal stresse® filowing observations can be made:
* Lower normal stresses lead to consistently grgmak stress ratios
* In the case of the PSR’s of 2.1 and 2.8 the rarigaloes for the peak
ratio is very much in line with the bounding valuesO and 100%. The
values are not perfectly linearly varying, but theare no particularly
strong trends in the data.
* Inthe case of PSR 6.1 there is a very clear paittethe data.
o Note that the starting and ending ratios (at 0 400%) are
approximately the same.
0 The intermediate values (at some ratio of finecdaarse material)
the peak ratio is generally higher than at the blaves.
o Peak ratios are found at approximately 30% to 400%direr
material
o0 Peak ratios decrease to approximately 80% finetecn
0 Stress ratio at 20% finer particles is always gretitan at 0% finer
particles.
o The trend is more pronounced for lower normal stiedues.
Note that this pattern is also reflected in theadadbm Vallejo (2001) in Figure
4.18, albeit to a greater extent. The data fromeéyal2001) is however based on
measurements performed where the size of the dewic&ining the particles is
only 12.7 times larger than the diameter of thegdat particles. The large

difference between the 0% and 100% cases in thia dannot readily be

88



explained since glass beads were used for thisy stetiberately to reduce the
influence of particle shape and mineralogy. The-biae effect appears to have

been ignored in the study but it is thought to @agignificant role.
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Figure 4.18 Peak shear strength of a binary mixiviadiejo, 2001)

It is important to note that the large displacenfetion angle is not strictly the
same as the critical state value. Lings and Dizi94) have shown that the critical state
friction angle and the large displacement fricteomgle as measured in direct shear are
related by the expression:

tano, = sino_,,
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The large-displacement effective stress ratiosgaaphed in Figure 4.19 below

for each particle size ratio.

Large Displacement Effective Stress Ratio PSR 2.1
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Figure 4.19 Large Displacement Effective StressaRat
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Figure 4.19 shows no clear trend across all ofinlagerials tested. For the P.S.R.
2.1 material the large displacement stress ratjgeays to remain relatively constant
across the range of mixture proportions and nostrakses tested. In this case, the stress
ratio is slightly increased at the 0 and 100% caselicating that uniform sands have a
greater large displacement strength.

For the P.S.R. 2.8 case a more clear trend is eidéhe trend is one of
increasing large displacement stress ratio witinareasing percentage of finer material
in the mixture.

For the P.S.R. 6.1 case, a peak is evident in ltfteap the 40% mark, indicating
that the large displacement stress ratio is thatgse when 40% of the total mixture is
made up of the smaller particles. This trend ishmtvever present in the other two cases
examined.

An alternative way to examine this data is to pnéseas a friction angle plotted
against the percentage of finer material. In tHeWong graphs, Figure 4.20and Figure

4.21, the data is grouped into four charts by nbstrass.
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Large Displacement Friction Angle (300 kPa)
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Viewing the same data in this manner it is obsethad across all materials and
normal stresses tested the total range of theiddtam approximately 26.5 degrees to
32.5 degrees, a range of 6 degrees. No obvioudsemerge from the data, however.

Since the large displacement friction angle is @zl to be relatively
independent of the normal stress applied, the tianian the large displacement friction
angle is due to a combination of the changing ef itaterial (particle size ratio and
mixture percentages) and inherent variability ipexxmental soil testing.

The dilation of the samples is indicated by thdedénce between the peak and
large displacement values. Taylor’s flow rule (Tayl1948) has been adopted since it
was originally developed for direct shear testi@her flow rules have also been
proposed for sands, notable by Rowe (1962) andoBq(1986), but these were both
formulated using plane strain parameters. Jewé&Bd) reports that the differences
between these different flow rules is only relevaintarge dilation angles.

Taylor’s relationship is expressed as:
tano, = tang, + tany
where: 0 p = peak friction angle
0 g = friction angle measured at large displacement
Yp = peak dilation angle
The dilatancy effect can thus be explored as atim®f the normal stress and
mixture characteristics (particle size ratio anttpatage of finer material).

As was seen above, only the PSR 6.1 mixture sh@asttbng trend in relation to

the percentage of finer material.
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Tabulating the dilation angle data using Taylogtationship gives the following
results for the P.S.R. 6.1 mixture, as shown inl@dl6. For a given mixture percentage,
the column on the far right gives the range inrtreasured dilation angles across the full
range of normal stress tested (50 to 500 kPa)akpven normal stress, the bottom-most

row gives the range in the measured dilation aagtess all the mixtures tested.

Table 4.6 Dilation Angles for P.S.R. 6.1

% Finer 50kPa  100kPa  300kPa 500 kPa| 1ange

Material acrosson,
0 75 10.0 4.2 7.0 5.82
20 13.6 13.6 10.9 9.2 4.44
40 13.2 8.4 7.1 5.4 7.82
60 9.3 6.7 35 2.8 6.59
80 6.4 4.7 3.5 2.8 3.52
100 55 2.4 05 0.2 5.31

Range across| g o3 11.17 10.39 8.93
% finer

From Table 4.6 it can be observed that for a pagramixture ratio the maximum
range for the dilation angle is 7.8 degrees (fdxo4ther content) across the full range of
normal stresses tested. It is noteworthy that fgr @articular normal stress, the range of
dilation angle across the range of mixture ratsoalways greater than 7.8 degrees, with a
maximum of 11.2 degrees.

For the materials and normal stress conditionededhe mixture ratio plays a
larger role in determining the dilation angle titae normal stress, which varied by one
order of magnitude.. This is a clear indicatiorttw# role that the mixture characteristics

can have on the strength of binary mixtures.
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Figure 4.22 shows graphically how the dilation anghries with the percentage

of finer material. Data is plotted in a differemi@r for each normal stress tested.
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Figure 4.22 Dilation Angle for PSR 6.1
As can be seen in Figure 4.22, the dilation anigbevs a significant decrease with
an increasing percentage of finer material from 20%ough to 100%. There is an
increase in the dilation angle from 0% to 20% fiparticles. This trend is pronounced
for all stress levels.
It is interesting to note that the dilation angleaks, for all cases, when the

mixture percentage of finer particles is 20%.

4.4. Conclusions

* The minimum void ratio for a particle mixture ocswat a mixture ratio of

between 25% and 35% finer particles by mass.
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The greater the patrticle size ratio the lower th@ant of finer material is
required to obtain the minimum void ratio.

The lowest value for the maximum void ratio occatrs mixture ratio of
approximately 38%.

This value does not vary as the particle size naiges and is also greater
than observed for the minimum void ratio case.

A new parameter, VRR, was developed to isolateeffect of mixing on
the packing of particle mixtures.

Using VRR, it is clear that for the minimum voidticacase the largest
reduction in void ratio due to mixing occurs fotioa of finer material
between 30% and 40%. The data shows that for Igrgeticle size ratios
the amount of finer material to have an equivaddfect is lower.

For the maximum void ratio case, the amount ofrfmaterial required to
exhibit the largest decrease in void ratio due teing is independent of
particle size ratio and occurs at approximately 46@4iner material by
mass.

Divergence in the VRR between the minimum and maxmvoid ratio
cases occurs for all particle size ratios at appmately 60% finer
particles by mass.

Mixing two particles together in ratios of greatlkan approximately 60%
finer particles does not alter the way in which gaticles pack together.
At any ratio greater than 60% the packing structareains essentially the

same. Note that coordination number and void rdtochange, but the
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presence of the larger particles does not altemtiyein which the smaller
particles are arranged.

At mixture ratios less than approximately 60% thisreot an interaction
effect between the different sized particles.

The relationship between emin and emax is not eomsbut varies as a
function of both the particle size ratio and mietwatio. This emin/emax
relationship is particularly sensitive at low contations of finer particles
and higher patrticle size ratios.

The emin/emax ratio becomes substantially lessenited by particle size
ratio when the amount of finer material reaches 50%

Segregation between the two different componentsgldimiting void
ratio tests was minimal. Some minor segregatioruwed in the lowest
layers of particles as a result of the manner inciwhhe particles were
initially placed inside the pipe. The minor degiesegregation is not
expected to influence the results in a meaningfay.w

The large displacement strength of mixtures is kednby the large
displacement strength of the uniform soils.

Peak strengths of mixtures are not similarly boahlg uniform soils. In
this case, the strengths of uniform soils form gpear bound at low
normal stresses while at higher normal stresseg tied towards the
bottom of the peak strength envelope.

Large displacement friction angles vary from apprately 26.5 to 32.5

degrees across the entire range of materials andahstresses tested.
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This range reflects the changes in the material$erms of particle size
ratio and mixture proportions, as well as inherermriability in
experimental soil testing. No significant trendseeged from the data set.
The dilatancy angle is significantly affected bg thixture ratio. A change
from 20% to 100% finer particles shows a decreasthe dilation angle.
The dilation angle increases from 0% to 20% ofrfimaterial.

The peak dilation angle is found at a 20% mixtugecpntage.

For the materials tested, the mixture percentaggsph more dominant

role than the applied normal stressing determittiegdilation angle.
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5. INTERFACE SHEAR BEHAVIOR OF BINARY PARTICLE MIXTURE S

WITH SMOOTH COUNTERFACES

5.1. Introduction

In this chapter the interaction between particslaBnd smooth counterface
surfaces will be investigated. The shear mechanamsinterface shear behavior of soils
in contact with smooth counterfaces are of intetesgeotechnical engineers as these
types of materials are commonly found in geoteddngystems and structures. In
particular, the use of smooth geosynthetic memlsrasewidespread in containment
applications. Smooth high-density polyethylene (HHPRvas selected for study as it is
widely used in such field applications and previgusublished data is available for
comparison. The interface shear strength for thégenal in contact with a range of
different soils will be examined. In particular,ethnterface shear strength of binary
particle mixtures will be evaluated in contrast ttat of the individual constituent
materials.

This chapter is comprised of several sections.fifeesection presents the results
of the experimental study into the interface ststgength of particles in contact with a
smooth HDPE surface. Both uniform sands and partitktures will be considered. The
second section presents the results of a surfaufdopnetry evaluation of the HDPE
surfaces before and after shearing.

In order to fully explore and understand the resyltesented in the first two
sections, an interpretation of the results on ttedesof the particle contacts is required.
Since the measurements presented in the firsosestere global values measured on the

boundaries of the soil specimens it is necessamglaie these global measurements to
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phenomena occurring on the scale of the partiaitamd. The surface profilometry results
give micro-scale insight into the particle-membrameractions. Particle scale analysis
will be presented in the third main section of ttleapter where analytical models
describing the contact conditions will be used.rfeforeview of key concepts relating to
contact mechanics and friction introduces thisdtlsiection. The development of models
to predict the friction coefficient for both uniforsands and binary mixtures will then be

presented.

5.2. Interface Shear Tests with Smooth HDPE

As outlined in Chapter 3, a series of interfaceastiests were performed using
smooth HDPE as the counterface material and a rahdédferent particulate materials.

Results are presented and discussed in subseaotions.

5.2.1. Interface Shear Results of Uniform Sands

Figure 5.1 shows the stress ratio - displacememtarese of various uniform sands
sheared against a smooth HDPE counterface as medasaing the modular interface
shear device. The graphs show how the stress(ed$io termed the “friction coefficient”)
varies with shear displacement. The particles ahexd the three graphs differ principally
in size. Each series of tests presented on a sgngfgh covers the same range of normal
stresses, from 50 kPa to 500 kPa. The particlegerandiameter from 0.78mm (20/25) to

0.13mm (100/140) with the intermediate diameten@&.28mm (50/60).
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It can be seen in Figure 5.1 how the friction coedht initially increases rapidly
to a peak value before decreasing post-peak ttaivedy constant value. This constant
value is referred to as the post-peak strengthcalsbe seen in Figure 5.1, an increase in
the normal stress causes a decrease in both the gmeh post-peak interface shear
strengths. This is further shown in the summaryspbeelow (Figure 5.2 and Figure 5.3).
Minor variations in trends are attributed to minariations in specimen density.

The increased variability evident in the 50 kPatplo Figure 5.1 is due to the
slight variation in the applied normal stress whictlatively speaking, manifests as a
larger variability for the lower normal stressasFigure 5.1 (b) the plots for 100 kPa and
300 kPa are almost coincidental with one anothé&is Ts most likely due to minor
variations in the relative density of the prepaspécimens. In this particular case, the
relative density of the 300 kPa specimen was gréhss that of the 100 kPa specimen,
thereby yielding plots that exhibit similar coefént of frictions. The 100 kPa plot in
Figure 5.1 (c) is truncated due to an incorredirsggion the contact switch determining
the length of the test. This error does not aféegt other part of the test and occurs at a
point in the test where significant additional @ion in the friction coefficient is not
expected.

The generally decreasing trend of the peak frichoefficient can be seen in
Figure 5.2 where the peak interface friction caafiits decrease from approximately
0.47 at 50 kPa to 0.34 at 500 kPa. These valugsspond to interface friction angles of
approximately 19 to 25 degrees. As expected, thakees are somewhat lower than the
values one would expect for these same soils testddr direct shear conditions since

the internal friction angle of the soil is the upfieit to what would be measured in an
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interface shear device. The smooth HDPE countedaes not mobilize the full internal
friction of the soil and thus the measured intezfabear strength in this case is less than
the internal shear strength of the soil. The valimesthe post-peak interface friction
coefficient, as presented in Figure 5.3, range fapproximately 0.30 at 50 kPa to 0.19 at
500 kPa. These values correspond to interfacednicngles of between approximately
10 and 17 degrees.

It is interesting to note that the difference betwéhe average peak and post-peak
friction angles is approximately 9.6 degrees akB@ and 8.5 degrees at 500 kPa. From a
traditional soil mechanics perspective this is adurprising result since the difference
between the peak and post-peak strengths woulda@bnbe expected to decrease with
an increase in the normal stress. This is duedgtienomenon of dilation (for a dense
specimen) and the fact that at increasing normmaksés the dilation can be suppressed.
The mechanisms in this case are, however, differedtan explanation should not purely

be made based on the traditional soil mechaniesgrétation.
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Figure 5.3 Post-Peak Friction Coefficient for UmifoSoils
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The decrease in the friction coefficient seen guFe 5.2 and Figure 5.3 indicates
that the true contact area between the particles the surface (the seat of shear
resistance) is increasing at a rate less than thmal stress. The ratio between the
horizontal and vertical stresses thus decreasds awitincreasing normal stress. This
decrease is consistent across the entire rangeomfhah stress tested. This type of
behavior is consistent with expectations and hae &ken noted by Archard (1957),
Dove (1999) and Iscimen (2004), amongst others.

In Figure 5.2 and Figure 5.3 it can also be olestithat the particle size does not
have a primary role in controlling the friction ¢beent. This is evidenced by the
relatively close clusters of data points at eactmab stress value. Some of the particles
differ in size by more than a factor of 6 and yasiclearly seen that the level of normal
stress is the controlling factor, not the absolpdgticle size. This is a very important
observation and will be related to the contact raads of the situation later in the
chapter. Since the absolute particle size doehand a controlling effect on the friction
coefficients an average friction coefficient canthken at each stress level with a degree
of confidence.

Given that the particles do differ in size by atémcof 6 and that the same shear
box is used for all of the tests, the issue of Isme relative to particle size arises.
However, this is not considered to be a significkadtor since even for the largest
particle size the smallest dimension of the reatéargshear box is more than 80 times
greater than the particle diameter. As a pointedénence, ASTM D3080-03 (Standard

Test Method for Direct Shear Test of Soils underngant Drained Conditions)
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prescribes that the minimum width of the shear benly at least 10 times greater than
the largest particle diameter.
The comparison between the peak and post-pealofricbefficients is shown in

Figure 5.4 below.

Comparison of Average Friction Coefficients for Uniform Soils
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Figure 5.4 Average Friction Coefficients for UniioiSoils

The effect of particle size on the interface shiealnavior can be investigated
further by using the same data set but presentiaglata in alternative formats.

Figure 5.5 presents four graphs, one for each lef/&lormal stress tested. On
each graph the response of the three differentl paeticles can be compared. All of the
data is for uniform sands.

It can be see in Figure 5.5 that the particle dzes not have a large effect on the
coefficient of friction. However, a closer examioat of the peak and post-peak values

show some interesting trends.
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At the lowest normal stress level of 50 kPa, thealkst particles showed the
highest peak strength with the largest particlesnging the lowest peak strength. The
largest particles also showed the lowest post-g&akgth.

In contrast, at the highest normal stress levelete®f 500 kPa, the largest
particles showed the highest peak strength witrsthallest particles showing the lowest
peak strength. In all cases, however, the largasicfes (20/25) showed the lowest post-
peak friction coefficients. This suggests that tmechanisms responsible for the friction

coefficient are different at the peak state anthafpost-peak state.
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It is hereby postulated, based on these obsergéind knowledge of the patrticle
shape and sizes, that the post-peak strength domiaantly controlled by the particle
shape. The largest particles, in all cases, exdulitte lowest strength which corresponds
well to them being the roundest of all the parscle

The peak strength is likely controlled by the ioat conditions that exist just
prior to shearing, and will depend on the true aoharea between the particles and the

surface.

5.2.2. Interface Shear Behavior of Particle Mixtures

Interface shear tests, as have been presented,alexe also carried out with
particle mixtures with 20%, 40% and 70% of smafiarticles. The tests were performed
in an identical manner to the tests performed whih monosized particles. Tests were
performed at normal stresses of 50, 100, 300 afdkB@ and each of the three particle
size ratios was tested at each of the mixture ptims.

The results of the tests are shown below in FiguBe Figure 5.7 and Figure 5.8.
Each figure shows the friction coefficient varyingth shear displacement for four
different normal stresses and at five differenttoni& proportion ratios (0, 20, 40, 70 and
100% of smaller particles).

The variation of the peak friction coefficient withormal stress is shown in
Figure 5.9 and the post-peak friction coefficieats shown in Figure 5.10. The figures
present data for the three different particle set@os and provides a comparison to the
average peak friction coefficient for uniform soilhe dashed blue line is the trend line
through the data for the uniform soils (data pomt$ shown). The dashed red line is a

trend line through the shown data points (for timauty mixtures).
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The compete data set for both the uniform sandsthedparticle mixtures in

contact with smooth geomembrane is shown in thiesdielow:

Table 5.1 Interface Shear Test Data for P.S.R. 2.1

Normal Relative Peak Iba};ge

20/25 50/60 100/140 Test Reference Stress Density Friction 15P-
[kPa] [%] Coeff, | FHetion

Coeff.

GM50/60_50 50 80 0.487 0.327
0 100 0 GM50/60_100 100 82 0.4956 0.252
GM50/60_300 300 82 0.420 0.245

GM50/60 500 500 85 0.339 0.189
GM_2.1 20 50 50 83 0.458 0.292
0 80 20 GM_2.1 20 100 100 81 0.357 0.271
GM_2.1 20 300 300 83 0.292 0.249
. GM 2.1 20 500 500 84 0.414 0.311
o GM_2.1 40 50 50 83 0.334 0.232
o 0 60 40 GM_ 2.1 40 100 100 84 0.319 0.24
0 GM_2.1 40 300 300 83 0.349 0.223
[} GM 2.1 40 500 500 81 0.432 0.296
GM_ 2.1 70 50 50 83 0.450 0.256
0 30 70 GM 2.1 70 100 100 82 0.391 0.236
GM_ 2.1 70 300 300 82 0.422 0.282
GM 2.1 70 500 500 84 0.386 0.225

GM100/140_50 50 80 0.511 0.292
0 0 100 GM100/140_100 100 84 0.472 0.272
GM100/140_300 300 85 0.380 0.235
GM100/140 500 500 81 0.302 0.220
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Table 5.2 Interface Shear Test Data for P.S.R. 2.8

Normal Relative Peak Iba};ge

20/25 50/60 100/140 Test Reference Stress Density Friction ISP
[kPa] [%] Coeff Friction

' Coeff.
GM20/25_50 50 81 0.422 0.264
100 0 0 GM20/25_100 100 81 0.435 0.222
GM20/25_300 300 83 0.373 0.193
GM20/25 500 500 84 0.375 0.181

GM_2.8 20 50 50 84 0.388 0.25
80 20 0 GM_2.8 20 10Q 100 80 0.369 0.237
GM_2.8 20 300 300 84 0.420 0.279
© GM_ 2.8 20 500 500 84 0.397 0.273
N GM_2.8 40 50 50 85 0.419 0.291
o 60 40 0 GM_2.8 40 _10Q 100 81 0.358 0.235
0 GM_2.8 40 300 300 85 0.383 0.243
o} GM 2.8 40 500 500 85 0.377 0.241
GM_2.8 70 50 50 80 0.470 0.372
30 70 0 GM_2.8 70 _10Q 100 84 0.434 0.268
GM_2.8 70 30Q 300 83 0.343 0.213
GM 2.8 70 500 500 80 0.378 0.233
GM50/60_50 50 80 0.487 0.327
0 100 0 GM50/60_100 100 82 0.4956 0.252
GM50/60_300 300 82 0.420 0.245
GM50/60 500 500 85 0.339 0.189

Table 5.3 Interface Shear Test Data for P.S.R. 6.1

Normal Relative Peak Iba};ge

20/25 50/60 100/140 Test Reference Stress Density Friction ISP
[kPa] [%] Coeff Friction

' Coeff.
GM20/25_50 50 81 0.422 0.264
100 0 0 GM20/25_100 100 81 0.435 0.222
GM20/25_300 300 83 0.373 0.193
GM20/25 500 500 84 0.375 0.181
GM_6.1 20 50 50 80 0.351 0.296
80 0 20 GM_6.1 20 100 100 81 0.326 0.250
GM_6.1 20 300 300 82 0.318 0.256
4 GM 6.1 20 500 500 80 0.393 0.282
< GM_6.1 40 50 50 81 0.404 0.302
o 60 0 40 GM_6.1 40 100 100 80 0.339 0.232
n GM_6.1_40 300 300 82 0.405 0.271
o GM 6.1 40 500 500 82 0.379 0.284
GM_6.1 70 50 50 85 0.399 0.321
30 0 70 GM 6.1 70 100 100 83 0.378 0.266
GM_6.1_70 300 300 83 0.404 0.260
GM 6.1 70 500 500 81 0.360 0.252
GM100/140_50 50 80 0.511 0.292
0 0 100 GM100/140_100 100 84 0.472 0.272
GM100/140_300 300 85 0.380 0.235
GM100/140 500 500 81 0.302 0.220
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In Figure 5.9 (c) it can be seen that for a mixtwith 70% smaller particles,
regardless of the particle size ratio, the mixtaces in a similar way to a uniform soil.
That is, the friction coefficient shows a consistéecrease with an increase in the normal
stress. For this case, the friction coefficientges from approximately 0.44 at 50 kPa to
0.38 at 500 kPa, equivalent to a change in fricaogle of approximately 3.5 degrees.
This can be compared to the values shown in Fi§u2ewhere for a uniform soil the
friction coefficient varies from approximately 0.4@ 0.34 (equivalent to a change of
approximately 7.5 degrees) over the same normgdstange.

The slight difference in the magnitude of the obedrbehavior between the
uniform and 70% mixtures is not believed to indécat fundamental difference in how
these two different materials behave. The 70% mixtehaves in essentially the same
manner as the uniform soil, within the scatter ibumthe data.

Referring again to Figure 5.9, it is observed tihat intermediate cases of 20%
and 40% smaller particles exhibit a different tygebehavior, with the peak coefficient
of friction reaching a minimum at some intermediatermal stress value before
increasing as the normal stress increases. TheoWwelan the curves occurs at
approximately 300 kPa for the 20% mixtures andpgr@ximately 100 kPa for the 40%
mixtures.

Figure 5.10 shows the results for the post-peakidn coefficient, and while the
values are less than the peak values, the graphs shbstantially similar trends to
Figure 5.9. For soil with 70% finer material, thehlavior is very similar to that of a

uniform sand. For the mixtures with 20% and 40%effimaterial present, an elbow
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occurs, as in Figure 5.9, with the elbow occurratca lower normal stress in the 40%
case.

It is clear from the figures above that the pagtiotixture proportions have an
effect on the friction coefficients while the abs@® particle size and particle size ratio
have only a secondary influence.

A similar finding was made for uniformly sized pealtés by Dove (1999) who
carried out similar experiments using smooth HDBEages and Ottawa 20/30 sanddD
of 0.72mm) which is very similar to the 20/25 sarsgd in the current study. A summary

of those results are shown below:

1.0 ———

—tanﬂ=H1'“1n;3.ﬂ-.g"'1 -1 4
N = 475000078 1
0y = 0002 P Total Friction = Sliding + Plowing
n=0.88
0.8 Kq = 0.02 (back analysis) 0.05 to 0.08°

i o l
Sliding

{compubed)

*Plewing Component Computed fram Equations 6 and 7

0 Large Displacament Device: Dgg = 0.7 mm, Oy = T4-82%
& Shear TracDevica: Dgg = 0.7 mm, Oy = 79-83% (wood aibstrate)

Faak Secant Friction Coefficiant (tan &)
L |
L

A Shear Trac Device: iFoer minforced plastic substraie) i
a1 B OrAourks et al, [1SEII:III|: D = 0.5 mem, Oy = 52*;31".-’- 'I
1 10 100 L]

Mormal Stress (kPa)
Figure 5.11 Peak Friction Coefficients (Dove, 1999)

The “elbow” in these results can clearly be seenaanormal stress of
approximately 60 kPa, slightly less than that obseérfor the 40% mixtures and

significantly less than that observed for the 20%tunes.
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Dove (1999) attributes the elbow to the existenicevo different regimes with
one dominating on either side of the elbow. At narsiresses less than approximately
60 kPa it is postulated that the predominant mddshearing is sliding and that adhesion
between the surface and real particle contact msreasponsible for the resistance to
movement. At higher normal stresses it is postdi#tat the load on the individual grains
becomes greater than the yield stress of the surfidas results in plastic indentation of
the surface by the particles which in turn leada fdowing mode of shear when relative
displacement occurs.

The experiments reported were for uniform particksging in size from 0.5 to
0.7mm and for relative densities ranging from 52988%. It was further reported that
the particle size (within the relatively narrow gentested) and the relative density
(across a fairly wide range) showed no effect entt&havior.

It can be observed in Figure 5.2 and Figure 5.8ttl@absolute particle size does
not play a large role in determining the behaviorthe current study either. The data
shows the same consistent trend even though thielpaiused vary in size from 0.13mm
to 0.78mm, a more than six-fold increase in size.

From Figure 5.9, however, it can be seen how tHeawer is affected by the
mixture ratio. The cause of this is not the faett ttifferent size particles are present (as
this would have manifest in the experiments regbneFigure 5.1) but rather it is the
way that the applied normal stress changes the eumnid type of particles in contact
with the surface as well as the load distributietw®en the contacting particles.

The mixture of 70% finer particles shows similarh&eor as the uniform

particulate material, indicating that at that rattee larger particles are not playing a large
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role in the interface shearing behavior, but ratrer surrounded by a matrix of smaller

particles and in a sense shielded from playinde ro

5.3. Surface Profilometry of Smooth HDPE

Stylus profilometry was used to determine the bstar surface profiles as well
as the reference baseline for the surfaces prishéaring. This allows for the change to
the surface as a result of the shearing actioheptrticles to be quantified. The amount
of wear on the surfaces can then be related top#réicle characteristics, surface
properties and test conditions. All profiles weeearded perpendicular to the shearing

direction and in accordance with the directionsestan Chapter 3.

5.3.1. Pre-Shear Profiles

The significant vertical exaggeration associatedhwhe plotting of surface
profile plots can lead to a distorted perspectinetite roughness (or smoothness) of a
surface. Figure 5.12 shows the same surface pi@filportions thereof) to illustrate this

and provide a sense of perspective on the surtaghness relative to the particle size.
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Figure 5.12 Pre-Shear Surface Profile at Variowsesc

In Figure 5.12 (a) the entire profile length is winoand all three particle sizes are
illustrated alongside, scaled in proportion to tiwizontal axis. In part (b) the same
particles are shown and in part (c) only the srstlté the particles (83 = 0.13mm) is

illustrated.
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The blue horizontal markers in parts (b) and (clidate the average roughness,
R., as measured for this surface, which is 1.5 %i®. The markers indicate half of the
average roughness distance on each side of theohtal axis.

Another observation is that the sampling interMaljam enables all the features
of the surface to be accurately captured. For stiaéeprofile in Figure 5.12 (c) is made

of 200 data points.

5.3.2. Post-Shear Profiles

Once shearing has taken place the coupons wereveehfoom the shear test
setup, brushed lightly with a soft-bristled paimtigh and re-profiled using the stylus
profilometer. A number of observations can be made:

* No particles adhered to or were otherwise “stucktie HDPE surface.
Some particles remained on the surface after tgrttie coupon upside
down, but none remained after a very light brushing

» The area where shearing had taken place on thacsumvas clearly
visible. In some cases (larger normal stresseskdrand grooves were
clearly seen with the naked eye and in other clsesnormal stresses)
there appeared to be a slight change in the way ligflected off the
surface. It was thus easy to determine where te thle post-shear
profiles.

* For these smooth HDPE surface there was a negligilminber of particles
that escaped out of the rear of the shear box gtesting, if any. This can

be a concern with rough surfaces but was not dmeinfe in these tests.

123



* No small particles or flakes of HDPE were obsert@ée mixed in with
the particles or laying on the surface of the caoupihis is a significant
observation as it indicates that no third partytipls are created as a
result of the particles plowing into the surfaceheTsurface material
appears to thus be plowed into grooves, but noaraggd into smaller
pieces. No smaller particles of HDPE thus have dantorporated into

modeling of the surface shearing process.

5.3.2.1.Post-Shearing Profiles: Uniform Sands
Figure 5.13, Figure 5.14 and Figure 5.15 show thet-phear surface profiles for

smooth HDPE surfaces after having been shearedumifiorm sands of mean particle
size 0.78, 0.28 and 0.13mm respectively. Profitessaown for each normal stress tested.
The vertical scale for each figure is the samelltwafor comparisons between
normal stresses to be made. In each figure the pagrghear baseline plot has been used
for comparison.
Figure 5.16 shows how the average roughness vairtasapplied normal stress

and patrticle size for uniform sands.
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Figure 5.16 Average Roughness after Shearing faloun Sands

As can be seen in Figure 5.13, Figure 5.14 andr€igul5 there is a clear
increase in induced surface roughness as normedssincreases. This is due to the
contacting particles being subject to an increasimogmal force which indents the
particles further into the surface. Upon shearthg,particles carve out more pronounced
grooves in the surface, which is reflected in thefifes.

Based on a visual assessment of the surface rosglioe the largest uniform
sand (Figure 5.13) it is seen that there is a ssglgniconsistent increase in roughness
with normal stress. For the smaller particles, mngiarticular for the smallest of the three
particles tested, the increase in surface roughsesscelerated at a normal stress of 300
kPa and larger. This is especially noticeable iguFé 5.15 where there is a very large
change in surface roughness from 100 kPa to 300 kRare 5.16 shows how, for

uniform particles, the average roughness of théaserprofiles increases as the normal
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stress increases. There is an insignificant changaughness from the pre-shear state to
a normal stress of 50 kPa. The roughness is old¢oviecrease when the normal stress
reaches 100 kPa, with the increase sustained thooighe range of normal stress tested.
The increase in induced roughness is observedcrease approximately linearly with
normal stress up to 500 kPa.

Figure 5.16 shows that the average roughness iddiwe to shearing of uniform
particles reaches a maximum value of approximatédy« 10°mm. This is approximately
5 times greater than the average roughness ofitti@ ynaterial. The increase in average
roughness is linearly proportional to the appliednmal stress over the range of stress
level and material properties tested.

The variation between the three different sizedisas not as great as the effect
of the applied normal stress. The difference betwibe particles may also be attributed
to the particle shape since the largest partiadleshee most rounded while the smallest of
the particles are the least rounded. The resuttsufidform sands suggest that particle
shape is a more useful predictor of induced roughitiean absolute particle size.

It is also noted that the smallest particle induttes greatest roughness change
and the largest particle the smallest amount omaess change. This likely reflects the
different number of particles present at the isteef The increased number of smaller
particles increase the average deviation from teamiine of the profile, resulting in an
increasing Ra value. To gain further insight irfte profile, the dominant wavelength (as
found by Fourier analysis of the profile), is pretsel in Figure 5.17 below plotted as a

function of the applied normal stress.
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Figure 5.17 Dominant wavelength in surface prdfiest-shear, uniform sands)

It can be seen in the above figure how the domimeaxelength is directly
influenced by the particle size. The other primalyservation is that the dominant
wavelength increases as the normal stress incre@dbes20/25 sand @9 = 0.78mm)
shows a dominant wavelength of 0.42 at 100 kPatlaaidincreases to 0.50 at 500 kPa.
The 50/60 sand (3 = 0.28mm) shows an increase from 0.10 to 0.22 diversame
normal stress range and the 100/140 sand £00.13mm) shows a very slight increase
from 0.12 to 0.14.

The shorter wavelength of the profiles created hgasing against the smaller
particles is clearly a result of the smaller péetisize. The increased Ra for the smaller
particles is thus a reflection of the increased bemof particles in contact with the

surface.
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The increase with normal stress is a result of ghdicles becoming further
embedded into the surface at higher normal stre§ges increases the contact radius
(amount of particle in contact with the surface)ahhin turn is reflected in an increase in

the dominant wavelength.

5.3.2.2.Post-Shearing Profiles: Particle Mixtures

The surface profile changes as a result of sheagagnst binary particle mixtures
will now be presented. Figure 5.18, Figure 5.19 &iglre 5.20 below show how the
surface profiles obtained after shearing at 500 ¢iange as a function of the mixture
proportions. Mixtures with 20%, 40% and 70% of fiparticles were tested. The other
normal stress values were also tested but onlptbi#es for 500 kPa will be presented.
The complete set of roughness data is subsequaethented in summary format.

Figure 5.21, Figure 5.22 and Figure 5.23 show Hmwalverage roughness various
with applied normal stress for the three differpatticle size ratio cases for the different

mixture proportions tested.
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Figure 5.18 Post-Shear Surface Profiles for P.8.Rat 500kPa
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Figure 5.23 Average Roughness after Shearing ®/R2 6.1 Mixture

In Figure 5.18, for a P.S.R. of 2.1, it is cleaattthe surface is most affected by
shearing when the mixture contains 20% and 40% fiaeticles. At a mixture ratio of
70% finer particles the induced roughness is mailyimmore than that at 100% finer
material, but significantly less than that at 40fef material.

Figure 5.19 shows the surface profiles for the R.8f 2.8. This is the mixture
with the two largest particle sizes mixed togeti@mparing the 0% and 100% finer
particle cases it is interesting to note that B@% case shows a greater degree of surface
texture than for the 0% case. The surface texturboth of these cases is, however,
visually less pronounced than the other three cdseontrast to the P.S.R. 2.1 case, the
roughness for the 70% mixture for P.S.R. 2.8 isceably greater than the uniform cases
for a P.S.R. of 2.8. It must be noted that the hibsdevel of texturing induced by the

P.S.R. 2.8 mixture is the greatest out of all thiested. This is despite that fact that the
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two component particles making up the P.S.R. 2X8ure are the most rounded of the
three components tested.

The final figure in this series, Figure 5.20, shaWws case of a mixture with a
P.S.R. of 6.1. The behavior is generally very samib the P.S.R. 2.8 case, with the 20%
mixture showing the greatest amount of texturimyjoived by the 40% mixture. In this
case, however, the 70% mixture shows less indueddring than the 100% case, which
had not been observed in any of the other mixtures.

Figure 5.21, Figure 5.22 and Figure 5.23 all shosinailar trend of increasing
roughness with an increase in the normal stregsthédinary mixture however there is a
clear size effect: the mixture comprised of th@édst absolute particle sizes exhibits the
largest increase in roughness. This is most apptoethe 20% and 40% mixtures.

For the P.S.R. 2.8 case the 0% mixture shows amced roughness of
approximately 4 times the virgin roughness wherasttt at 500 kPa. When just 20% of
the finer material is added the induced roughnesscases by a further 3.5 times, to
approximately 14 times greater than the virgin toweps. This is a very substantial
increase in induced roughness for a relatively bnohhnge in the particle size
distribution. The other mixtures (P.S.R. 2.1 arlj 6o not show such dramatic increases,
but in all cases the 20% mixture shows the greatgsacity to induce roughness at all

stress levels.

5.4. Contact Mechanics and Friction

In typical geotechnical scenarios, both in thedfia@nd in the laboratory, the
boundary forces and the global properties of theerreds are known. The mechanics of

what is happening right at the contact interfadsvben the soil particles and the surface
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is however not usually observed or measured dyrelcté to the difficulty in making such
measurements.

It is possible, however, to relate measurementsensdhe boundaries (macro-
scale, on the order of centimeters or larger) &libhavior at the interface (micro-scale,
on the order of microns) by using analytical modétsthis section a brief review of
fundamental aspects of friction and contact medsawill be presented, followed by the
development of a model to predict the friction d¢woefnt for sliding between a binary
particle mixture and a smooth surface. In this ygtodly dry surface friction will be
considered. Friction with hydrodynamic lubricatiomhere a lubricating fluid prevents

direct contact between the solid surfaces, willmmtonsidered.

5.4.1. Single Particle Contact Behavior (Hertzian Contact)

Hertz provided the first satisfactory analysis @intact stresses between two
elastic solids in 1882 (Johnson, 1985). Considersmooth spheres brought into contact
under an external force, the radius of the areaootact,a, is given in terms of the

applied load and material properties as:

a*= 2 (k + k) RW

where
1-v?
==
E
_ 2
k2:1 v,
E2
1 1 1
=4+ =
R R R
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Figure 5.24 lllustration of particle radius, R,datontact radius, a

The external applied force is W, and E are the Poisson ratio and Young's
modulus respectively where the subscripts denadalifierent surfaces in contact. R is
the effective radius of curvature. This theoryasidh under a number of assumptions:

* The surfaces are continuous and non-conforming
* The strains are small
» Each solid can be described as an elastic halfespac

For elastic contact between a single particle aschaoth flat surface, the value

of R, can be taken as infinite, hence R will be equaR{othe radius of the contacting

particle. The area of contact per partida., can be expressed as:

2
5At=n(D*R5V\I)3
where
.2 .2
D*=§ 1-v; +1 v2)
4 E  E

oW = Normal force per particle
The variation of contact area with normal force tiams be expressed in a more

general form as:
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2
SA, = KOW?

where

2

k=7(D R)®

This indicates that the contact area for a singlatgelastic contact is proportional
to the 2/3 power of the normal force. However, mrasiperity and plastic conditions can
also occur, both of which will result in the corttacea being directly proportional to the
normal force. Multi-asperity contact is an elagtiocess that results in an increasing
number of contacts between contacting surfaceBeasdrmal force is increased. A more
generalized relationship is given by Archard (19857)

OA, = kow"

Wherek is the friction factor and is the load index. The friction factor contains
information about the material properties and siz¢he particle while the load index
describes contact conditions, which could be aagt=2/3), fully plastic or multi-
asperity (n=1) or some value in between these dint load index of 2/3 implies a
decreasing friction coefficient with increasing mal load since the contact area
increases at a slower rate than the normal forceaél index of 1 implies a constant
friction coefficient.

Ludema (1996) reports that polymeric materials,hsas the one used in this
study, typically show elastic behavior. Dove (1996pws that for HDPE geomembranes
in contact with Ottawa 20/30 sand, the assumptiosingle point contact (as opposed to
multi-asperity contact) is appropriate at the scafemeasurement and observation

employed.

140



For the remainder of this study it will be assuntedt single point elastic
conditions occur at the contacts between partehessurfaces. While this is known to be
an approximation of the real contact conditionsggsth assumptions have a basis in
observations made by tribological researchers atfidallow for the development of a
model to predict the coefficient of friction forbanary mixture in contact with an HDPE
surface.

The frictional force, F, acting to retard relatilageral displacement between a
particle and it's contacting surface is governed tp main components. The first
component is an adhesion component and the sesoadpiowing component. The is

illustrated in Figure 5.25.

F'—

Ao k'

Adhesion Plowing

Figure 5.25 Components of Friction: Adhesion aruinfhg (Dove, 1999)

The total frictional resistance can thus be writte® a sum of these two
components:

F=F

adhesion

+F

plowing
Each of these two components will be examined séplgrin the following

sections.

5.4.1.1.Adhesion Component of Friction

The adhesion component arises as a result of @saigle process occurring at the

junctions formed by pressing two surfaces togethier contact at localized points. The
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shear resistance offered by these junctions, wihiahe become “bonded” together
provides the resistance to shearing which is mands adhesion. There is some debate
as to whether this is actually the true mechanismod, but for the purposes of this study
the exact mechanism of adhesion is not importaitt@scurs on a scale smaller than the
scales used in this investigation.

The model that will be used in this study to ddseiihe adhesion component is
presented by Briscoe and Tabor (1978) and is ezedess:

OF

adhesion= T05A c+ O'éVV
WhereT, is the intrinsic interfacial shear strength ands the normal pressure
coefficient. These are material properties that banderived from experimental data.

This relationship can also be expressed as a cwmftiof friction as:

— TO
luadhesion_ oo ta

C

Wheredo. is the normal stress acting across the contaet &ehigh levels of
normal force (higher levels of contact stress)ftlation coefficient tends to the value of
a.

This can be rewritten as;

1
D?R? |3
=T +a
:uadhesmn 0 éVV

by using the prior relationship between contactaaa@d normal force. This
expression relates the friction coefficient duadiesion to measurable properties of the

surface and the particle. The friction coefficieatmade up of two parts, one part is
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dependant on the material properties, particle aiz@ applied normal force while the
other,q, is a constant term regardless of what other patenschange.

The normal pressure coefficient can be found bgutating the slope of a plot of
the frictional force, F, against W, the normal loBave (1999) presents data from single
particle interface friction tests that can be usedleterminea. These tests sheared a
single steel particle, that was prevented fromtioga across an HDPE geomembrane.
Both smooth and roughened spheres were used tstigate a possible range of values.
It was also shown through back-analysis that tla particles exhibited behavior that
was essentially an average of the rough and smpatticles. A similar approach is
adopted here in that the estimateddior real particles will be an average of thealues

for roughened and smooth particles. Figure 5.26vshbe calculation odi.

25 ‘ ‘
| |
& Smooth Sphere
a=0471
20l ® Roughened Sphere | B __
—— Estimate for Real Particle .

15 ~

a =0.302
10

Friction Force [N]

a =0.133

50

Normal Force [N]

Figure 5.26 Calculation of pressure coefficient,
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In order to determine the value ©f, a plot of interface shear stress against the
normal force to power 1/3 is used. The intercepthef best-fit line and the vertical axis

yields the value ofy as shown in Figure 5.27 below.

3x10]
©
o
=,
(7))
w0
o
) 2107
I
o}
e
n
1x10°F i
To = 1.6 MPa
A 4 ] ]
0 2 4 6

Normal Force, W"(1/3) [N*1/3]
Figure 5.27 Calculation af
These values ai andtp will be used in the remainder of this study. Theaklies
compare suitably to the values obtained by Abouk@&hg1998) for glass ballotini in

contact with a Perspex surface£ 0.18 and, = 4 MPa).

5.4.1.2.Plowing Component of Friction

The plowing component of friction is significant &m a hard particle slides
across a relatively soft surface. This results riooges or tracks being formed in the

surface which is a permanent deformation. Shootet &abor (1952) showed that
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plowing results in a higher friction coefficientatn adhesion acting by itself. Estimates of
the friction coefficient due to the plowing compabehave been made, with those
estimates by Czichos (1985), Sin et al. (1979) Bhdshan (1999) presented below and

illustrated (for the first two references) in Figus.28.

Uy =2 tan@) (Czichos, 1985)
JT

1
2

2 2
:uplowing Z% (2_\/\;] Sin_l (%j _{(%j - 1} (Sln et al., 1979)

4 r
Hotoing =§T(R°Ltact] (Bhushan, 1999)

particle
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IPIoughing component of friction]

@:ughing by asperiheﬂ ElQUthng and microcrackmgj
K. 2
FN fp = _.EL = E—_I.(-T/“f
Fu E-H-Fy)

Ky © fracture toughness
£ elastic modulus
H  hardness

e simplest model:

f, = & tane

[Ploughing by penetrated wear particles]

-2 200 M _p2re g2
fo -?{lgism o - (140 1] }

Figure 5.28 Plowing Component of Friction

The method proposed by Czichos (1985) results icomstant value for the
friction coefficient. Based on an approximate shapalysis of the 20/25 sands used in
this study (see elsewhere in Chapter 5) the afgis,approximately 4 to 5 degrees. This
results in a friction coefficient due to plowing approximately 0.045 to 0.056. These
values are considered to be a lower bound as thieoeh@&oes not take into account the
presence of material that is mounded up in frorthefparticle due to plowing. This may
have a significant effect on the friction coeffitieas the particle will have to plow
through a cross-sectional area of material.

The methods proposed by Sin et al (1979) and Bmugl@209) are operationally
very similar over the range of stresses and parisites tested. The Bhushan (1999)

relationship was chosen as it is simpler to impletm@&n important feature of both of
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these relationships is the inclusion of a rationeenn the particle size and size of the
contact area. Since the contact area varies wdl bBrcording to equations previously
presented, a new relationship could be developat gkplicitly included the normal
stress. The relationship between particle size,liegppnormal force and friction

coefficient is presented below and shown in Figu&9 (using Bhushan, 1999).

— 100/140
— 50/60

oAl 20125 |

Plowing Friction Coefficient [ ]

I I I
0 1 2 3 4

Normal Force per Particle [N]

Figure 5.29 Friction Coefficient due to Plowing

Figure 5.29 shows that for a given normal forcestmaller the particle the greater
the contribution to shearing resistance due to plgweffects. As normal force increases
it is clear that the effect reduces as the norroadef increases. The maximum gain in
sliding resistance occurs at very low normal fora@sen one might typically not expect

to see any effect of plowing at all.
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Figure 5.30 also shows the plowing component ofaverall friction coefficient
and how it varies as a function of the Young's moduof the surface material. As
expected, the plowing component increases as theriaddbecomes softer. The modulus

of the particle has a much lesser effect as itnmsiah larger number.

— 550 MPa

— 775 MPa
04-— 1000 MP4 |
0.3 N

Plowing Friction Coefficient [ ]

I I I
0 1 2 3 4

Normal Force per Particle [N]

Figure 5.30 Friction Coefficient due to Plowing

It is also important to note that the aforementbneodels do not consider the
rotation of particles. The particles are assumeenaain in an essentially locked mode as
they traverse across the surface. In an actualgaiyesxperiment or field setting it is very
unlikely that such conditions would occur, so iingportant to address how much of an
affect this simplification may have.

Based on observations of the tracks left in thengaubrane surface after

shearing, it appears unlikely that significant éet rotations are occurring at the
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interface. Pit or pock marks are not seen, whicluld/dave indicated particles rolling
and the edges of particles creating repeatablentatiens or marks in the soft
geomembrane. Even at low normal stresses the oalksmon the geomembrane are

micro-striations, evidence of particle sliding.
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5.4.2. Multiple Uniform Particles in Contact

The relationships developed in the previous secttindealt with individual
particles. This will now be extended to the casa d@ed of uniform particles in contact
with a surface. It will be assumed that all of fheaticles are of the same size and that
each particle is subject to an equal normal foftes is equivalent to assuming a uniform
stress distribution across the bed of particles.

The load per particl&W, can be calculated based on the number of pestial
contact with the surface. This depends on bothptrécle size and how the particles are
packed together. Since it has been assumed ththiegtlarticles are of the same size and
are spherical the problem can be treated as packicigs in two dimensions.

The packing limit states for stable arrangemen¢skarown. The loosest stable
arrangement is the square packing arrangement fanddénsest arrangement is the
hexagonal packing arrangement. These two arrangsraemnshown below in Figure 5.31

along with their corresponding porosity values.

Square Packing Hexagonal Packing

Porosity, n = 1r/4 = 0.2146 Porosity, n = I#6)(V3) = 0.093

Figure 5.31 Limiting Stable Packing Arrangements
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The load per particldW, can be expressed as:

2 2
— Jn Aotal - Jn A\otal” r - O-nn-r

" no. particles Aids @-n

Introduce the variablB, such that:

4(1-n
PRI
Vg
And so:
2 2
=AM g where d = particle diameter
@-n B
For a square packing (loosest possible): n= 1—% L=1
For a hexagonal packing (densest possibteér.l—]—g\/é L= %

By varying thef3 parameter between these two values, the entigeerahpossible
stable arrangements will be included. The loadpaeticle can now be incorporated into

previous expressions where the té¥ is present.

5.4.2.1.Adhesion Component of Friction for Multipleiform Particles

Recall that for a single particle:

a-Fadhesionz Z-05'6‘ c+ O'éW
Since
2
OA. =71( D ROW)3
This gives rise to
2 2

JFadhesion = 0”( D* R)g (5\/\/)73 + UJW
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We can now modify this expression for a single ipirtto be valid for multiple
particles by multiplying by the number of particl®8hereN is the number of particles in
contact with the surface afdandW are the total shear and normal forces respectively

F =(N)(JF)
W =(N)(oW)

We can thus express:

2 2
F =7,71(D'R)® N(OW)2 +a W

adhesion

Expressing the friction coefficient by dividing by:

2 N2
Haghesion— On(D R)3 (W) S+a

The projected area of all particles can be writsnA, = NrR? and the total
normal force, W = fo,. Hence we can write:

:uadhesion: To(lTD* )g (%js (Uinjs ta

This is a general expression that allows for theffadent of friction to be
calculated for a monosized assembly of particlégestito a compressive normal stress.

Since (A/Ay) = (1-n) = B174) one could also write it as:

L2 Vi 3
Hadhesion= TO”(D )3 E ta

It is interesting to note that this expressionndependent of the particle size,
fairly weakly dependent on the normal stress anckipg geometry, and somewhat

dependant on the elastic material properties atrth&ic shear strength. The parameter
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that has the largest influence is the pressureficmetft, a. It is clear that as the applied
normal stress increases the valu@gfesiontends to a value af.
A similar development for the plowing component fottion will now be

presented, followed by an investigation of the prtaek utility of these expressions.

5.4.2.2.Plowing Component of Friction for Multiglmiform Particles

Utilizing the Bhushan model for the plowing compoheof friction and
combining it with Hertzian contact theory which gsva relationship between the applied
normal force and the contact area one can deriveexgression for the plowing
component as a function of the normal force.

Give that:

_4(a
luplowing _3_7T E

2
OA =ma =m(D ROW)?
Hence,
1
a=(D ROW)3
Substitute into Bhushan’s relationship, to give:

4 . oor 2
:uplowing =§T(D éVV)3 R?

For uniform particles we know the following:

_ogm? _40R®

i-n) §B

Hence,
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1

_ 4 \i(40, )

:uplowing _3_7T(D )3( ﬁ ]

The total coefficient of friction for uniform pactes in contact with a surface is

given as:

2 3 1
_ sl B P 4 1 \:[ 4o, 2
Hunitorm _TOH(D )3(_1 +0'+—(D )3 5

where

1-v; +1—v22)

E  E

It is important to note that the model is indepeatdd particle size and thus also

* 3
D =—
4(

independent of the number of contacting particlée model parameters are summarized

below in Table 5.4.

Table 5.4 Model Parameters

Parameter Values Source
To 1.6 MPa Empirically derived
E: 76 GPa Santamarina (2001)
E, 550 MPa Manufacturer supplied
V1 0.31 Santamarina (2001)
Vo 0.30 Dove (1996)
B 1.0 to 243 (1.15) Theoretically derived
a 0.302 Empirically derived

Note: Subscript 1 indicates particle, 2 indicatesaxe

The effect of packing density is shown in Figur8@2below. The figure shows
how the coefficient of friction varies as a functiof the global normal stress. The two
lines in the figure show the behavior for the I®isand densest stable packing
arrangements for uniform particles. It is cleamnirthe figure that the packing density has

virtually no influence on the friction coefficient this case.
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Figure 5.32 Effect of Packing Densify,

This is somewhat unexpected behavior since theipgakensity (void ratio) is
generally considered in soil mechanics to be aulisebrrelator to behavior. This
observation has, however, been made by previoueriexgntalists. Dove (1999)
indicates that the friction coefficient behaviolatese to normal stress appears to not be
affected by either particle size or density (pagkiand in that case the relative densities
varied from approximately 50% to 85%. The modebkpreed provides insight into why
this behavior is observed.

Since the packing density has virtually no efféeg value of3 will be taken as 1
for all future comparisons.

Figure 5.33 shows how changing the Young's Modualuthe surface affects the
friction coefficient. The modulus was varied by 2@@a in each direction from the value

applicable to the actual material used. This wasedor illustrative purposes.
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Figure 5.33 Effect of Young’'s Modulus of the Sudag&,

As can be seen in the figure the lower the modoluthe surface material the
greater the friction coefficient. As the modulusreases the coefficient decreases,
although the effect does diminish with an incregsmodulus. The difference in the
friction coefficient at 500 kPa is approximatelp®5 between the 350 MPa and 550 MPa
cases. This is equivalent to a change in frictiogle of less than 1.5 degrees, a relatively
minor change. A changing elastic modulus also cear@e relative contributions of
adhesion and plowing to the total friction coeffigi. This is illustrated in Figure 5.34
which shows the percentage that plowing contribtdesrds the total friction coefficient

as a function of normal stress.

156



mn  0.25 T T T T
5] — E2 =350 MPa
£ — E2 =550 MPa
3 E2 = 750 MP4
@) 0.7~ _
C
S
s
T
< 015 5
o
|_
©
c
2 oI 7
>
2
=
3
o 0.0 7]
=
g [
D_ i
1 1 1 1
0 100 200 300 400

Figure 5.34 Effect of Young’'s Modulus of the Sudag&,
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500

It is evident that as the modulus of the surfacedéxreased the plowing

component takes on a larger relative role. The vhtiens related to the previous two

figures have relevance to other current researdragemir, 2010). Studies are being

undertaken to investigate the interface frictiontwsen geomembranes and other

engineering materials as a function of temperatimegeneral, an increase in the

temperature of the geomembrane results in an isedemterface friction. If the increase

in temperature is analogous to a decrease in tltiling then the model developed here

may be used as a framework to predict changesterface behavior as a result of

changes in temperature.

157



Figure 5.35 shows that the Young’'s modulus of tlatigle has almost no
influence on the friction coefficient. Plots areoam for quartz material (sand particles)
and for steel. Even though the modulus varies byctor of 2.5, the friction coefficient

barely changes at any stress level.

I I I I
—— Quartz 76 GPp
— Steel 200 GPa
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Figure 5.35 Effect of Young’'s Modulus of Partichg,

This is an important observations as it allows testlts to be compared even if
the indenting particles have been comprised of madgeof different elastic modulus.
Care should be taken, however, as the elastic rasdalnot the only change between
steel and quartz materials (for example). The sarfeoughness of the contacting
particles as well as the elemental composition plag roles in determining the friction
coefficient. These issues are outside the scopgeaturrent work.

Figure 5.36 shows a comparison between the expetaindata obtained and the

model developed. The two lines representing theviplp and no-plowing cases both
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provide reasonably good estimates of the actuatidn coefficient, with the default

model (inclusive of the plowing term) arguably picbag the better fit to the data.

I I I I
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— No Plowing Prediction
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0 100 200 300 400 500

Global Normal Stres [kPa]

Figure 5.36 Comparison with Experimental Data

5.4.3. Binary Mixtures in Contact

In a similar fashion to that employed above, a medk be presented below that
relates the friction coefficient to particle chaeacstics and surface material properties. In
this case, however, the assumption of uniform glarsize is rescinded and instead it is
assumed that a binary mixture is present with tistrett particle sizes.

The total normal and shear forces acting on thiaserrare thus:

F=N,JF, + NOF,
W= N;0W + NOoW

Where: N = number of contacting fine grains
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N. = number of contacting coarse grains
By combining and manipulating the expression ab@leng with expressions
already given, one can express the adhesion companfehe friction coefficient for

binary mixtures in contact with a surface as:

21 N, (ROW)*+ N( RS W?

Iua—binary = Toﬂ(D* )5 W ta

This expression should allow for the coefficientfioétion due to adhesion to be
calculated, however, there are two primary concesmsn using this equations directly.

The first concern is knowing the number of fine @odrse grains in contact with
the surface. It is not possible to measure thesectth in a test of the kind that was
performed as part of this study. The second conisekmowing how the normal forces
are transmitted between the two phases and thacguiDo the larger or smaller particles
take a disproportionate amount of the load? Does dhange with particle size ratio
and/or the proportion of finer materials?

The question of load distribution between partidles binary particle mixture
against a surface was studied by Abou-Chakra (19918 finite element simulations. In
that study mixtures with particle size ratios oft 2and 3.9 were studied. The large
particles were arranged in a square packing arraage @ =1 in the terminology
employed herein) and the smaller particles werekghan between the larger ones
without disturbing their positions. The resultingdoof particles was thus packed in a
dense configuration. The particle bed was thenesidgl to a uniform load on a loading

plane located at the top of the large particlesvds found that the force acting on the
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base from the large particles was almost the sanihad acting on the base from the
small particles. In the terminology used in thister,0W. = dW;.

This study was limited to only two particle sizéioa but it is expected that the
result could be extended down to a particle sitie & 1.0. It is natural to assume (as
was done for the uniform case above) that the fmdparticle will be equal. The result
cannot, however, be extended to particle sizegareater than that studied (i.e. greater
than a particle size ratio of 3.9). A further liatibn of the study was that the effect of
shear forces acting on the particles was not censitl

The primary result of the study, th&¥. = dWs, will be used to further the
development of the friction coefficient model. & important, however, to remain
cognizant of the limits now built into the applitalscope of the model.

Given thatdW, = dW; = dW:

W =(N; + N)oW

Substituting into the previous equation and maiuod gives:

:1'1z11—binalry:Toﬂ.(D*):23 Nf(Rf)3+I\2L( ?)3 ta

(N, + N2 W2

Since W = Aoy,

ta

(D’*)g N, (R +N(R?® || 1
(A)? (N, +N)° o,

:ua—binary = Z-077

Wl

The plowing component of the friction coefficientiliwbe presented. In this

development it will be assumed tH&V. = dW; = dW.
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Since,

1

4 (4o, )3
:Uplowing:3_]T(D )3( ﬁ ]
W= (N, + N)OW

Foouing = OF (N +IF.N_

plowing

The expression for the plowing component of thetisn coefficient is:

1
4 2( N, oA P| 1 N 1
,Up—binary:_(D*)3 2 t— 2
3 NN NN | 2N
f

Combining the expression for the adhesion and pigvdomponents of friction
yields an expression for the total friction coa#itt for a binary particle mixture.

Given the geometrical constraints of being ablddtermine how many fine and
course patrticles are in contact at the interfaoe above expression will be compared to a
subset of the experimental data. The case of &P2SL mixture with 20% finer particles
will be examined since the number of particleshat interface can be estimated with a
geater degree of certainty than other size ratid @muixture proportions. Figure 5.37
shows an estimation of the friction coefficient fbe aforementioned sand mixture. As
was discussed previously, the plowing componentideto underestimate the true
plowing contribution. To compensate for this, anliidnal stress-level dependent factor
was introduced, and multiplied into the plowing gmment only. A factor 06,/200 was

used to plot the blue line shown below.
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Figure 5.37 Estimation of friction coefficient fomary particle mixture

The unadjusted model provides a reasonable fitdcekperimental data at lower
stress levels but underestimates the friction cdefft at 500 kPa. The adjustment
provided ensures that the data is well fit at 5P@ bkut at the expense of the data point at
300 kPa. The adjusted model is however able toucapthe increase in friction

coefficient beyond a certain stress level.
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6. INTERFACE SHEAR BEHAVIOR OF BINARY PARTICLE MIXTURE S

WITH ROUGH COUNTERFACES

This chapter examines the interface shear behavibmary particle mixtures in
contact with hard, textured surfaces. The testgtores and equipment were outlined in
Chapter 3. One of the key questions to be congidierdghis chapter is what the most
appropriate descriptor of particle size is whenraty particle mixture is in contact with
a rough surface. A series of interface shear tastgig with an examination of relative

roughness, were completed in order to explore tteses.

6.1. Relative Roughness

A number of measures for relative roughness exisbst importantly the
parameter called “normalized roughness” developetddésugi and Kishida (1986). This
parameter was proposed to improve the correlatwden the coefficient of friction and
surface roughness values that were being measMoechalized roughness,,Rs defined
as the ratio of maximum roughnessy{R measured over a distance equal to the mean
grain size to the mean grain sizegg(d

In order to calculate this parameter one calcul&gs (peak to valley height)
over a length of the profile equal tepdThis calculation is then repeated for every secti
of the profile. Measuring local 2« over a distance equal tgogrevents a peak from one
side of the profile being twinned with a valley the other side of the profile resulting in
a potentially very large Rx value but one that was irrelevant since a singlgiqe

would not experience such a roughness.
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Relative roughness will be investigated using treemals used in the interface
shear testing phase of this study. Typical surfaadiles for the sandpaper surfaces

tested are shown below in Figure 6.1.
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Figure 6.1 Typical Sandpaper Surface Profiles

As the grit size of the sandpaper decreases (isicigaumber) one can observe a
corresponding decrease in the texturing of theaserf

Histograms showing the distribution of local&kvalues for a given surface and
Dso are shown in Figure 6.2 below. This histogramswsltioe frequency with which
specific intervals of localized R« values occur over the entire profile length. Aleda
lognormal probability density function has been rtaid. The scaling factor scales the
probability density function by the bin width ofettnistogram. This keeps the same shape
as the original probability density function bubbals for a direct comparison on the same
vertical scale as the histogram, which maintains #ignificance of indicating the
frequency. Nine histograms have been plotted, &vdpaper surfaces #60, #150 and

#320, and for the threggvalues of the uniform sands (0.13mm, 0.28mm aifrm).
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Figure 6.2 Local Rax Histograms

From Figure 6.2 it can be seen that the lognornsdfibdution fits the distribution
of local Rnax vValues very well.

The original method of calculating,®vas to use the mean value of locakRas
indicated by the vertical dashed line in the abplés. Examination of the distributions
indicates that a more representative value to testhe R,.x value may be the modal
value. An evaluation of using the mode rather tttem mean value to calculate, &
presented next. This new normalized roughness meawill be designated mRn, where
the “m” stands for “modal”.

Figure 6.3 shows the two normalized roughness petens plotted as a function

of particle size for the same sandpaper surfaceseses presented previously.
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It is evident from Figure 6.3 that by changing taéculation from the mean to the
mode the resulting normalized roughness paramstethanged. Rn shows a strong
increase as the particle size (or the measurerargth) decreases in size. This is due to
the decreasing denominator (0 which thus increases Rn dramatically ago D
approaches zero. In all cases, mRn plots beneatRibably the most striking aspect of
Figure 6.3 is that mRn is seen to increase asdhe&le size increases, this is especially
evident in the case of the sand papers #100 andl #& roughness parameter increases
to a peak and then decreases again, indicatingeatgd “resonant” wavelength at which
the particle size and interface features may iotetree most fully.

Similar plots are shown below in Figure 6.4 forggections commonly used in
the pipe-jacking industry. Again, there is a clddference between the two measures of

normalized roughness.
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6.6.
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A comparison between the sandpapers is shown bieldwgure 6.5 and Figure
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Figure 6.6 Modal Normalized Roughness - Sandpaper

These figures highlight an important, yet often rtiv@ked, aspect of surface
roughness — that one surface may be rougher thathenat one particle size, but
smoother at a different particle size. To the bektthe authors knowledge this
observation has not previously been explicitly dote

It is thus not strictly correct to term one surfase‘rougher” than another without
reference to a particle size. With most soils eiimgp a range of particle sizes the
concept of relative roughness becomes even moréggaous. The same phenomenon is
seen to occur with the pipe sections, with theifigtt clay pipe being alternately
smoother and rougher than the PackerHead conaptegepending on the particle size

considered.
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In order to further evaluate the suitability of hd®n and mRn, each method were
was employed in this study. Analyzing the resuli;ig both methods will lead to clarity
on which one is more suited for describing thetrnedaroughness of these surfaces.

Knowledge of the particle size distribution is mdwlipful if the size of the
governing particles for a particular process isvinoFor example, Hazen identified that
the do of a soil corresponds well to the hydraulic cortduty of that soil. For many
processes there may well not be such a clearaedtip with particle size, but for other
processes, the link with particle size may havenbsgscured by poorly chosen particle
size descriptors and/or a poor choice of the gomgrparticle size.

The most relevant example of this is the continusel of By as a measure of the
particle size in interface shear studies. Sincedtheelopment of the concept that particle
size and surface profile (or roughness) are fundéalig related in this particular
process, scant attention has been paid to chodkmgnost appropriate measure of

particle size.

6.2. Choosing a representative particle size for binarynixtures

When an “average” size for a given particle massffisred it is usually implied
that that particle size is the most relevant tottpéc or process under consideration. It is
usually assumed thatsgdis an appropriate measure of size to use whenidsnmsy
interface shear. For example, the pioneering wgrklesugi (1986) usesgito calculate
normalized roughness. Their research highlighteed télative nature of interface
roughness, that is, that the surface profile amtigha size need to be assessed together to
establish roughness. In other applications diffene@asures of size are more appropriate,

reflecting an understanding of the true natureheffirocesses. A good example of this is
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the use of ¢ in Hazen’s permeability equation, reflecting tlaetfthat smaller particles
in a distribution control the permeability. Anothekample is Hardin's use ofsdn
studying the importance of the smaller particledetermining Gax

In the case of binary particle mixtures undergoimigrface shear the question
remains — what is the most appropriate particle diescriptor to use? This chapter will

address this question.

6.2.1. Weighted-Average Approach

One can use a weighted-average approach to deterthen do for a binary
particle mixture in a relatively straightforward nmeer. Each of the base sands used in
this study was sieved to be within a very narrome siange (see Chapter 3 for more
details) so the mean size of the particles captbetdieen the two sieves gives a good
representation of the particle size for each bas®l.sThese base sands were then
combined in different proportions and so a weigkdedrage approach can be used to
determine the B. This does result in 49 values between the largest and smallest particle
sizes (which makes sense), but without any pastiattually being close to the reported
Dso value (which may seem correct mathematically, gmrhaps not physically). All of
the studied combinations and the resulting weighteztage B, values are shown in the

table below.
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Table 6.1 Weighted Average Particle Size for Bindayticle Mixtures

P.S.R.6.1 P.S.R.2.8 P.S.R.2.1
% % Dso % % Dso % % Dso
Fine Coarse [mm] Fine Coarse [mm] Fine Coarse [mm]

0 100 0.780 0 100 0.78C 0 100 0.28
10 90 0.715 10 90 0.73C 10 90 0.26
20 80 0.650 20 80 0.68( 20 80 0.25
30 70 0.585 30 70 0.63C 30 70 0.23
40 60 0.520 40 60 0.58( 40 60 0.22
50 50 0.455 50 50 0.53C 50 50 0.2¢
60 40 0.390 60 40 0.48C 60 40 0.1¢
70 30 0.325 70 30 0.43C 70 30 0.17
80 20 0.260 80 20 0.38C 80 20 0.16
90 10 0.195 90 10 0.33C 90 10 0.14

100 0 0.130 100 0 0.28C 100 0 0.13

o o1 O o1 O o1 O o1 O U1 O

Based on this table it is evident that a numbedifferent combinations of

particles have very similar weighted average parsze. Notably, this indicates that the

weighted-average dgis far from being a unique property of a soil. Teenbinations that

show very similar weighted-averagegi»alues are shown in the table below.
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Table 6.2 Different Combinations of Particles witle same Weighted Average Particle

Size
First Combination Second Combination

Fine Coarse Size [mm] Size [mm] Fine Coarse
30% 100/140  70% 20/25 0.585 0.580 40% 50/60 602520
60% 100/140  40% 20/25 0.390 0.380 80% 50/60 202520
70% 100/140  30% 20/25 0.325 0.330 90% 50/60 10%520
80% 100/140  20% 20/25 0.260 0.265 10% 100/140 908405
90% 100/140  10% 20/25 0.195 0.190 60% 100/140 408405

Examining the table above one can see that thertixtures that both have a®
close to 0.260mm are made up very differently. @na mixture of 80% 100/140 with
20% 20/25 while the other is comprised of just 1006/140 with 90% 50/60. These two
different mixtures, while sharing a weighted-aver&yo, would most likely be expected
to behave very differently under a given set otwinstances. The difference in their

interface shear response is shown in Figure 6.13.

6.2.2. Sectional Approach

An alternative approach to determining a represetgarticle size builds on
observations made in Chapter 4. In that chaptevag observed that at a percentage of
finer particles of approximately 40% there was ansition from a coarse dominated
fabric to a fabric dominated by the finer particl@he transition is not abrupt, but a
transition exists nonetheless.

The sectional approach thus divides a mixture tato or three sections, with
each section being dominated by a different partscte. The dominant particle size thus
changes in a step wise fashion as the mixture ptiopachanges.

In the two section approach, the dividing line bew the regime dominated by

finer particles and the coarse dominated regimeladvbe the minimum point on a plot of
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the VRR (volume reduction ratio, as discussed iapgiér 4). This is approximately 35%
of finer particles. For any mixture with a percegaaf finer particles less than 35%, the
representative particle size would be taken assihe of the coarse particle. At a
percentage of finer particles greater than 35% répeesentative particle size would be
taken as the size of the finer particle.

In a three section approach, a central transitiomezis identified from
approximately 25% to 55% of finer particles. At gamtage of finer particles greater than
55%, the representative size would be that of ithe particles. At percentages less than
25%, the representative grain would be that otcthese particles. At intermediate values
from 25% to 55%, the representative grain size dde an average of the fine and
coarse particle sizes.

This sectional approach is illustrated in Figur@ &nd Figure 6.10 below for a

P.S.R. of 2.8.
Two-Section Approach
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Figure 6.9 Two Section Approach
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Three-Section Approach
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Figure 6.10 Three Section Approach

The tables below list the representative partickess for both two and three

section approaches for the materials used in thdys
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Table 6.3 Representative Particle Size using Twati@eApproach

)%

Large Component Small Component
P.S.R. Proportion Diameten Diameter Proportion | Representativg

[mm] [mm] Size
2.1 100 0.28 0.13 0 0.28
2.1 90 0.28 0.13 10 0.28
2.1 80 0.28 0.13 20 0.28
2.1 70 0.28 0.13 30 0.28
2.1 60 0.28 0.13 40 0.28
2.1 50 0.28 0.13 50 0.13
2.1 40 0.28 0.13 60 0.13
2.1 30 0.28 0.13 70 0.13
2.1 20 0.28 0.13 80 0.13
2.1 10 0.28 0.13 90 0.13
2.1 0 0.28 0.13 100 0.13
2.8 100 0.78 0.28 0 0.78
2.8 90 0.78 0.28 10 0.78
2.8 80 0.78 0.28 20 0.78
2.8 70 0.78 0.28 30 0.78
2.8 60 0.78 0.28 40 0.78
2.8 50 0.78 0.28 50 0.28
2.8 40 0.78 0.28 60 0.28
2.8 30 0.78 0.28 70 0.28
2.8 20 0.78 0.28 80 0.28
2.8 10 0.78 0.28 90 0.28
2.8 0 0.78 0.28 100 0.28
6.1 100 0.78 0.13 0 0.78
6.1 90 0.78 0.13 10 0.78
6.1 80 0.78 0.13 20 0.78
6.1 70 0.78 0.13 30 0.78
6.1 60 0.78 0.13 40 0.78
6.1 50 0.78 0.13 50 0.13
6.1 40 0.78 0.13 60 0.13
6.1 30 0.78 0.13 70 0.13
6.1 20 0.78 0.13 80 0.13
6.1 10 0.78 0.13 90 0.13
6.1 0 0.78 0.13 100 0.13
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Table 6.4 Representative Particle Size using TBestion Approach

Large Component Small Component
P.S.R. Proportion Diameter Diameter Proportion | Representative

[mm] [mm] Size
2.1 100 0.28 0.13 0 0.28
2.1 90 0.28 0.13 10 0.28
2.1 80 0.28 0.13 20 0.28
2.1 70 0.28 0.13 30 0.19
2.1 60 0.28 0.13 40 0.19
2.1 50 0.28 0.13 50 0.19
2.1 40 0.28 0.13 60 0.13
2.1 30 0.28 0.13 70 0.13
2.1 20 0.28 0.13 80 0.13
2.1 10 0.28 0.13 90 0.13
2.1 0 0.28 0.13 100 0.13
2.8 100 0.78 0.28 0 0.78
2.8 90 0.78 0.28 10 0.78
2.8 80 0.78 0.28 20 0.78
2.8 70 0.78 0.28 30 0.53
2.8 60 0.78 0.28 40 0.53
2.8 50 0.78 0.28 50 0.53
2.8 40 0.78 0.28 60 0.28
2.8 30 0.78 0.28 70 0.28
2.8 20 0.78 0.28 80 0.28
2.8 10 0.78 0.28 90 0.28
2.8 0 0.78 0.28 100 0.28
6.1 100 0.78 0.13 0 0.78
6.1 90 0.78 0.13 10 0.78
6.1 80 0.78 0.13 20 0.78
6.1 70 0.78 0.13 30 0.46
6.1 60 0.78 0.13 40 0.46
6.1 50 0.78 0.13 50 0.46
6.1 40 0.78 0.13 60 0.13
6.1 30 0.78 0.13 70 0.13
6.1 20 0.78 0.13 80 0.13
6.1 10 0.78 0.13 90 0.13
6.1 0 0.78 0.13 100 0.13

These representative particle sizes can be usethen calculation of the

normalized roughness. The traditional bilinear plpresenting the interface friction
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coefficient and normalized roughness are preselatt in this chapter using these

representative values.

6.3. Interface Shear Results

Due to the fact that many variables could be aitetiee combination of possible
tests to perform was very large. A comprehensiydogation of this entire experimental
matrix was not feasible, so a targeted approach weasl instead to highlight select

aspects.

6.3.1. Changing surface roughness — uniform sands

Figure 6.11 shows the effect of changing the roeghkrof the counterface surface,
from a very smooth steel to a very rough sandpasle 6.5 presents the data from the

interface shear tests with uniform sands and rohgtd counterfaces.

Table 6.5 Interface Shear Test Data for Rough Gatattes with Uniform Particles

Normal Peak Large Disp.
Sand Counterface Test Reference Stress Friction Friction
[kPa] Coeff. Coeff.
SP #60 IS _20/25 60 100 0.701 0.613
SP #80 IS _20/25 80 100 0.690 0.593
SP #100 IS 20/25 100 100 0.681 0.564
20/25 SP #150 IS _20/25 150 100 0.633 0.509
SP #320 IS _20/25 320 100 0.561 0.472
SP #600 IS_20/25 600 100 0.523 0.488
Steel IS 20/25 ST 100 0.345 0.276
SP #80 IS _50/60 80 100 0.700 0.575
SP #150 IS _50/60 150 100 0.714 0.570
50/60 SP #320 IS _50/60 320 100 0.698 0.553
SP #600 IS_50/60_600 100 0.570 0.511
Steel IS 50/50 ST 100 0.327 0.305
SP #100 IS 100/140 100 100 0.740 0.544
SP #150 IS 100/140 150 100 0.721 0.567
100/140 SP #320 IS _100/140_320 100 0.740 0.538
SP #600 IS 100/140 600 100 0.679 0.542
Steel IS _100/140_ ST 100 0.292 0.266
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Figure 6.11 Effect of Surface Roughness on Interfalcear
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The following observations are made:

For the above particles any sandpaper coarser3R400 will result in a

fully mobilized shear zone

» For surfaces rougher than the critical roughnesspfak strength is very
similar

» For surfaces less rough than the critical roughrtéesrougher the surface
the greater the peak interface strength

* Very little surface texturing is required in order significantly alter the
interface strength

» There is a slight increase in post-peak strengthh wincreasing

displacement for all the roughened surfaces

6.3.2. Changing the mixture proportions

In the following section the effects of changing tixture percentage will be
highlighted. Figure 6.12 shows how the interfaceasiresponse for a PSR 6.1 mixture
changes as the relative proportions of fine to smararticles re changed, through the
ratios from 0, 10, 30, 60, 80 and 100% finer paticThese interface shear tests were all

performed at a normal stress of 100 kPa and witldsaper #100 as the counterface.

185



Interface Friction Coefficient [ ]

PSR 6.1, SP #100

0.1

- 60% 80% ——100% |-~

0 5 10 15 20 25 30 35 40

Displacement [mm]

Figure 6.12 Effect of changing mix percentage (R.&1, SP #100)

The following observations are made:

* The base sands have higher residual strength thaintlae mixtures.

* The uniform sands show a reduced post-peak drojp stfength.

» All of the mixtures show relatively similar residustrengths, with the
general trend of a decreasing strength with areas® in percentage of
finer particles (note that the residual strengthdach of the base sands is
very similar and therefore the difference is atitdble to the mix
percentages and not the particle characteristeassblves).

* A small amount of finer particles (in this casetjd%) is all that is
needed to significantly alter the strength-strairve.

* A small amount of coarse material (in this case R3%0) is all that is

needed to significantly alter the strength-strairve.
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» The 30% mixture exhibits the greatest peak strengtirresponding

approximately with the percentage of finer parsctequired to reach the

maximum density.

6.3.3. Changing mixture proportions while maintaining the same weighted-average

Dso
Figure 6.13, Figure 6.14and Figure 6.15, presebidw, all show the clear
difference in interface shear behavior despite samples having the same weighted
average ¢h in each case. All tests were performed at a nostness of 100 kPa, relative

density of 80% and used sandpaper #100 as theertace material.
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Figure 6.13 Different Mixtures withsglof 0.26mm
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A number of observations can be made:

* In each case there is a clear distinction betweertvto different mixtures

» Differences are observed both at the peak frictioefficient as well as in
the post-peak (large-strain) region, with more prorced differences
occurring in the post-peak region.

* In Figure 6.3 it can be seen how the mixture witheacentage of finer
particles of 40% (the most stable mixture) showeatgr strength then the
less stable mixture with 30% finer particles.

Further quantitative assessments cannot be made awibfidence since the
mixtures are all comprised of different particles different proportions. In order to
assess the effect that the binary nature of theumgg has on the interface shear behavior
the different aspects (mix percentage, size raigface roughness) all need to be

considered in isolation.

6.4. Aqggregate Analysis of Results

The stress-strain curves shown in the previousaeutere analyzed further and
the strength data combined with the roughness @amresulting plots show the typical
bilinear nature of the relationship. Up to a certaitical roughness the strength increases
as the roughness increases. Past this criticalhrass the strength is constant, despite
increasing the roughness. This indicates that titerface strength is now solely

controlled by the patrticles, and that the surfaa® o further influence.

6.4.1. Peak Interface Shear Strength — Uniform Sands

Figure 6.16 and Figure 6.17 both show how the gaakon coefficient varies

with normalized roughness. Figure 6.16 shows Rlttzted using the mean value) and
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the expected bilinear nature of the plot is evid&he figure confirms what was observed
in the stress-strain plots; that the peak sheangth is well correlated with surface
roughness up to a certain critical roughness.

Figure 6.17 shows the same shear test data buinmes with the normalized
roughness expressed by mRn. The same bilinearenatuhe plot is observed, although

the horizontal scaling is different.
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Despite the modal value being expected to perfogttebas a normalizing value,

Figure 6.17 Normalized Roughness, mRn (using theéeno

the two figures above do not display any advantagae method or another.

It is interesting to note that for the 100/140 san&n displays the data almost as

points on

uniform sands is approximately 0.74, correspondang friction angle of 36.5 degrees.

This is ve

out and p

study was found to be approximately 37 degreesrairmal stress of 100 kPa (refer to

a smooth curve. The upper limit of thierface friction coefficient for these

ry close to the experimentally obtainetle from the direct shear tests carried

resented in Chapter 4. The peak interitdioh angle of the soils used in this

Table 4.2).
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6.4.2. Post Peak Interface Shear Strength — Uniform Sands

The post-peak interface shear strength can beedlatt a manner similar to the
plots above. Figure 6.18and Figure 6.19 show ttst-peak interface friction coefficient
plotted against normalized roughness. . Figure Gsl®lotted using the mean Rn

parameter while Figure 6.19 is plotted using thelah&n parameter mRn.
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Figure 6.19 Post-Peak, Normalized Roughness, m&ingihe mode)

The plots for the post-peak interface friction ¢maént are again similar to each
other, with just minor horizontal scaling being thain difference, indicating that the
choice of normalized roughness parameter does igofifisantly alter the relationship
between friction coefficient and roughness.

In the case of post-peak friction coefficient, hoee the trends appear to be
dependant on the particle size. The largest pesti@as indicate by the dark blue dots on
the figures, show a trend where an increasing nilmeneoughness leads to an increasing
post-peak friction coefficient, although with sorseatter at the largest normalized
roughness values. The intermediate particle sz@dicated by the pink dots, indicates a
bilinear type of relationship, as was observedlicases for the peak friction coefficient.
The smallest particle size tested, indicated byr#uedots, presents as a constant value,

but with some scatter in the data.
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6.4.3. Peak Interface Shear Strength — Mixed Sands

Figure 6.20 and Figure 6.21 provide a summary ohfétface shear tests carried
out on various combinations of particle mixtured aounterface surfaces. All tests were
conducted at 100 kPa normal stress with the sampigisared to a relative density
between 80 and 85%. Further details are providddbie 6.6 below. For each test, three
different representative particle sizes were deiteeth the weighted average, two section
and three section representations of the mostcgipé particle size. These sizes were
then used to calculate the Rn and mRn parameteesafth combination of particle size

and sandpaper.
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Table 6.6 Interface Shear Test Data for Rough Cartates

P.SR| % Sand-| Peak W.A. Two Section | Three Section
finer | paper| Fric. | Size Rn Size Rn Size Rn
Coeff.| [mm] [mm] [mm]

2.1 10 100 | 0.774 0.265 0.242 0.28 0.218 0.28 0J218
2.8 10 80 | 0694 0.73 0.131 0.78 0.1g7 0.78 0.127
2.8 10 100 | 0.763 0.73 0.140 0.78 0.135 0.78 0435
2.8 10 150 | 0.664 0.73 0.089 0.78 0.086 0.78 0)086
2.8 10 600 | 050§ 0.73 0.024 0.78 0.023 0.78 0J023
2.8 40 80 | 0.731 058 0.1 0.78 0.1p7 0.53 0.L52
2.8 40 100 | 0.732 058 0.139 0.78 0.135 0.53 0466
2.8 40 150 | 0.75] 0.58 0.101 0.78 O. 0.53 0.106
2.8 40 600 | 053 058 0.031 0.78 O. 0.53 0.p31
2.8 60 80 | 069 048 0.1 0.28 0. 0.28 0.190
2.8 60 150 | 0.729 0.48 0.111 0.28 O. 0.28 0441
2.8 60 600 | 0.53¢ 048 0.034 0.28 0.050 0.28 0J050
2.8 80 100 | 0.764 0.38 0.194 0.28 0.218 0.28 0.218
6.1 10 100 | 0.754 0.715 0.142 0.78 0.135 0.78 0J135
6.1 30 100 | 0.759 0.585 0.148 0.78 0.135 0.78 0J135
6.1 60 100 | 0.702 0.39 0.192 0.13 0.270 0.13 0.70
6.1 80 100 | 0.73¢ 0.26 0.224 0.13 0.270 0.13 0.70
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Figure 6.21 Normalized Roughness, mRn, for mixeuisa

As can be see in the figure, the bilinear naturehef behavior is preserved
regardless of which particle size measure or winngasure of roughness is used. The

three section approach does reduce the scatteéneirdata more than the other two
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approaches do. Given that the range of mixture gut@gms and difference in particle
sizes is large, some scatter in the data is ingetalhe maximum friction coefficient
reached is, again, very similar to that obtainednfthe uniform sands and from the direct

shear tests conducted on the same materials.

6.4.4. Post Peak Interface Shear Strength — Mixed Sands

Aggregate data for the post-peak interface frictawefficient is presented in
Figure 6.22 and Figure 6.23 below. Regardless efnibrmalized roughness parameter
chosen, the data shows that the interface friataefficient is largely independent of the
normalized roughness. There is however a rangeabfes for the interface friction
coefficient, with a minimum of approximately 0.46daa maximum of approximately
0.56. This range of values corresponds to interfacgon coefficients of 21.8 to 29.2
degrees, a relatively wide band. The range of watuast be considered in light of the
significant differences in particle size, mixtuegios and surface roughness, all reflected
in the data.

A value of approximately 20 degrees would be a envadive estimate for the

post-peak interface friction angle for binary mpesiin contact with rough surfaces.
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Table 6.7 Interface Shear Test Data for Rough Cartates

P.SR| % Sand-| Post W.A. Two Section | Three Section
finer | paper| Peak| Size Rn Size Rn Size Rn
Fric. | [mm] [mm] [mm]
Coeft.
2.1 10 100 | 0.545 0.265 0.242 0.28 0.218 0.28 0J218
2.8 10 80 | 0559 0.73 0.131 0.78 0.1g7 0.78 0.127
2.8 10 100 | 0.52¢ 0.73 0.140 0.78 0.135 0.78 0435
2.8 10 150 | 0522 0.73 0.08 0.78 0.086 0.78 0J086
2.8 10 600 | 0.419 0.73 0.024 0.78 0.023 0.78 0J023
2.8 40 80 | 0541 058 0.146 0.78 0.127 0.53 0.52
2.8 40 100 | 0.503 058 0.139 0.78 0.135 0.53 0.166
2.8 40 150 | 0463 058 0.1g1 0.78 0.086 0.53 0.106
2.8 40 600 | 0519 058 0.031 0.78 0.023 0.53 0/031
2.8 60 80 | 050§ 048 0.1599 0.28 0.190 0.28 0.p190
2.8 60 150 | 0.484 0.48 0.111 0.28 0.141 0.28 041
2.8 60 600 | 0.451 048 0.034 0.28 0.050 0.28 0J050
2.8 80 100 | 0.464 0.38 0.194 0.28 0.218 0.28 018
6.1 10 100 | 0.43% 0.715 0.142 0.78 0.135 0.78 0J135
6.1 30 100 | 0.409 0.585 0.148 0.78 0.135 0.78 0J135
6.1 60 100 | 0.392 0.39 0.192 0.13 0.270 0.13 0.70
6.1 80 100 | 0.404 0.26 0.224 0.13 0.270 0.13 070
6.5. Shear Zone Thickness

The primary purpose for designing a new shear biblk & transparent window

was to enable the direct observation of the interfduring shear. While only the particles
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in direct contact with the window can be seen, éhelsservations still allow for some
general observations regarding the thickness ofliear zone.

Previous research indicates that there existsalhasheared and rearranged zone
of particles that extends upwards into the soil snasay from the interface. This has
been observed both experimentally and in numesicalilations. This shear zone, which
can be thought of as one-half of a shear bandpeadirectly observed or inferred from

local void ratio measurements. Both of these aosvatbelow in Figure 6.24.
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Figure 6.24 (a) shows the end condition of twostegrformed with Ottawa 20/30
sand at a normal stress of 50 kPa. For the smdedves no shear zone is evident,
indicating that only sliding at the interface iscatring. For the textured sleeve, a shear
zone is clearly evident, showing a horizontal defation of the dyed sand column of
approximately 11mm, with a total shear displacenwér3.5 mm. The thickness of this
shear zone is approximately 5 to 7 particle diansete

Figure 6.24 (b) shows how the local void ratio gesas a function of distance
away from an interface, in this case for an inteefthat is a textured geomembrane. The
void ratio increases in the shear zone due to ilmemhldilation, occurring to allow for
particle rearrangement which, in turn, facilitatestinuing shearing. The thickness of the
shear zone is indicated to be approximately 6 parficle diameters.

The shear zone thickness was measured in this $tygyacing a light cotton
thread inside the shear box against the transpanewiow. The thickness of the shear
zone could thus be measured directly with a rulaced against the window. This is
illustrated in Figure 6.25 below, for a sample oc8R. 6.1 with 30% finer particles in

contact with sand paper #100.
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Figure 6.25 Measurement of Shear Zone Thickness
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6.5.1. Shear Zone Thickness of Uniform Sands

For uniform sands, the results are shown in Taldé6low.

Table 6.8 Shear Zone Thickness for Uniform Sands

Counterface Shear Zone Thickness (mm)
Material 20/25 50/60 100/140
Steel 0 1.0 0.5
SP #60 5.0 -- --
SP #80 5.0 2.5 -
SP #100 5.0 -- 15
SP #150 4.0 2.5 15
SP #320 5.0 2.5 1.0
SP #600 5.0 2.5 1.5
Average 6.2 do 8.9 tho 10.6 do

These results compare well with other publishe@ datis shown in Figure 6.26
below. The red circles are the data points frora $itiidy, and it is clear how they follow
the same general trend indicated in the plot. §bkiseral trend shows a decreasing shear
zone thickness (in terms ofglas the particle size increases. Analysis of TélBeshows
that the absolute thickness of the shear zone aseee with particle size. Another
noteworthy aspect of the data in Table 6.8 is thatshear zone thickness is independent
of the surface roughness, once the surface roughsigseater than some critical level. In
all of these cases, however, that critical level been exceeded for even the combination
of the largest particles and finest sandpape(#600).

The development of a shear zone is thus very semsit some small level of
surface roughness, but the thickness of the shwas s not sensitive to the degree of

texturing.
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Figure 6.26 Shear Zone Thickness for Uniform Sands

6.5.2. Shear Zone thickness of Binary Mixtures

The shear zone thickness of binary mixtures was ialgestigated, the results are
shown in Table 6.9 Shear Zone Thickness for BiMdigturesTable 6.9 and Figure 6.27

below.
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Table 6.9 Shear Zone Thickness for Binary Mixtures

% Finer Shear Zone Thickness
P.S.R. Particles Sandpaper (mm)
2.8 10 80 5.0
2.8 10 100 5.0
2.8 10 150 5.0
2.8 10 600 4.5
2.8 40 80 3.0
2.8 40 100 2.5
2.8 40 150 2.5
2.8 40 600 2.5
2.8 60 80 3.0
2.8 60 150 3.0
2.8 60 600 3.0
6.1 10 10 5.0
6.1 30 30 5.0
6.1 60 60 3.0
6.1 80 80 2.5
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Figure 6.27 Shear Zone Thickness for Binary Mixsure

Based on the data presented for binary mixturesadtear that for a given binary
mixture, the degree of surface roughness doeslaptaprole in determining the thickness
of the shear zone. This finding is the same asfawasd for uniform sands.

The trend of a decreasing shear zone thicknegsrims of dy) was also found to
hold for binary mixtures, in the same way as fafarm sands.

The thickness of the shear zone (in terms of absdhickness) is shown, in

general, to decrease as the average particle sizeakes.
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7. CONCLUSIONS AND RECOMMENDATIONS

7.1. Introduction

This dissertation has presented the results okparemental study focused on the
behavior of binary particle mixtures in contact lwitontinuum surfaces. A variety of
particle mixtures and counterface surfaces werdiedu This particulate-continuum
interface is present in many geotechnical engingerpplications, including deep
foundations, geosynthetic liners, trenchless teldyies, and many earth retaining
systems. The behavior of many of these systemsomdralled by the particulate-
continuum interface and thus an understanding efntlechanisms governing interface
behavior is essential for the improvement of gdutezal engineering design. This in turn
results in improved safety and cost-efficiencieschtbenefit society at large.

The behavior of binary particle mixtures was inigeged and new insights into
the relationship between size ratio, mixture petag® and void ratio was observed. The
behavior of particle mixtures in contact with smoa@urfaces was also shown to be
noticeably different from uniform particles. Thevastigations carried out have shown
the importance of the relationship between the tlersgales of the particles and the
surface features. In addition, the particle sizgriiution and the distribution of surface
feature sizes also play a role. A new method faangfying these relationships was
proposed.

The findings of this experimental study provide asib for future numerical
simulations to extend the findings to different erals and interface systems.

This chapter summarizes the conclusions based enmesearch conducted and

presents recommendations for further study indhes.
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7.2. Conclusions

7.2.1. Binary Particle Mixtures

7.2.1.1.Packing of Mixtures

The minimum void ratio for a particle mixture ocswat a mixture ratio of
between 25% and 35% finer particles by mass.

The lowest value for the maximum void ratio occatrs mixture ratio of
approximately 35% to 40%.

The greater the particle size ratio the lower tim@ant of finer material is
required to obtain the minimum void ratio.

A new parameter, VRR, was developed to isolateetfect of mixing on
the packing of particle mixtures.

Using VRR it is clear that for the minimum void icatase the largest
reduction in void ratio due to mixing occurs fotioa of finer material
between 30% and 40%. The data shows that for lgrgeicle size ratios
the amount of finer material to have an equivaddfgct is lower.

For the maximum void ratio case, the amount ofrfmaterial required to
exhibit the largest decrease in void ratio due teing is independent of
particle size ratio and occurs at approximately 48@6iner material by
mass.

Divergence in the VRR between the minimum and maxmvoid ratio
cases occurs for all particle size ratios at appmately 60% finer
particles by mass, this indicates the transitiomfia matrix dominated by

finer particles (greater than 60% finer particles)a transitional matrix,
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where both fine and coarse particles have influeonethe mixture
properties.

* Mixing two particles together in ratios of greatlkan approximately 60%
finer particles does not alter the way in which pagticles pack together.
At any ratio greater than 60% the packing structareains essentially the
same. Note that coordination number and void rdtochange, but the
presence of the larger particles does not altemtinein which the smaller
particles are arranged.

» The relationship betweenng and @ax IS not constant, but varies as a
function of both the particle size ratio and migtuwatio. This gin/€nax
relationship is particularly sensitive at low contations of finer particles
and higher patrticle size ratios.

* The ein/enax ratio becomes substantially less influenced byigarsize
ratio when the amount of finer material reaches 50%

* Segregation between the two different componentsmgldimiting void
ratio tests was minimal. Some minor segregatioruwed in the lowest
layers of particles as a result of the manner inciwhhe particles were
initially placed inside the pipe. The minor degi&esegregation is not

expected to influence the results in a meaningay.w

7.2.1.2.Mixture Shear Strength

* The large displacement strength of mixtures is dednby the large

displacement strength of the uniform soils.
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Peak strengths of mixtures are not similarly bowahlg uniform soils. In
this case the strengths of uniform soils form apengpound at low normal
stresses while at higher normal stresses they tmndrds the bottom of
the peak strength envelope.

The dilatancy angle is significantly affected bg tihixture ratio. A change
from 20% to 100% finer particles exhibits a chamgéhe dilatancy angle

twice that of a change in applied normal stressOokPa to 500 kPa.

7.2.2. Interface Shear with Smooth HDPE Counterface

7.2.2.1.Uniform Sands

Peak friction coefficient decreases with increasimagmal stress for all
particles tested.

Post-peak friction coefficient decreases with iasreg normal stress for
all particles tested.

Absolute particle size, for the range of sizesestioes not play a role in

determining the friction coefficient

7.2.2.2 Particle Mixtures

Mixture proportion (percentage of finer particldgs a far greater effect
on the friction coefficient than the particle sia¢io.
The 20% and 40% mixtures all show an “elbow” aftdrich the peak

friction coefficient increases within creasing nairatress.
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* The 70% mixtures show the same trend as the unigamas, most likely
since these mixtures are dominated by the findigbes (greater than 60%

finer particles).

7.2.2.3.Induced Roughness

* Induced roughness, as measured by Ra, shows atamdinear increase
with increasing normal stress for uniform mixtures.

» For uniform particles the dominant wavelength ismsé increase as the
particle size is increased, corresponding to largduced features from
the larger particles

* For particle mixtures sheared under a normal sié$00 kPa the 20%

and 40% mixtures show the greatest induced roughnes

7.2.2.4.Contact Mechanics Based Interface Frictibodel

* A model to estimate the interface friction coe#ici was developed based
on Hertzian contact theory and Bhushan plowing gguoa This is
believed to be the first time that plowing was dilg incorporated into a
model estimating the friction coefficient for ansambly of particles in
contact with a surface.

« The model can reasonably accurately predict valieesthe friction
coefficient provided that the values af and 1, are known with some
certainty.

 The model shows that the friction coefficient ist reensitive to the

packing density of the particles.
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The increase in friction coefficient due to plowicgn be modeled by

incorporating a factor to increase the plowing comgnt.

7.2.3. Interface Shear with Rough Counterface

7.2.3.1.Relative Roughness

An alternative measure of relative roughness wagpqsed, using the
modal value of local Rmax instead of the mean valilnis was based on
the insights gained from fitting a log-normal distrition to the local Rmax
histograms. The log-normal distribution was showé valid for a range
of surface profiles and particle sizes.

The proposed measure of relative roughness, mRneghibit a peak,

indicating that surface roughness does not nedsdacrease as patrticle

Size increases, as was previously thought.

7.2.3.2.Interface Shear Strength

Dso is not necessarily an appropriate descriptor fartigle size when
interface shear behavior is concerned

Dso is far from being a unique property of a soil. Tdomtinued use ofsgd
is detrimental to this field of research as it alyses potentially relevant
findings related to particle size and particle siribution.

Peak shear strength is dominated by having at tesstcomponent in the
fully rough zone, particles need to engage to erdat strength although
a high percentage is not required

For a given surface:
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0 a mixture of two components will exhibit a weakersidual
strength than a uniform material
o The greatest peak interface shear strength is iadilby the
mixture that has a ratio closest to that ratio withich the
minimum void ratio is obtained
o In general, an increase in percentage of finerighast leads to a
decrease in post-peak strength
* Very minor amounts of surface texturing is requitesignificantly effect
the interface shear behavior
» Surface roughness is well correlated to peak iaterfstrength up to the
point of critical roughness, thereafter becominga-factor
* Post-peak strength is correlated to surface rowgfhineven beyond the
critical roughness
* Various methods of calculating an average partgilee for a binary
mixture were presented. The three-sectional apprees shown to be
most suitable for describing the interface frictiooefficient for binary

particle mixtures.

7.2.3.3.Shear Zone Thickness

* For both uniform sands and binary mixtures the sheae thickness was
found to decrease (in terms afydwith increasing particle size, and data

presented agrees well with published data sets.
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* The thickness of the shear zone was found to bepmatient of the degree
of surface roughness, provided that some minimunousitnof surface

texturing was present.

7.3. Recommendations for future research

As a result of this research a number of additiapadstions and areas needing
further refinement and/or clarification arose. Thmglicates the potential for further
profitable study in this area. A number of recomdaions for future research are
presented below.

« Three dimensional numerical simulations using acrdie element
methods would be beneficial to further understdredstress distribution at
the interface. This would aid in modeling the plowibehavior of
mixtures in contact with smooth counterfaces.

 Three dimensional numerical simulations using acrdie element
methods would also be beneficial in the study afiheough counterfaces.
The patrticle level behavior could then be obsered the understanding
of the interplay between surface features and gdartsize and size
distribution could be further developed.

» Temperature effects on the interface shear beha¥ibmary mixtures in
contact with smooth HDPE surfaces could also benaxed.

» Counterface surfaces with varying degrees of hasliteuld be studied.
The effects on plowing, wear, the interface shemffeient and induced

roughness could be examined.
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» Additional study of statistical measures of paetidize distribution for
binary mixtures and different distribution types foeasures of local R«

values could also be implemented.
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APPENDIX A

Emax Emin

20/25 50/60 100/14 1 2 3 4 5 6 7 8 9 10 Final 1 2 3 Final

0 100 0 0.857 0.857 0.856 0.857 0.855 0.855 0.858570 0.857 0.857 0.857| 0.604 0.617 0.60 0.604

0 90 10 0.819 0.820 0.818 0.818 0.820 0.817 0.818190 0.821 0.81¢ 0.821| 0.549 0.545 0.55 0.545

0 80 20 0.798 0.797 0.798 0.798 0.772 0.800 0.808000 0.799 0.797 0.801| 0.507 0.509 0.50 0.507

— 0 70 30 0.778 0.777 0.776 0.779 0.781 0.780 0.78¥78 0.779 0.78( 0.781| 0.513 0.507 0.50 0.501
N 0 60 40 0.768 0.767 0.764 0.762 0.735 0.764 0.767650 0.764 0.76¢ 0.768| 0.515 0.508 0.49 0.498
o 0 50 50 0.772 0.767 0.771 0.773 0.772 0.773 0.764700 0.771 0.76¢ 0.773| 0.521 0.515 0.51 0.515
2 0 40 60 0.776 0.777 0.779 0.778 0.778 0.771 0.777780 0.777 0.77¢ 0.779| 0.538 0.542 0.54 0.538
0 30 70 0.810 0.811 0.810 0.810 0.809 0.807 0.81B060 0.809 0.80¢ 0.811| 0.566 0.569 0.57 0.566

0 20 80 0.827 0.825 0.831 0.827 0.839 0.836 0.83@3%0 0.834 0.82¢ 0.839| 0.594 0.585 0.59 0.585

0 10 90 0.867 0.866 0.866 0.866 0.865 0.867 0.868660 0.865 0.867 0.867| 0.623 0.613 0.61 0.613

0 0 100 0.895 0.888 0.881 0.898 0.898 0.908 0.8989%0 0.897 0.89¢ 0.899| 0.636 0.648 0.63 0.636

100 0 0 0.767 0.763 0.765 0.767 0.767 0.767 0.765640 0.763 0.767 0.767| 0.529 0.529 0.53 0.529

90 10 0 0.702 0.700 0.704 0.704 0.705 0.704 0.706760 0.701 0.70< 0.705| 0.472 0.469 0.46 0.463

80 20 0 0.672 0.675 0.676 0.664 0.668 0.672 0.678760 0.668 0.671 0.676| 0.421 0.423 0.41 0.413

@ 70 30 0 0.658 0.651 0.656 0.655 0.659 0.650 0.64858 0.651 0.64¢ 0.659| 0.415 0.409 0.41 0.409
N 60 40 0 0.654 0.651 0.659 0.656 0.661 0.658 0.65B550 0.654 0.65] 0.661| 0.423 0.410 0.41 0.410
o 50 50 0 0.669 0.663 0.668 0.669 0.661 0.667 0.668650 0.665 0.66z 0.669| 0.444 0.433 0.43 0.433
2 40 60 0 0.689 0.682 0.693 0.693 0.691 0.693 0.698870 0.688 0.69( 0.693| 0.465 0.469 0.46 0.464
30 70 0 0.723 0.724 0.726 0.725 0.725 0.722 0.719240 0.723 0.721 0.726| 0.521 0.507 0.51 0.507

20 80 0 0.758 0.759 0.759 0.753 0.575 0.758 0.759600 0.760 0.75¢ 0.760| 0.524 0.535 0.54 0.524

10 90 0 0.795 0.806 0.791 0.810 0.811 0.813 0.81308 0.805 0.79¢ 0.813| 0.578 0.572 0.57 0.572

0 100 0 0.857 0.857 0.856 0.857 0.855 0.855 0.858570 0.857 0.857 0.857| 0.604 0.617 0.60 0.604

100 0 0 0.767 0.763 0.765 0.767 0.767 0.767 0.765640 0.763 0.767 0.767| 0.529 0.529 0.53 0.529

90 0 10 0.662 0.664 0.665 0.663 0.664 0.662 0.66%5630 0.664 0.66¢ 0.666| 0.405 0.393 0.40 0.393

80 0 20 0.586 0.601 0.605 0.578 0.579 0.602 0.618120 0.604 0.59¢ 0.613| 0.281 0.285 0.29 0.281

— 70 0 30 0.579 0.578 0.570 0571 0.575 0.580 0.57%78 0.575 0.57: 0.580| 0.287 0.285 0.28 0.285
© 60 0 40 0.551 0.550 0.568 0.563 0.571 0.580 0.57668 0.559 0.56: 0.571| 0.320 0.319 0.31 0.317
o 50 0 50 0.599 0.594 0.596 0.590 0.594 0.589 0.58%940 0.597 0.59z 0.599| 0.387 0.387 0.38 0.387
2 40 0 60 0.624 0.633 0.618 0.632 0.611 0.627 0.626160 0.630 0.62% 0.633| 0.422 0.425 0.41 0.417
30 0 70 0.691 0.686 0.694 0.693 0.692 0.693 0.698900 0.691 0.68¢ 0.694| 0.469 0.475 0.47 0.469

20 0 80 0.746 0.747 0.749 0.752 0.749 0.740 0.748360 0.747 0.74¢ 0.752| 0.536 0.529 0.53 0.529

10 0 90 0.832 0.832 0.834 0.833 0.830 0.829 0.838340 0.835 0.83z 0.835| 0.584 0.591 0.58 0.583

0 0 100 0.895 0.888 0.881 0.898 0.898 0.908 0.898990 0.897 0.89¢ 0.899| 0.636 0.648 0.63 0.636
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