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ABSTRACT

Knowledge of particle percolation impacts on both the economics and safety of cave
mining operations. Nevertheless, very little research has focused on particle
percolation in block or sub-level caving mines. The aim of this thesis is to study the
percolation of fine particles in highly angular particle assemblies similar to caved

rock, using physical and discrete element numerical models.

In the first stage the magnitude and distribution of shear strain resulting from
isolated draw was measured using scaled physical models (1:100) on 13.20 mm
crushed basalt aggregate. Digital images of marker particles were taken after each

draw cycle and the changes in shear strain were calculated.

In the second stage, a Shear Cell for Percolation of Geomaterials (SCPG) was
designed for angular rock particles. Percolation tests were carried out for ideal media
consisting of steel spheres (4.00 mm), glass spheres (4.00, 5.00, 6.00, 15.75 mm)
and plastic spheres (4.00 mm) and highly angular crushed basalt aggregate (2.86,
4.05, 5.21, 6.18, 13.20 mm). Key combinations of fine and bed-matrix particles were
tested to quantify the effect of strain rate, particle diameter ratio, density and shape.
Of the parameters tested, percolation was most influenced by particle diameter ratio,
shape and strain rate, while density had the least effect. To explore the mechanisms
controlling percolation across the range of tested particle shapes and sizes, a
dimensionless percolation rate (DPR) relation was derived using the method of
Bridgwater et al. (1978).

In the third stage selected SCPG experiments were numerically simulated using
PFC3D™. Due to the limitations of PFC, particle shapes and sizes were simplified
and all other parameters were kept as similar to the measured parameters as possible.

Results from the physical SCPG experiments on angular particles were simulated




Table of Contents

using clump logic. The results were compared to corresponding numerical and
physical experiments on mono-spherical particles with the same equivalent spherical
diameter as the angular particles. The PFC results had broad agreement with the
SCPG physical experiments showing that percolation is predominantly affected by

particle shape and the ratio of fine and bed-matrix particle sizes.
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Introduction

CHAPTER 1:
INTRODUCTION

1.1 BACKGROUND

Over the past decade caving methods, sometimes referred to as “unsupported
methods” (Brown 2003), have emerged as important and become the underground
bulk mining methods of choice (Chitombo 2010). Examples of caving methods
include block caving (BC), sub-level caving (SLC) and long wall mining. It is
anticipated that block caving will continue to grow in importance as more massive
lower grade ore deposits are mined, and to extend the life and viability open-pit

mines as they reaching their economic mining depth.

Block cave mining is a method in which a large block of massive ore is undercut
causing the ore to break under its own weight due to gravitational forces. The caved
ore is then recovered through drawpoints®. The block caving technique can be
classified by two processes; the extraction of small caved rocks created initially by
blasted and the fracture of compact material located in the upper layers due to the

stress propagation generated by the extraction process.

! Drawpoint refers to the excavated structure on the extraction or production level through which the
caved rock is loaded and removed from the cave.




Introduction

Block caving method provides the bulk mining of large and relatively low-grade ore
bodies to be mined with low cost and high recovery. As a result, this method is
becoming more common worldwide especially in the large-scale extraction of
massive steeply dipping ore bodies with large vertical continuity (e.g., Cadia East,
Australia; Northparkes, Australia; San Manuel, USA; Palabora, South Africa and
Freeport, Indonesia). The method may also sometimes be implemented to convert

open-pit operations to underground operations.

On the other hand, the gravity flow? of caved rock is a critical component of a block
cave and sub-level caving which significantly influences the economics of the
operation. Drawing from other disciplines, it is known that granular materials consist of
particles of varying sizes, densities and/or shapes, and that segregation occurs during
shaking or transport (Gray and Thornton 2005). Segregation is defined as the
phenomenon whereby a flowing granular mass consisting of particles with diverse

physical properties becomes spatially inhomogeneous (Rosato and Blackmore 2000).

Segregation is commonly classified based on its mechanism (Tang and Puri 2004).
A total of thirteen segregation mechanism have been identified and summarised as
follows: push-away, trajectory, displacement, rolling, percolation, sieving (or
sifting), impact, angle of repose, embedding, air current, fluidization, agglomeration
and diffusion (or concentration-driven displacement) by de Silva at el. (2000).
“Percolation segregation” or referred as “percolation” during the course of this
thesis (illustrated in Figure 1.1) was selected for the present thesis due to its
applicability to the block caving mines (i.e., gravity flow of caved rock, conveying,

transportation and associated issues in economic and safety of caving mines).
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Figure 1.1: Percolation segregation (after Li 2005)

2Gravity flow of caved rock is the process by which ore/fragmented rock/broken material mass
flow/moves under the influence of gravity.
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Several researchers have recognised percolation as an important mechanism in
segregation (Bridgwater et al. 1969; Tanaka 1971; Bridgwater and Ingram 1971,
Drahun and Bridgwater 1983; Mosby et al. 1996a; de Silva et al. 2000; Duffy and
Puri 2002; Tang 2004). Percolation of fine particles occurs when mixtures of
particles with different sizes are exposed to perpendicular shear deformations and
paralleled gravity force (Duffy and Puri 2002). During shear, fine particles are
exposed to the void structure of the coarse matrix, allowing fine particles to find and
drop through suitable voids in the coarse particle layer (Johanson et al. 2005).
Whenever a mixture of particles of different sizes is disturbed in such a way to

rearrange the particles, percolation of fine particles can occur.

In block and sub-level caving mines, segregation can arise from percolation induced
by gravity (Mosby et al. 1996b). In view of this, particles resulting from fine
fragmentation® generated in the cave column (Lewis and Clark 1964) have the
potential to rapidly move downward and be drawn earlier than coarser fragments
(Laubscher 2000; Pierce 2004). Implications of this phenomenon are that the
potential exists for fine waste to enter drawpoints and mix up into the pit thus

reducing the concentration of mineralisation in the caved ore (Laubscher 2000).

The above circumstances may cause preferential draw if fine waste and/or induced
hang-ups and cavity problems exist near the drawpoints (i.e., hardening process of
the percolated fines through the coarse particles). Hang-ups near drawpoints may
also become a major problem and increase the operating cost due to secondary
blasting processes and thus significantly impact mine operation and profitability
(Baiden et al. 2008).

Percolation of fine particles during the gravity flow of caved rock is also significant
as the fines influence the shape of the extracted volume, and hence affect the
overall recovery and dilution“(Just and Free 1971; Kvapil 1982; Chen 1997;

% Fragmentation refers to the process or results of caving, blasting and drawing process of initially in
situ rock mass, ore or mineralise.

“ Dilution is generally defined as the quantity or percentage of waste rock (generally related to
unwanted lower grade ore) in relation to the volume of ore extracted at drawpoints.
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Pretorius 2007; Castro and Trueman 2008). With regard to this, Pakalnis et al.
(1995) reported that uncontrolled dilution may have a major impact on economic
viability of one mining operation and can contribute to ore losses of up to 20%. This
finding was also supported by Wellmer et al. (1998) who found that dilution

problem in mines generally varies between 5-30%.

Other forms of percolation exist. For example Chambers (2008) noted that once
surface subsidence occurs, water can percolate down through the caved rock and
may convey some disintegrated heavy minerals (e.g., mercury, lead and zinc) which
may result in contamination of groundwater and/or surface water. In addition, Beus
et al. (1999) identified several potential safety problems relating to the ore and waste
rock hang-ups such as structural failures, blocked gates, water flow and air blasts.
Also, percolation of fine particles from ground water transport is a key factor in mud

rushes.

Nevertheless, despite the potential significant effect of fines percolation on block
caves (i.e., dilution, preferential draw, safety hazard, hang-up problem, economical
of caving operational), there is very little research devoted to percolation in mining
applications. Most work on percolation has emerged in chemical and/or powder
applications (e.g., Bridgwater et al. 1969, 1978, 1985a; Bridgwater and Ingram
1971; Scott and Bridgwater 1975, 1976; Cooke et al. 1978; Cooke and Bridgwater
1979; Drahun and Bridgwater 1983; Duffy and Puri 2002).

Moreover, efforts to understand the percolation mechanism are made more difficult
since most of the previous studies have focused on mono-size distributions of
spherical particles (i.e., spherical glass, sphere sand) and/or narrow distributions of
particle sizes. In addition, mono-sphere media was employed by many researchers
due to the fact that most of the numerical methods still represent granule and highly
angular shaped particles as circular discs in 2D or spheres in 3D. The use of mono-
size particle and/or narrow distribution may not be relevant to caved rock created in

block caving mines, consisting of highly angular shapes and wide size distribution.
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In view of the above point, Yenge (1980) noted that the use of other material such as
sand could not satisfactorily described mining problem due to dissimilar conditions
(i.e., particles sizes and boundary) and thus, may not be analogous to caved rock.
Therefore, the use of materials such as crushed aggregates which more closely
represent caved rock has advantages over the sand particles thus provided similarity
to the caved rock which is essential towards better understanding of percolation in
caving mines. Nevertheless, some limitations and difficulties arise from the use of
highly angular particles mainly related to the experimental difficulties, measurement

techniques on the bed structure and scale-up uncertainties (Matveev et al. 2006).

Alternatively, it is generally agreed that in addition to physical models, numerical
models are powerful and versatile (Campbell 1989; Savage and Dai 1993; Rosato
and Kim 1994; Pierce et al. 2003) and offer an alternative method to study the
gravity flow of caved rock. Nevertheless, these are still developing and rely heavily
on the assumption that circular discs in two dimensions (2D) and/or sphere in three
dimensions (3D) which in practice are far removed from the actual highly angular
shape of caved rock. It is noteworthy that although numerical methods and computer
technology have advanced significantly over the last 20 years some key factors

restrict the application of numerical methods in the modelling of caved rock flow.

The first limitation is the number of particles. For instance the Discrete Element
Method (DEM)?> which, depending on a number of factors such as model duration,
particle stiffness and mass, at present is limited to around 500,000 particles for standard
desk-top computers or 10,000,000 for high performance computers. Accordingly
within this particle limitation, it is not possible to fully represent a complete mine
consisting of a large number of highly angular shapes and sizes similar to caved rock.
In particular these limits restrict 3D modelling. The second is the particle shape.
Angular particle shapes are possible, at the cost of run time, and a reduction in the total

number of particles. The third is particle stiffness, which reduces the critical time step,

® Discrete Element Method (DEM) (or sometimes referred as a Distinct Element Method) is run in
such way that the contact forces were compute and resulting Newtonian dynamics of individual
particles in an assembly and provides insight into the microstructure of the granular assemblies. In
particle flow this method is favoured over other numerical methods due to its ability to embrace
rotational degrees-of-freedom as well as enduring contacts
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thereby reducing the number of particles which can be practically simulated (Beus et al.
1999).

In summary, particle percolation in cave mines, which is influenced by factors such
as particle shape, size, density and transport properties (i.e., shear strain) is an
important mechanism to consider. As full scale tests are only now been performed
and have limitations, (i.e., can take years to complete), physical and numerical
models provide a method to improve the understanding of percolation mechanisms
of caved rock. Given that sole application of numerical models is not sufficient
towards reliable results and applications, validation of these methods through

physical models is required.

For these reasons, this thesis has focused on the application of both approaches;
physical modelling and discrete element numerical modelling, to provide insight
into the mechanisms and parameters controlling percolation of fine particles in the

block caving mine environment.

1.2 RESEARCH OBJECTIVES AND HYPOTHESES

The main objective of this thesis is to study percolation of fine particles® in a matrix
of coarser “bed” particles” under induced gravity flow in controlled experimental
conditions. The knowledge gained from this experimental work is further
complemented by the development of a numerical model aimed at providing a link

between physical modelling results and practical applications.

In this context, a number of key motivations exist for improving our understanding

of fine particle percolation and to achieve this goal, the thesis tested two hypotheses:

®The term “fine particles” refers to granular media which are relatively smaller than the matrix of
larger or coarser bed particles.

"The term “larger or coarser particles” are refers to granular media which are relatively large and
used as the bed-matrix during percolation tests.
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Hypothesis One -

Hypothesis Two -

“Particle shape and size significantly influence the
percolation of fine particles in bed matrices of highly

angular aggregates.”

“Discrete  element  models incorporating  clump
representations of angular particles provide different

percolation estimates than spherical mono-size particles.”

1.3 RESEARCH APPROACH

Although the study of particle percolation has emerged and continued for more than

50 years (especially in chemical engineering and/or associated engineering

disciplines), there is essentially no validated theory developed for large scale

systems such as those encountered in block caving mines. Efforts to understand

these systems are restricted by data limitations, where even relatively basic

parameters such as fragmentation cannot be easily measured or modelled.

As a result, further research is required to understand the mechanisms of fine

particle percolation and, in particular, percolation rates. In answering this problem

statement, a contribution is made into three major aspects:

e design and fabrication of a new simple shear cell rig to determine the

quantitative relations of highly angular shapes of particles percolation to

physical properties such as particle diameter ratio, shape, density, strain

effect, and particle size distribution of the coarse bed-matrix media;

e development of a numerical model using discontinuum methods (DEM

approach) to simulate, replicate and validate granular flow as a possible

means of linking experimental results to mine scale; and

e assessment of shear-strain under isolated draw in a controlled 2D scaled

physical model.
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In summary, the research method involves three stages (Figure 1.2). The first stage
focuses on the material characterisation of both spherical (ideal media®) and highly

angular particles (crushed aggregate media®).

The second stage was conducted using a new physical model called the Shear Cell for
Percolation of Geomaterials (SCPG) which was designed and constructed specially
for percolation studies on angular rock fragments with geometric similitude to those
typically found in the block caving mines. Prior to the construction of the SCPG, an
assessment of shear strain under isolated draw in controlled Type-A Kvapil models
were conducted to provide insights into the magnitude of strain around the draw

zone™ of a single drawpoint in a block caving mine.

Data from the shear strain assessment (i.e., shear strain magnitude) was then
incorporated as test parameters for the percolation study using the SCPG. It is
noteworthy that the SCPG is different to other experimental test rigs due to its
ability to study the percolation of fine particles using both ideal and crushed

aggregate media under controlled shear strain conditions.

In the third stage the results of SCPG experiments were used to calculate parameters
defining the dimensionless percolation rate (DPR). These parameters were used to
validate numerical models of the SCPG by means of the Particle Flow Code in Three
Dimensions (PFC3D™) software (Itasca 1999, 2005b, 2008b). This required the
development of new numerical models with special emphasis on non-spherical shapes
similar to caved rock (i.e., clump particles). Similarly, the magnitude of shear strain
and material properties from stage one formed the foundation for the numerical stage,

in order to generate numerical similitude to the SCPG experiments.

8 |deal media refers to material that is experimentally and practically easy to control, and is often
represented by circular discs in 2D and/or spheres in 3D for the ease of numerical modelling (i.e.,
glass spheres, steel spheres and spherical sands).

®Crushed aggregate media refers to highly angular basalt aggregates that provide reasonable
geometric and density similitude to the caved rock.

0 Draw zone refers the zone of caved rock that will eventually channel to a particular drawpoint
during progressive draw events.

1 PFC3D™ software is based on the Discrete Element Method (DEM) approach which employs an
explicit time-stepping algorithm and captures many elements of the micro-mechanics of granular
media.
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Figure 1.2: Research methodology - concept diagram showing the project stages and REV method employed for the study of rock percolation.
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Since, in practice, it is almost impossible to represent and achieve all the necessary
conditions for full similitude (i.e., kinematics and dynamics), the Representative
Elementary Volume (REV) (Bear 1972) was adopted as a guide in predicting their
effective properties (Kanit et al. 2003). In line with above point, the REV size can be
associated with a given precision of the estimation of the required overall property
and the number of realisations of a given volume (V ) of microstructure that one is
able to consider (Kanit et al. 2003).

Campbell and Bridgwater (1973), Scott and Bridgwater (1975, 1976) and
Bridgwater et al. (1978, 1985b) carried out a series of experiments in which the aim
was to isolate the effect of a shear field as a cause of percolation/segregation. They
concluded that the width of the zone in which percolation occurred was varying
from 5 to 15 particle diameters (15d ). This suggested that to achieve reliable
results, a significantly wider and large size shear box apparatus is required. As a
result, this thesis employed a minimum 20d for the REV purposes in both the

physical models and numerical simulations.

In the present research, the REV concept has been employed in various stages
including the percolation test using SCPG (Chapter 3 and 5), numerical modelling in
PFC3D™ (Chapter 6) and shear strain assessment by the mean of Type-A Kvapil
Model (Section 3.4).

1.4 THESIS OUTLINE

This thesis comprises seven chapters. A brief summary covering the contents of

each chapter is given below:

Chapter 1 (Introduction) is an overview of the background, hypothesis, objectives

and methodology.

Chapter 2 (Literature Review) firstly presents a review of gravity flow in block

caving mines. This is followed by detail review of similitude related to the

10



Introduction

percolation study approaches which includes the physical, full scale and numerical
modelling. At the end of the chapter, a summary of literature and research directions

for percolation studies for caving mines is presented.

Chapter 3 (Shear Cell for Percolation of Geomaterials — Design and Experimental
Method) describes in detail the design and fabrication of an apparatus for the
investigation of fine particle percolation in a matrix of coarse angular aggregate.
This chapter also presents the experimental aspects, results and discussions on the
shear strain magnitude assessment for the case of a Type-A Kvapil Model of an
isolated drawpoint, representing a block caving mine. The results from the
assessment provide estimates of the strain rate and total shear strain needed in the

SCPG experiments.

Chapter 4 (Material Properties and Characterisation) describes the material
properties and characterisations of two different types of media used in the
percolation experiments namely: ideal media and crushed aggregate media. Some
key material properties and characterisation tests used in this chapter include particle

size distribution, shape and shape factor, particle density and shear box test.

Chapter 5 (Percolation Experiments on Idealised Materials and Crushed Basalt)
presents results and analysis of physical model experiments conducted using the
SCPG. This includes a discussion on each of the parameters including: the effect of
strain rate (), particle diameter ratio (d, /d,), particle shape, particle density ratio

(p, ! p») and the assessment of dimensionless percolation rate (DPR).

Chapter 6 (Numerical Simulation: Validation and Analysis) presents the replication
and validation of the SCPG simulation model using PFC3D™. The aim of this
chapter is to explore the strengths and limitations of discrete element numerical
modelling of percolation mechanisms. This is followed by the development of a new
numerical model with emphases on the use of clump logic to represent highly

angular shape particles, representing caved rock.

11
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Chapter 7 (Conclusions and Recommendations for Future Research) is a discussion

on the findings, summarises the major conclusions of this thesis and provides

recommendations and directions for future work.

1.5 PUBLISHED PAPERS

The following peer reviewed papers containing extracts of this thesis were prepared

and published during the period of research:

Hashim, MHM, Sharrock, GB and Saydam, S 2008, ‘A review of particle
percolation in mining’, in Y Potvin, J Carter, A Dyskin and R Jeffrey (eds),
Proceeding First Southern Hemisphere International Rock Mechanics
Symposium (SHIRMS), 16-19 September 2009, Perth, Australia, Australian
Centre for Geomechanics, Perth, vol. 1, pp. 273-284.

Hashim, MHM and Sharrock, GB 2009, ‘Numerical investigation of the
effect of particle shape on percolation’, in 43rd U.S. Rock Mechanics
Symposium and Fourth U.S.-Canada Rock Mechanics Symposium (ARMA
2009), 28 June-1 July 2009, Asheville, North Carolina, U.S., American Rock
Mechanics Society (ARMA), North Carolina, ARMAQ09-034 (CD-ROM),
paper no. 34, 8 p.

Sharrock GB and Hashim, MHM 2009, ‘Disturbed gravity flow in block
caving’, in 43rd US Rock Mechanics Symposium and Fourth U.S.-Canada
Rock Mechanics Symposium (ARMA 2009), 28 June-1 July 2009, Asheville,
North Carolina, U.S., American Rock Mechanics Society (ARMA), North
Carolina, ARMAO09-070 (CD-ROM), paper no. 70, 12 p.

Hashim, MHM and Sharrock, GB 2010, ‘Quantification of shear-strains in a
2D block cave scaled physical model’, in ISRM International Symposium -
6th Asian Rock Mechanics Symposium, 23-27 October 2010, New Delhi,
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India, Paper ARMS6-2010-025, New Delhi, CBIP-ISRM, 9 p., accessed
3 May 2011, <http://www.onepetro.org>.

Hashim, MHM and Sharrock, GB 2012, ‘Effect of size distribution in
percolation of fine particles’, in 6th International Conference and Exhibition

on Mass Mining (MassMin 2012), 11-13 June 2012, Sudbury, Canada.

(Abstract accepted, paper in progress).
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Literature Review

CHAPTER 2:
LITERATURE REVIEW

2.1 INTRODUCTION

This chapter evaluates the literature relevant to the gravity flow of caved rock and
percolation of fine particles in caving mines. Section 2.2 discusses the gravity flow
of caved rock in a caving mine followed by a detailed description on the methods
employed to understand the mechanisms of gravity flow (Section 2.3). Section 2.4

presents a review on the similitude of scaled physical models.

A detailed discussion on the percolation of fine particles is presented in Section 2.5
with emphasis on the fundamental aspects of percolation and selected works on
percolation studies. Finally, Section 2.6 presents discussions and conclusions on the
literature review and summarises research directions towards better understanding of

percolation in caving mines.

2.2 GRAVITY FLOW IN CAVING MINES

Cave mining refers to all mining methods where the orebody is caved naturally (by
the action of gravity) after undercutting (Laubscher 1994) and/or trough assisted
caving (e.g., blasting) in which the caved material is recovered through drawpoints.

Examples of cave mining include block caving, panel caving, inclined drawpoint
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caving and front caving (Laubscher 1994). Even though the gravity flow (Brown
2003) of caved rock has been studied for almost a decade its mechanisms are still far
from understood (Campbell 1990; Hutter and Rajagopal 1994; Brown 2003; Brady
and Brown 2004).

In line with above point, Rustan (2000) noted that the theory of flow of fine particles
within the coarse blasted rock (particularly in SLC) were generally not understood
and asserted that such particles’ properties (i.e., shape, size, size distribution and
relative density) are most important factors determining the characteristics of bulk
solids during storage and flow. Figure 2.1 illustrates a typical layout of block caving

mine.

Figure 2.1: Typical diagram of block caving mine (after Hamlin 2001).

Understanding gravity flow of caved rock is crucial to the success of caving
operations (Guest 2007) with respect to the fact that almost all caved rock consists
of particles of varying sizes, densities and/or shapes. The differences in particle
properties predominantly display a range of behaviour and unique characteristics
upon handling process and difficult to model (Jaeger et al. 1996). For instance,
under certain conditions, a granular material can flow like a fluid (Campbell 2006),

or a frictional assembly of particles. With regards to this, Hutter and Scheiwiller
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(1982) noted that such rapid gravity flow mechanisms are hard to adequately

describe because of experimental and analytical difficulties.

In practice, gravity flow has a direct impact on the efficiency of the caving method
(e.g., Just and Free 1971; Chen 1997; Pretorius 2007; Trueman et al. 2008) and this
is known to affect the overall recovery and dilution ingress (Hashim et al. 2008).
The relatively poor understanding of gravity flows of caved rock is currently an area
of concern in the industry (Melo et al. 2006, 2007).

2.3 PHYSICAL AND NUMERICAL MODELS OF GRAVITY
FLOW IN BLOCK CAVING

A comprehensive and detailed discussion and review on selected aspects of gravity
flow and percolation in mining applications is presented by several authors (Peters
1984; Chen 1997; Gustafsson 1998; Rustan 2000; Power 2004; Halim 2004; Hashim
et al. 2008; Sharrock 2008).

As a result of limited understanding of this area, the control of fines percolation,
dilution and ore recovery are made more difficult. In this section, three main
methods employed in gravity flow of caved rock in block caving mine are reviewed
and discussed, namely: full-scale tests, scaled physical models and numerical

models.

2.3.1 Full Scale Tests

Efforts to collect full scale data are fundamental. The key advantage of using the full
scale tests in gravity flow studies is that scalability issues can be avoided and real
outcomes measured. Nevertheless, it is worth highlighting that almost all existing
tests have focused on SLC mines, while to the author’s knowledge, there is no
published full scale test documented on block caving mines except by Brunton et al.
(2012) at the Ridgeway Deeps Block Cave (RWD), Australia.
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One drawback in full scale tests lies within the difficulty and limited access to the
ore body prior to mining operations. This often delays the progress of the
experiment and collection of the results (Castro 2006). Other drawbacks of full scale
tests are the relatively high costs and extremely time consuming nature of testing
(Sandstrom 1972; Just 1981). One clear example of this issue was reported by Alvial
(1992) who made an attempt to run a partially full scale test in a block caving
geometry using old tyres as markers in the extraction zone of El Teniente Mine,
Chile. He reported that only 19 markers were recovered at the drawpoints of the
mine within 10 years. No conclusion was published due to very limited results

collected at the end of his experiment.

There are around seven published full scale tests into the study of the flow of caved
rock in caving mines, and these predominantly concern SLC mines (Table 2.1). In
these full scale tests, large numbers of individual markers are placed within the
experimental production rings. As the markers move towards the drawzone, the
coordinate of each recovered marker at certain tonnage drawn is recorded and

plotted.

However, since all full scale tests were carried out within specific geometries with
regards to that caving mine, often all the results were only specific to that mine and
for this reason generalisation of the results on flow of caved rock in block caving
mines is doubtful (Halim 2004). Additionally, this method of monitoring flow does
not describe any mechanisms of flow except time taken and general direction of

flow.
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Table 2.1: List of published full scale gravity flow marker trials in sub-level and block caving mines.

Location Markers recovered Mining Method Researcher(s)

Grangesberg, Sweden Approximately 70% SLC Janelid (1972)

He-Pei, China Approximately 60% SLC Chen and Boshkov (1981);
Rustan (2000)

El Teniente Mine, Chile | 19 markers over 10 years BC Alvial (1992)

(partially full scale test) | (no conclusion been made)

Kiruna, Sweden Approximately 30% SLC Gustafsson (1998);
Quinteiro et al. (2001)

Perseverance, Australia | Approximately 53% SLC Hollins and Trucker (2004)

Ridgeway, Australia 56% (primary) SLC Brunton (2008)

75% (secondary)
Ridgeway Deeps Block | Approximately 80% BC Brunton et al. (2012)

Cave, Australia

Nevertheless, work is underway to develop smart markers'>. One example is the

Smart Marker System which can be tracked within the cave (Elexon Electronics

2009) as illustrated in Table 2.2. Alternatively, smart markers would provide data to

allow real time adaptation of draw schedules, and vastly improve the knowledge

base of gravity flow. One advantage of this method is the markers path will be

recorded and hence the effect of mine geometry such as block height and draw point

spacing can be studied which is not the case with conventional markers (i.e., tyre

and plastic tube). Full scale marker trial tests are however underway at a number of

mines including Ridgeway Deeps Block Cave in Cadia Valley, Australia.

2 Elexon Electronics refers the Smart Markers as “....blast resistant, long-life Radio Frequency
Identification (RFID) devices that are placed in the ore body of sub-level or block cave mines. The
Smart Marker System automatically detects, logs and time stamps Smart Markers as they are
extracted with ore at the production level. It collects installation and extraction data in real time”.

Table 2.2: Schematic flow of the smart marker system application (after Elexon Electronics 2009).
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Illustration

Process

Description

Installation

Readers are installed above locations
where the Load-Haul-Dump (LHD),
extracting ore and Smart Markers likely
to travel. Smart Markers are then
activated and installed in the ore body, or
are 'fed' to the cave

Extraction

After installation, Smart Markers flow
with the ore to the drawpoint.

The LHD vehicle loads ore and any
Smart Markers into its bucket.

Detection

Readers mounted to the 'back’ (ceiling) of
the mine automatically detect Smart
Markers in the LHD bucket (allowing the
draw point to be established). Reader data
is then transferred to the surface via
network or Bluetooth download to a
Scanner.

Analysis

Underground rock flow analysis begins
as soon as Smart Markers are
automatically detected. Graphical tools
and/or analysis tools were then used to
analyse the data.

It is apparent that in the study of gravity flow in sub-level and block caving mines,

full scale tests have received very limited attention. However, any attempt to
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improve the collection of flow data is valuable toward in moving better

understanding in the real practice environment of caving mine operation.

2.3.2 Scaled Physical Modelling

Scaled physical modelling was one of the earliest methods employed to simulate
gravity flow of caved rock. In general, scaled physical modelling of block caving
mines can be referred to the physical copy or replication of a specific block caving
mine. Examples of comprehensive description on significant modelling studies
concentrating on the Isolated Extraction Zone (IEZ)* descriptions is available by
Sharrock (2008) and presented in Appendix A.

In ideal circumstances, a properly designed physical model or laboratory model
“should behave in all respects like a controlled (usually miniature) version of
prototype” (Hughes 1993). Sterrett (2002) noted that “Scale modelling that is based
on the principle of physical similarity is a method for predicting the behaviour of

certain quantifies in a specific, complex situation”.

According to Schuring (1977), the scale reproduction of a physical model provides
some advantages as follows:
e ability to analytically perform any experimental works with empirical
information;
e scale models permit transformation of one system to manageable
proportions of required systems to be conducted,;
e shorten experimentation period; and

e promote a deeper understanding of the phenomenon under investigation.

¥ |solated Extraction Zone (IEZ) refers to an extraction zone isolated from other extraction
zones/level as a result of drawing from an isolated drawpoint.

The significance of choice of scale in physical modelling work has been addressed
by a number of authors. With regards to this, Langhaar (1951) stated that the use of

scale models are necessary, based on the fact that physical quantities can be fully
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described by the fundamental laws of mechanics. Nevertheless, very little research
has been conducted on the impact of scale on model accuracy. Most physical models

of block caves have been conducted at either scales of 1:100, 1:30 or 1:20.

In general much of the published work has concluded that larger scale models are
better (Janelid 1972; Sandstrom 1972; Power 2004). However, given the materials
handling difficulties and subsequent length of experiments (McMurray 1976; Just
1981), it is more effective to conduct experiments at a smaller scale, if they can be

demonstrated to provide results comparable to those of larger scale physical models.

Castro (2006) and Castro et al. (2006) employed a three-dimensional (3D) scaled
physical model to study flow in block caving using gravel as the model media. The
model had dimensions of 3.5 m (length) x 2.5 m (width) x 3.3 m (height). The
physical model could hold approximately 55 tonnes of aggregate as shown in Figure
2.2. He then repeated the experiments previously undertaken at 1:30 scale by Power
(2004). Using a 1:100 scaled 3D physical model, Castro (2006) reported findings
that contradicted Power’s assertion on the effect of particle size on draw width. He
also found that there was no significant distortions between scales on the extraction
zone and reported that results from a 1:100 model could be used to obtain those in a
1:30 scale. These findings offer the possibility for extrapolation from 1:100 scale to
full scale of a caving mine and by far in contradiction with previous assertion that

greater scale may produce more reliable results than smaller scale.
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Figure 2.2: Large 3D Julius Kruttschnitt Mineral Research Centre (JKMRC) physical model (after
Castro et al. 2006).

In view of the above findings, it is concluded that there is still room for further
improvement to the effectiveness of the scale models in understanding gravity flow.
Large scale physical models may be expected to produce better results and more
closely represent the actual caving mine but at the same time increase the material
handling requirements and limit the overall dimension of the caving mine that can

be modelled.

Hence, it is concluded that there is potential for small scale models, perhaps using
centrifuges to achieve force similitude, to provide more reliable data. Therefore,
quantitative work and validation on the effect of scale within the physical models
are still required. Nevertheless, efforts to improve the understanding in gravity flow
of caved rock still motivated and performed on two types of media: sand grains
(e.g., Kvapil 1965a, 1965b, 1992; Janelid and Kvapil 1966; Marano 1980; Heslop
and Laubscher 1981) or gravel models (e.g., Janelid 1972; Peters 1984; Power 2004;
Castro 2006).
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2.3.2.1 Sand models

The use of sand materials in early experiments allowed small scale models of large
systems to be run but at the cost of model similitude (Section 2.4). Another reason to
the use of sand models is the ability of sand to behave alternately as a “liquid-like”
or as a “solid-like” material to the response of external forces on a different time
scale (Barker 1994). For example, the sand particles have greater mobility, and
hence tend to behave as a “liquid” based on its ability to flow out of a smooth-sided
hopper or even when it is moving down towards an inclined chute. Conversely, sand
particles tend to behave as a “solid” as it forms into a pile or when it is confined to a
container. During this stage they will externally support applied stresses with a

minimum deformation.

Accordingly, some work on the sand models is still relevant and has initiated many
important findings. Kvapil’s ellipsoid theory (Kvapil 1965a, 1965b, 1992; Janelid
and Kvapil 1966) is one of the best examples of a sand model that is still used as a
design guideline in some SLC mines around the world. Using a 2D Type A — Classic
Gravity Flow Model, Kvapil (1965a) constructed a simple sand model that has a
vertical axis of the gravity flow. The front wall is constructed of glass. This model
intersects with the centre of an extraction opening located at the bottom of the bin
while it was filled with layered black and white sand. As the opening slot at the
bottom of the bin was opened, the sand flowed out, generating certain phases as

illustrated by Figure 2.3.
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Figure 2.3: Kvapil Type A — 2D Classic Gravity Flow Models (after Kvapil 1965a). Note: (a) Early
draw stages (b) Intermediate draw stages (c) Prior to the draw stage.

Subsequent to this work, Kvapil proposed the concept of “ellipsoid of motion” to
describe the geometry of granular flow (i.e. caved rock) and used terms of ellipsoid
of loosening and ellipsoid of extraction to describe two types of flow volume in an
ellipsoid of motion. The ellipsoid of loosening can be referred to the limiting outline
that defines the original location of material that has been drawn from an outlet (or
draw point) at any given point. While the ellipsoid of extraction referred to as the
limiting outline that describes the boundary between stationary material and that
which has moved from its original location at a given extracted mass (or extracted

material with volume V,) as illustrated in Figure 2.4.

Figure 2.4: The ellipsoid theory (after Kvapil 1992).
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Kvapil also concluded that the eccentricity of the ellipsoid of motion was a function
of particle size where the finer the sands the model had, the slimmer and more
elongate were the ellipsoid of motion be (Kvapil 1965a) as illustrated in Figure 2.5.
In addition, Kvapil also noted that the ellipsoid’s eccentricity is depends on a
number of factor such as particle size, ellipsoid’s height, discharge rate, shape and
form of the fragment, percentage of fines, sand and clay, moisture content and the
magnitude, distribution and direction of external loads and forces (Kvapil 2004).
Later, based on the ellipsoid theory, Janelid and Kvapil (1966) published a paper
that proposed general design rules for the design of sub-level layouts that is widely

used as a design guideline in many SLC mines.

NOT TO SCALE

Figure 2.5: The width of the gravity flow stream as a function of material type (after Kvapil 2004).
Note: (a) Very fine material (b) Granular material (c) Coarse material.

However, the validity of Kvapil’s ellipsoid theory did receive some argument from
other sand modellers. Marano (1980) and Laubscher (2000) used a 3D sand model
which was specifically built to investigate interactive drawing of adjacent
drawpoints. It was found that the shape of the body of motion resembles a cylinder
with cone shape at the base thus conclude that the ellipsoid theory does not model
the flow accurately. However, this conclusion appeared to be questioned as there
was no detailed explanation on how the deduction was made based on the model

experiments.
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Some major drawbacks in sand models were reported such as inaccuracy of
measuring the zone extracted material (Halim 2004), the shape effect, low friction
angle and scalable issue. It is noted that unlike gravel, sand grains are more spherical
than the actual block in caved rock. The caved rock is better represented by crushed
gravel (Campbell 1990). Furthermore, the lower friction angle of sand compared to
that of gravel significantly affects the draw width (Janelid 1972). On the other hand,
it is also found that the sand particles when scaled up do not resemble the actual
fragmentation of caved rock due to the fact that most current block caving mines

have very coarse caved ore (Halim 2004) compared to fine and rounded particles.

2.3.2.2 Gravel models

Gravel offers closer geometric similarity with a caved rock but the feasible model size
is restrained by the geometric scale factor, which is has a maximum value of 1:20
(Janelid 1972) and/or 1:30 scale (Power 2004). In contrast, there is evidence that

reliable results may be obtained using a 1:100 scale model (Castro 2006).

Subsequent to development of ellipsoid theory by Kvapil (1965a, 1965b), Janelid
(1972) carried out experiments in a 3D model of a 1:20 scale against the full scale
test done at Grangesberg mine in Sweden. The test was run using gravel generated
by the crushed ore from Grangesberg mine. It was found that the breadth and depth
of the flow were almost identical. In view of this, Janelid (1972) attributes those
finding was due to the less packed and more moveable material used in the model. It
is worth highlighting that no general rules for the flow of caved rock were

formulated due to the fact that the model was built specifically for that mine.

Peters (1984) built a 2D gravel model with a dimension of 4.5 m (height) x 3.6 m
(length) and 0.5 m (width) to investigate the effect of particles size and drawpoint
width on the size and shape of the zone of drawn material for a single drawpoint
condition. He found that the draw envelope is not affected by the particle size which
contradicted Kvapil’s ellipsoid theory and later the conclusion was challenged by
Power (2004).
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Subsequent to Peters (1984) studies, Power (2004) built a large scale 3D gravel
model with a dimension of 2.2 m (length) x 2.1 m (width) x 3.3 m (height) at a scale
of 1:30. The model was used to study the effect of particle sizes to the draw zone
width. Power’s model results demonstrated that particle size does affect draw width.
For instance, Power found that the coarse particles will yield wider draw zone than
fine ones (such as in sand models). This finding accords with Kvapil’s (Kvapil
1965a) and Nedderman’s (Nedderman 1995) research. With regard to the
differences between his findings to the Peters’ results, Power postulated that this is

due to the 2D nature of the physical model and 3D nature of the full scale.

Similarly objective to the Janelid’s experiments (Janelid 1972), Power (2004)
conducted and compared the results of a 3D gravel model at a 1:30 scale against his
full scale test employed by himself at the Ridgeway SLC Mine, Australia. It was
found that the results were directly scalable with the exception of the depth of the
draw zone. It is interesting to highlight that based on a 1:30 scale or greater as a
general guideline, Power concluded that there was evidence to suggest that if the
scale of the physical model was large enough, it may be possible to produce better
results than with the smaller scale model. This was later challenged by Castro (2006)

as previously discussed in Section 2.3.2.

2.3.3 Numerical Models

Numerical models have proven to be a powerful tool in the investigation of granular
flows (Campbell 1989; Savage and Dai 1993; Rosato and Kim 1994; Pierce et al.
2003). Since the costs of construction and time constraints relative to the immediate
needs of an active mine often limit the usefulness of physical modelling (McNearny
and Barker 1998), the numerical models offer an alternative method to study gravity

flow of caved rock.

If the characteristics of the in-situ material, mining geometries and in-situ stresses
are well understood, the numerical modelling can be used to predict the geometry

and behaviour of various aspects of caving mines. In view of this, the numerical
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modelling can be divided into three approaches: the continuum mechanics methods,
discontinuum mechanics methods and hybrid/coupled continuum-discontinuum

codes.

2.3.3.1 Continuum mechanics methods

In continuum mechanical methods, granular materials are treated as continua.
Continuum methods are concerned with the mechanical behaviour of a granular
media that behaves as a fluid (Tardos 1997; Karlsson et al. 1999) or a solid on the
macroscopic level (Spencer 1980). These physical properties are then represented by
tensors and expressed in coordinate systems for computational convenience. One
assumption on this method is that the material properties of the ensemble may be
represented by continuous functions so that the medium may be divided infinitely

without losing any of its intrinsic properties (Ng et al. 2008).

Some continuum theories adopt a complex mathematical approach and are limited to
the representation of spherical shape particles. Although these models are partially
successful in capturing some characteristics of the flow, they do not incorporate
information on the particle micro-mechanics, which influence the material

parameters (Christakis et al. 2002).

This is crucial as these findings are needed to model the various interactions
between different particles or particles with their surrounding environment. As a
result, they are not able to simulate processes that are of great importance in mining
applications (i.e., hopper filling/emptying, ore handling and conveying), where these
interactions lead to phenomena such as particle size segregation (Christakis et al.

2002) that potentially lead to dilution problem in an ore draw zone.

Aranson and Tsimring (2001) developed a continuum description of partially
fluidized granular flows based on the hydrodynamic equation for the flow coupled
with the other parameter equation. The method was able to describe the transition

between a flowing and statics component of the arbitrary system in thin granular
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layer on inclined planes with rough bottom. Several important features were also
reported including the structure of the stability diagram, the triangular shape of
downhill avalanches at small inclination angles, and the sphere on shape of uphill

avalanches for larger angles.

There is some discrepancy in the reliability of continuum mechanics in representing
granular flow. For instance, Rycroft et al. (2009) noted that recent work on granular
materials may suggest inapplicability of continuum law in revealing
inhomogeneities at the particle level such as force chains and slow cage breaking.
While some of the continuum mechanic methods may be able to capture some
mechanisms involved in caved rock, such methods lack sufficient theoretical
understanding and accordingly still need to be validated through the experimentation
(Castro 2006).

2.3.3.2 Discontinuum mechanics methods

Discontinuum mechanics and the associated problem of discontinuous boundaries
has been given a vast attention recently. Some examples of program based on this
method are Particle Flow Code (PFC) (Cundall and Strack 1979a), Discontinuous
Deformation Analysis (DDA) (Shi 1988) and Cellular Automata (CA) (Baxter and
Behringer 1991).

Cellular automata consists of a regular and repetitive arrangement of an array of
similar cells which allowed it to have a finite and discrete set of possible states.
Based on the rules that depend only on the local neighbourhood state, the cell state

in the arrangement is updated simultaneously in space at discrete time intervals.

An early application of 3D cellular automata to caving is documented in Sharrock
(1999). The method has subsequently been calibrated to a large scale physical
modelling tests, marker trials data, and anecdotal evidence of flow at a large number
of sub-level and block caving operations. Percolation has been included as a model

parameter, but these models rely on assumptions from previous work in chemical
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and civil engineering. As a consequence, further development and validation from

actual caving and targeted experimental studies is required.

On the other hand, Particle Flow Code in Three Dimensions (PFC3D™) (ltasca
1999, 2005b, 2008b) which employs an explicit time-stepping algorithm is one of
the finest examples of DEM model and was first introduced by Cundall and Strack
(1979a). It offers several advantages including the ability to simulate a wide variety
of caved rock situations, inter-body attraction laws and arbitrary geometries and
allows a more detailed study of the micro-mechanics of the granular assemblies
(Jing and Hudson 2002; Ng 2005).

In general, DEM was run in such a way that the contact forces were computed and
resulted in Newtonian dynamics of individual particles in an assembly (ltasca
2005b). As a result, the distribution of shear and normal force, rotation, velocity and
displacement are determined in two dimensions for each particle. Significant
progress has been developed in DEM method since its first introduction. Table 2.3
summarised the significant DEM computer codes developed for granular flow

modelling.

Unlike some other numerical methods, DEM can also be run in parallel processing
which means that it can be run faster at a greater number of particles using a cluster
of core-processors (Hancock et al. 2010). However, it has been argued that some
drawback arise with regard to a number of particles and particle shape limitations
(Beus et al. 1999) especially when modelling the large scale systems (Hogue and

Newland 1993) and in many cases remains unvalidated.

Fraige et al. (2008) and Powrie et al. (2005) noted that modelling non-uniform
shapes in DEM becomes essential for better understanding of granular material
behaviour. Based on quarter-symmetry PFC3D™ simulations, Pierce et al. (2003)
were able to prove that the particle shape (and size) significantly influences the flow

of particles in the Isolated Draw Zone (IDZ)*.

“solated Draw Zone (IDS) refers to a draw zone isolated from other draw zones as a result of
drawing from an isolated drawpoint.
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Table 2.3: Examples of DEM computer codes (after Akram and Sharrock 2009).

Year | Author/s Computer code Dimension
1978 | Cundall (Cundall 1974) RBM 2D
1978 | Cundall (Cundall 1978) BALL 2D
1979 | Cundall and Strack (Cundall and Strack 1979b) TRUBALL 2D
1985 | Cundall-Itasca UDEC 2D
1985 | Bagster and Kirk (Bagster and Kirk 1985) Model Heap 2D
1986 | Corkum (Ting et al. 1989) DISC 2D
1987 | Cundall PFC2D/PFC3D 2D/3D
1988 | Cundall (Cundall 1988) 3DEC 3D
1988 | Walton (Walton et al. 1988) 3DSHEAR 3D
1989 | Bathurst and Rothenburg (Bathurst and Rothenburg 1989) | GLUE 2D
1989 | Williams and Pentland (Williams and Pentland 1989) Unnamed code 3D
1989 | Taylor and Preece (Taylor and Preece 1989) DMC 2D
1989 | Ng (Ng 1989) CONBALL 2D
1990 | Ghaboussi and Barbosa (Ghaboussi 1990) BLOCKS3D 3D
1991 | Ngand Dobry (Ng and Dobry 1991) CONBALL 3D
1991 | Hakuno and Yamamoto (Hakuno and Yamamoto 1991) Unnamed code 2D
1992 | Rothenburg and Bathurst (Rothenburg and Bathurst 1991) | ELLIPSE2D 2D
1992 | Mishra and Rajmani (Mishra and Rajamani 1992) 2DMILL 2D
1993 | Cleary (Clearly 1993) Unnamed code 2D
1994 | Hill and Zheng (Hill and Zheng 1994) Granular 2D
1995 | Donz’e and Magnier YADE 3D
1996 | Muller (Muller 1996) Discs-Polyhedra 2D
1996 | Kovestsky Unnamed code 3D
1997 | Xuand Yu (Xuand Yu 1997) ELLIPSE3D 3D
1997 | Linand Ng (Lin and Ng 1997) Unnamed code 3D
1997 | Hustrulid and Brown (Hustrulid 1997) Parallel DEM 2D
1999 | Sharrock (Sharrock 2003) 2DFLOW and 3DFLOW 3D
Distributed DEM (disc)
2000 | CSIRO — Muhlhaus FASTDISC 2D
2001 | ELFIN Coupled FEM — DEM 3D
2002 | CSIRO - Cleary Pfarallel code-spheres, 3D
discs
2006 | ACCESS MNRF ESYS_Particle 3D
2007 | DEM Solutions Ltd. EDEM 3D
2008 | (Weatherley 2009) ESYS, High performance 3D
parallel code - spheres

Despite the fact that particle shape is known to affect the flow properties of caved
rock, most DEM computer codes still represent granule and highly angular shapes as

circular discs in 2D or spheres in 3D (Sakakibara et al. 2008). The main reason for
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the ongoing use of discs and spheres is reduced contact detection time and this
allows significantly shorter processing time for discs and spherical particles, as
compared to non-uniform particles (Campbell 1990; Clearly and Sawly 2002; Fraige
et al. 2008).

At present, most numerical methods are limited to relatively small number of
particles and generally limited to spherical particles. Existing DEM computer codes
running on high performance computers, at best deal with in the order of 10 milion
particles of spherical shape while by contrast, CA methods can deal with as many as
100 million particles. It is postulated that within the above particle limit,
representation of a large number of highly angular shaped and size distribution of an

actual caved rock is by far comparatively inadequate.

Sharrock and Hashim (2009) estimated that nearly 300 billion angular 3D particles
are required to numerically replicate a full volume of a 1 mm - 5 mm highly angular
particles into 2.5 m (height) x 1.2 m (width) x 1.2 m (length) of a simply scaled
physical model. Therefore, based on current computer technology, a full
representation of the complexities of even a relatively simple scaled physical model

cannot as yet be achieved with confidence.

2.3.3.3 Hybrid/Coupled continuum-discontinuum methods

The hybrid or coupled continuum-discontinuum methods are combinations of both
input parameters of the particles and continua. In this manner, hybrid codes run as
stand alone computer codes with a possibility of element transformation of granular

(or continuum method) into discontinua (or discontinuum method) and vice versa.

One example of the hybrid codes is found in a study of the evaluation of damage-
induced permeability conducted by Fabian et al. (2006) called Adaptive Continuum/
Discontinuum Code (AC/DC). In principle AC/DC is operating based on the use of a
periodic discontinuum “base brick” of PFC (Itasca 2003) for which more or less

simplified continuum equivalents are derived. AC/DC code can dynamically select
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the appropriate “brick” type to be used according to the level of deformation in each

part of the model.

In the case of rock damage caused by excavation, the discontinuum models are used
in which the particles were assemblies and the breakage of bond under stress were
performed and recorded. Since a large part of most models experiences minimum
rate of strain, an accurate description of such post-peak behaviour and large-strain
were not required. Thus, a large model frequently can be separated into a strongly
strained “core” area to be represented by a discontinuum and a peripheral area for

which the continuum zones would be adequate as illustrated by Figure 2.6.

« pin » logether corresponding
particles

Figure 2.6: Particle configurations in AC/DC hybrid “base brick” (after Fabian et al. 2006). The code
was run by creating a discontinuum model in zones where damage is happening or likely to happen
and a continuum model elsewhere.

Saiang (2009) performed coupled analysis using the continuum and coupled
continuum—discontinuum methods to study the behaviour of the blast-induced
damage zone around the tunnel. Discontinuum methods of DEM namely PFC2D
(Itasca 2008a) were employed to simulated the inner segment of the model, while

the outer segment was simulated using the FLAC (Itasca 2005a).

In this study, FLAC was selected as a server while PFC2D as a client to simulate
contact establishment between the two codes. On the other hand, synchronization of
the cycling in both codes was performed simultaneously in order to determine the
actual displacements of the blast-induced damage zone around the tunnel. During

the process, a series of walls is created in PFC2D while at the same time each wall
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was corresponded to a single surface segment of a FLAC zone as shown in Figure
2.7.

FLAC and PFC?” share the same geometrical coordinates

FLAC and PFC?" share the same boundary stresses

Figure 2.7: lllustration of the important features for coupling of FLAC and PFC2D (after Saiang
2009). Inner segment of the model is modelled by PFC2D, while the outer segment was simulated
using FLAC.

However, since most hybrid codes are still under development, some limitations
occurred due to ongoing calibration requirements, coupled with intensive
computational demands whilst running codes. Nevertheless, given the ongoing
advancement of computer technology, hybrid codes have a potential to overcome

some limitations that arise from discontinuun and continuum methods.

2.3.4 Summary

Based on a detailed review of methods to simulate gravity flow in block caving, it is
concluded that no one method is capable of producing reliable results towards better

understanding of gravity flow in block caving.

Physical modelling is still relevant and appears to be a potential for changes to
industry standards but have to deal with the appropriate scale, costs of construction
and time constraints relative to the immediate needs of an active mine. While it is no
doubt best to obtain percolation data from full scale tests, these are expensive, time
consuming and the parameters of interest are difficult to measure thus resulting in

limitations to further interest to the researcher.
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On the other hand, numerical modelling has proven to be a powerful tool for this
purpose especially in providing insight into the micromechanics of caved rock
interactions. However, these remain largely unvalidated due to the lack of reliable
data. Moreover, all numerical methods rely heavily on computing speed and time
especially when modelling the large-scale systems with complex particles with

highly angular shape.

As this cannot be achieved with current methods and technologies, results from
numerical model are perhaps best compared on the basis of mechanistic and non-
qualitative analysis and validated with both physical models and/or full scale test

data.

2.4 SIMILITUDE

In order to accurately represent actual full scale environments, similitude to similar
conditions is necessary if useful results are to be produced. Hughes (1993) noted
“Similitude is achieved when all major factors influencing reactions are in
proportion between prototype and model, while those factors that are not in
proportion throughout the modelled domain are so small as to be insignificant to the

process”.

Castro et al. (2006) proposed six criteria to achieve suitable similitude between the
two scale models of caved rock:
e geometrical similitude for the whole block dimensions, drawpoint
dimensions, particle size distribution and particle shape;
e the gravity (4, ) and bulk density (4, ) in the two models must be the same;
e the scale of stresses must be the related to that of length, (4, =4, = 4);
o the wall friction angle (¢,) should be similar to the internal friction angle
(#);
e the time taken or timing of event (4 ) must be related to the square root of
the length scaling factor (4) (or A4 = 4/?); and
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o the residual friction angles (4, ) in which its refer to the material’s constant

under shear must be the same.

In order to generate reliable results, there are three conditions which must be met to
achieve similitude between a scaled model and a full-scale environment: the

dynamic similitude, kinematic similitude and geometric similitude (Schuring 1977).

2.4.1 Dynamic Similitude

Understanding the dynamics of caved rock in caving mines is essential since most
granular material handling systems behave unpredictably (and in some cases are
irreproducible) (Goldhirsch 1999). Dynamic similitude refers to the scaling forces
such as the compaction, vertical stress and horizontal stress within the model. This
means that the ratio between forces acting on both particles and boundaries in the
model and full-scale situation must be constant (Halim 2004) and this makes it far

more complex than geometric and/or kinematic similitude.

It is worth highlighting that it is almost impossible to achieve full dynamic
similitude using a scaled-down physical model (Pdschel et al. 2001) as one cannot
scale all the forces on a particle in the physical model. As yet there is no evidence
nor any published article that reports that anyone has been able to achieve full

dynamic similarity in the physical models of caved rock.

Nevertheless as the draw rate is expressed as tons/day, two parameters that can be
scaled down are mass and time; respectively. With regards to this, Castro (2003)
suggested that the draw rate is probably one parameter of dynamic similitude in caving

model that is possible to be scaled down with physical models with following equations:

2.4.1.1 Mass scale factor

Mass, m (kg) is the product of the density, o (kg/m?) and volume,V (m3) and can be

expressed as
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m=pV = pl3
= % (Equation 2.1)
Where L = length
By scaling the L by a factor k,
m'= p'(kL)3
p'= (knlj')s (Equation 2.2)

where m'=mass scale, p'= density scale

If the rock type is similar for both the model and the mine, the density is equal

p=p (Equation 2.3)

Therefore, substituting Equation 2.1 and Equation 2.2 into Equation 2.3, given the

mass scale, m'
m__m
L3 (kL)3
m'=ksm (Equation 2.4)

The mass scale factor is k3.

2.4.1.2 Time scale factor

In order to ensure that the particle acceleration is analogous in both the full scale
operation and within the scaled model, the time scale factor can be derived from the

acceleration formula:

a= r” (Equation 2.5)

Where a = acceleration (m/s?), | = travel distance (m), t=time (s)

Since acceleration experienced by the particle must be the same in both full scale

operation, @, and within the scaled model, ag.qeq therefore

Aactual = Ascaled

Iactual _ Iscaled
2

2

tactual tscaleel
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1:actual I actual

2
(tscaled ] _ Lscaro (Equation 2.6)

By scaling the Jscae by a factor of k

actual

2
k= (tm'ed ] (Equation 2.7)

1:actual

If the time scale, t' be expressed as

o Loates (Equation 2.8)

tactual

Therefore, substituting Equation 2.7 and Equation 2.8 into Equation 2.6,

k =(t)?2

t'=k (Equation 2.9)
The time scale factor is/k .

2.4.2 Kinematic Similitude

Kinematic similitude is described as ensuring the motion and acceleration of a
particle in the model is similar to that experienced in a full scale block cave.
According to Hudson et al. (1979), kinematic similitude can be achieved when the
ratio between the components of all vectorial motion for the scaled model is the

same for all particles at all time.

Further, it is worth noting that although it is impossible to realistically archive full
dynamic similitude in the physical modelling, some authors have assumed that this
would not have enough of an impact on the kinematic similarity that might
counteract the effectiveness of the physical model (Power 2004). These
circumstances can be best addressed by minimising any dynamic dissimilarity that

may arise during modelling of physical models.
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2.4.3 Geometric Similitude

Geometric similarity refers to the length aspects of the model in which the vertical
and horizontal scales are the same (Hughes 1993). In other words, geometric
similitude ensures that all elements of the model have the same shape as in the full-
scale situation. Some authors have stated that a reasonable approximation of
geometric similitude can be achieved in scaled physical models (Power 2004; Halim
2006). Nevertheless these claims may be argued since most of the work presented
still could not adequately represent real caved rock fragmentation sizes (Laubscher
1994) thus far removed from the real caved fragmentation sizes. A detailed

discussion on this is presented in Section 4.4.1.

Parameters such as particle size, shape and distribution can be scaled with minimal
difficulty. This also applies to the size, shape and orientation of drawpoints which
can be designed to a desired scale. The significant demonstration of useful results
achieved by modelling a particular process at the appropriate scale conditions to
achieve geometric similitude are shown by work of Peters (1984), Power (2004) and
Halim (2006).

Based on scalable calculation of an average rate of draw using load-haul-dump
(LHD) equipment that operates in most of the block caving mines, Castro (2006)
proposed a scaled set of instantaneous draw rates at different geometrical scales as

shown in Table 2.4.

Table 2.4: Draw rates for different scales (after Castro 2006).

Geometric Mine effective Mine Draw scale Model Model effective
scale factor draw rate instantaneous factor instantaneous draw rate
(AL) (Q, t/hr) draw rate (A) draw rate (kg/day)
(t/day) (kg/hr)
1:30 200 - 300 100 - 600 2.03E-04 40 - 60 20-122
1:50 200 - 300 100 - 600 5.66E-05 11-17 6-34
1:100 200 - 300 100 - 600 1.00E-05 2-3 1-6

It is noteworthy to highlight that several factors have been assumed in generating

Table 2.4:
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e the media is non-cohesive and moving slowly under the influence of gravity;
e the media is heterogeneous but isotropic;

e interstitial fluid dynamics are not considered,

e Dbreakage mechanisms are not considered; and

o the model is 3D without special weak boundaries.

Given this simplified and idealised model of caved rock, the applicability of these
draw rates for scaling similitude is still questionable. Nevertheless, the work
indicates that it is possible to at least scale down one parameter of dynamic

similitude with geometric similitude as demonstrated in Castro’s work.

2.4.4 Summary of Similitude in Scaled Physical Models of Caving

Based on current achievements in the physical and numerical studies, full similitude
of a scale physical model with regard to a caving operation has not been firmly
established and requires more study. As achieving full similitude is almost
impossible, attempts to minimise the effect of dissimilarities within the scale model
is essential especially in relation to those referring to the dynamic similitude and/or

kinematic similitude.

2.5 PERCOLATION OF FINE PARTICLES IN BLOCK
CAVING MINES

2.5.1 Introduction

The flow of caved rock is a critical part of a block caving and SLC mining
operations (Cleary and Sawley 2002; Brown 2003; Guest 2007; Castro and Trueman
2008). Caved rock consists of particles of varying sizes, densities and/or shapes is
exposed to segregation during gravity flow (Gray and Thornton 2005). In some
cases, the segregation will have significant influence on economics of the operation
(previously discussed in Section 1.1) due to the physical and mechanical properties
differences (Jha et al. 2008) of caved rock.
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There is very little research devoted to percolation in mining applications. Most of
the work on percolation has emerged in powder or chemical applications and an
understanding of the percolation of particle mechanisms in caving is still emerging.
Segregation is defined as a phenomenon whereby a flowing granular mass
consisting of particles with diverse physical properties becomes spatially
inhomogeneous (Rosato and Blackmore 2000). Segregation has been classified
differently depending on variables of preferences for instance where there exist
differences in the size, density, shape, composition and structure (Hogg 2003).
However, the most commonly used classification approach appears to be

“segregation mechanisms” (Tang and Puri 2004).

Table 2.5 describes all the mechanisms of segregation identified by previous
researchers (Mosby et al. 1996a; de Silva et al. 2000) that occur in processing and
handling of granular solids while Figure 2.8 illustrates mechanisms of segregation.
Segregation phenomena can arise from percolation induced by gravity flow and
vibration (Mosby et al. 1996b).

Ottino and Khakhar (2000) noted that differences in particle properties may induce
segregation upon handling and other processes. Enstad (2001) noted that
percolation, displacement, diffusion segregation and agglomeration segregation are
usually not active during filling of heaps but which may be active and important in

other situations (i.e., ore extraction).

Percolation segregation is the most dominant mechanism during conveying, storage,
flow and mixing process (Jha and Puri 2010) which generally can take place in
mining operations. A review of percolation of caved rock in the SLC and block

caving is discussed in the next section.
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Table 2.5: Mechanism and description of segregation (adapted after Mosby et al. 1996a and de Silva

et al. 2000).

Mechanism

Description

Cause

Angle of repose

Different components are sequentially filled onto a heap while
the lower angle of repose component flows towards the edges

Angle of repose

of a heap.

Embedding Larger or denser particles to penetrate a layer on the surface of | Inertia
a heap at its apex, and become locked there.

Air current A mechanism caused by handling regimes (i.e., in the present | Air current
of air flow) which carry fine particles and deposits them far entrainment
away from the deposition point. On the other hand the coarse
particles remain close to the deposition point.

Rolling Large or rounded particle roll down the surface of a heap in Rolling
formation.

Sieving Movement of smaller particles downward through a rolling or | Rolling, sliding
sliding layer of large particle. Also referred as “sifting”. layer

Percolation Movement or falling of small particles through gaps between Vibration, local
larger particles due to shearing. Although might be similar to shear planes and
sieving, it does not require the larger particles to being a gravitational
flowing layer. forces

Fluidization The lighter particles form a 'fluidized' layer and make only Fluidization,
coarse particles able to penetrate the fluidized fines while the density
finer particles remain in the top layer.

Trajectory Reducing in the speed of smaller particles during free flight Air drag and
due to the difference between large and small particles in air inertia
drag and body forces such as gravity and deceleration.

Impact Particle with higher coefficient of restitution bounce off a Bouncing

heap surface.

Displacement

Larger particles rise to the surface of a mixture of large and
small particles in stage due to the vibrations. Were also related
to percolation (Enstad 2001).

Vertical vibration

Push-away

Heavier particles falls on the apex of the heap push-away
lighter while equivalent sized particles move towards the
edges of the heap.

Density

Agglomerate

Very fine particles to formed larger aggregates whereas the
other components continue as single particles. Usually this
effect is active when there is some moisture present.

Agglomeration

Diffusion

Higher mobility in fine particles than that of large particles,
leading them to concentrate in zones. Also referred as
“concentration driven displacement”.

Diffusion,
concentration of
displacement
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2.5.2 Percolation of Fine Particles

One key aspect of gravity flow that is imperfectly understood is the percolation of
fine particles. The study of particle percolation has been employed in various
contexts especially in chemical and powder applications (Bridgwater et al. 1969,
1978, 1985a, 1985b; Bridgwater and Ingram 1971; Scott and Bridgwater 1975,
1976; Cooke et al. 1978; Cooke and Bridgwater 1979; Drahun and Bridgwater 1983;
Foo and Bridgwater 1983; Bridgwater 1995). Percolation has been recognised as an
important mechanism in segregation (Bridgwater et al. 1969; Tanaka 1971; Mosby
et al. 1996b; de Silva et al. 2000; Duffy and Puri 2002).

Percolation of fine particles (or sometimes referred as interparticle percolation)
(Scott and Bridgwater 1975; Cooke et al. 1978) occurs in mixtures of different
particle sizes as illustrated in Figure 2.8j. When such assemblies are subjected to
shear strains and/or volumetric deformation and gravitation force, fine particles
percolate through interstitial gaps (Williams 1976; Mosby et al. 1996b; Vallance and
Savage 2000; Duffy and Puri 2002; Johanson et al. 2005).

Percolation can also occur whenever a mixture of particles of different sizes are
disturbed in such a way to rearrange the particles (Axe 1995). Disturbance can arise
from the existence of shear within the mass, caused, for example, by stirring or by

pouring the particles into a heap or even when a mixture is shaken (Williams 1976).

It is interesting to highlight that all the previous studies have resulted in essentially
the same finding. These studies concluded that both the diameter ratio of coarse to
fine particles, and the associated density ratio, significantly affects the rate of
percolation of fine particles during a shearing process. Nevertheless, the finding may

only be applicable to the chemical and powder applications.

In sub-level and block caving mines, segregation phenomena can arise from
percolation induced by gravity and vibration (Mosby et al. 1996b). This

phenomenon significantly affects the flow characteristics of ore in ore pass systems
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(Hadjigeorgiou and Lessard 2007), dilution and eventually the efficiency of the
caving method (Chen 1997; Pretorius 2007).

In view of this, others factors such as particle shape, size, and transport properties
(i.e., shear strains) within the fragmented rock mass are perhaps the most important
factors to be considered in study of percolation mechanism in caving mine. As full
scale test may be too expensive to be achieved, physical and numerical models
provide a reproducible way to provide understanding of percolation mechanisms of

caved rock.

2.5.3 Mechanism of Percolation

According to Bridgwater (1994) and Cooke et al. (1978), a dimensional analysis of
percolation velocity (u) for a small sphere percolating through larger spheres can be

written as Equation 2.10:

S f(ﬁ,Rb,Rp,g 5 M,M,&,m,pr (Equation 2.10)

pS T o dp Es B By g
Where:
e U = meandownward velocity of percolating particle (m/s);
e Yy = mean distance percolate (m);
e y = strainrate (s™);
e 7 = shear strain (dimensionless);

e dyandd,= the percolating and matrix of coarse bed particle diameters
respectively (m);

e R, = shape factor for the matrix of coarse bed particles, indicating the
modification of the production of holes due to deviation from spherical shape
of the matrix of coarse bed particles;

e R, = shape factor for the percolating material, indicating the modification
in the utilisation of holes due to deviation from spherical shape of the

percolating material;
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E, and E, = Young’s modulus of the percolating particle and the matrix of
coarse bed particle respectively (N/m2);

o = normal stress on the top surface of the cell (kg/ms?);

g = acceleration due to gravity (m/s?); and

pp and p, = the percolating and matrix of coarse bed particle densities

respectively (kg/m3).

Bridgwater (1994) found that the significance of the various dimensionless groups in

Equation 2.10 can be defined as follows:

d,/d, is the ratio of percolating particle to matrix of coarse bed particle
diameter or a measure of the utilisation of holes in the deforming large
particles by small particles;

ol E,, the ratio of normal stress to Young’s modulus for the matrix of
coarse bed particles (E,) is a measure of the loss of free space due to the
deformation of matrix of coarse bed particles due to normal stress;

E, /Ey, the ratio of Young’s modulus of percolating and matrix of coarse
bed particles, is a measure of the loss of mobility of percolating due to
deformation under stress. The influence of E,/E, under applied stress is
slight (Cooke et al. 1978);

dyp,g/E, where p, denotes density of the matrix of coarse bed particles
and g the acceleration due to gravity, is a measure of deformation of a
matrix of coarse bed particles under its own weight and may be negligible;
dyy2/gis a measure of the ratio of the time for particle to fall through a gap
to the lifetime of the gap under acceleration due to gravity (g );

2ol p, the ratio of percolating to matrix of coarse bed particle density, is a
measure of the microscopic force seeking to open the space between matrix
of coarse bed particles. An increase in p,/ g, will slightly raises u/yd, up
by 24% (Cooke et al. 1978; Bridgwater et al. 1985a);

Uy, the dynamic coefficient of friction of matrix of coarse bed particles, is
included as a measure of the frictional properties within the matrix of coarse

bed particles; and
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e u,, the dynamic coefficient of friction between matrix of coarse bed and
percolating particles, is included as a measure of the frictional properties

between the matrix of coarse bed particles and percolating particles.

Bridgwater (1994) also noted that the voidage of the matrix of coarse bed particles is
not included in Equation 2.10 as it is deemed to be a dependent variable. The
voidage is set by the conditions of stress, with the matrix of coarse bed particles

being at the critical state because of the application of sufficient strain.

Cooke et al. (1978) found that the dimensionless factor of u/d, slightly decreases
as normal stress rises while u/jd, was also increased at low strain rates. On the
other hand, Bridgwater et al. (1978) postulated that if the diameter ratio of particle-
to-matrix of coarse bed (d,/d,) are between 0.269<d,/d, <0.673 the u/d, the
ratio significantly decreased. In accordance to this, Johanson et al. (2005) found that
if the fines are less than one-third the size of coarse particles and free flowing, they
may percolate through the coarse matrix of particles resulting in sifting (or sieving)

segregation.

Additionally, Equation 2.11 was developed by Bridgwater and his team (Bridgwater
et al. 1978; Bridgwater 1994) to assess the relationship between the dimensionless
percolation rate (y/d,) or u/jdyrelative to diameter ratio (d,/d,). The negative
exponential relationship with diameter ratio indicates that as the size of the fine
particles approaches that of the coarse particle, which requires an increasingly

greater amount of shear strain for percolation to occur (Pierce 2004).

o

2|

=k, exp{— k, p} (Equation 2.11)

y_u
ydb 7;db b

Where:
e Yy is defined as the mean percolation distance travelled by percolating
particles in given strain (mm);

e U is defined as the mean downward velocity of percolating particle (mm/s);

e 7 is shear strain (dimensionless) while y is defined as strain rate (s ™);
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e y/udy is measure by the most probable distance in bed particle diameters
that an isolated percolating particle is expected to drop/travel when subjected
to »=1.0 or 100% (Bridgwater et al. 1978; Pierce 2004, 2010);

e U/, is measure by the mean downward velocity of percolating particle, U
when subjected to the rate of strain () (Bridgwater et al. 1978);

e kjand k, are two arbitrary constants that were found to be equal to 20 and 8
respectively (Pierce 2004); and

e d,/d, is the ratio of percolating particle to matrix of coarse bed particle
diameter or a measure of the utilisation of holes in the deforming large

particles by small particles.

2.5.4 Factors Affecting Percolation

Scott and Bridgwater (1975) studied the rate of percolation of small particles in a
simple shear cell in which the bed is subjected to uniform shear strain. By reversing
the direction of movement of the cell, unlimited strain can be applied. They found
that differences in particle size were the most significant cause of percolation. They
showed that the percolation velocities observed could be explained in terms of the

diffusion equation.

Based on replication of physical experiments by Bridgwater et al. (1978), Pierce
(2004) used PFC3D™ to study a series of shear tests of coarse and fine spherical
particles in caved rock. He noted that for particles that are smaller than the minimum
interstices between larger particles, percolation can occur spontaneously while
particles that are larger than the minimum interstices may only percolate if the bed is

disturbed in some way (e.g., through shearing).

Table 2.6 shows a number of control parameters on percolation rate highlighted by
Bridgwater et al. (1978), Drahun and Bridgwater (1983) and Pierce (2004). It was
reported in these studies that at shear strain rates below 0.4 s, percolation rates are
sensitive to the particle diameter ratio. On the other hand, percolation velocity is less

affected when the strain rate () is above 0.4 s™as this increases the interception
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between the particles. Such at the high interception between the particles, the gaps

that form between coarse particles will have less possibility for a longer opening

thus decreasing the probability of a fine particle to pass through an underlying gap.

Table 2.6: Parameters controlling percolation rate.

Description

Comment

Particle diameter ratio

Largest effect compared to other controlling parameters.

Rate of strain

Percolation rates increase until  =0.4 s~ and reduces above 0.4 s .

Normal stress

An increase in the normal stress reduces the percolation velocity.

Particle density

Higher density particles percolate faster than lower density particles
(applied to the similar shape and size particle).

Material properties

Particles with low elastic modulus percolate faster than higher elastic
modulus.

Surface properties

Smooth and shiny surfaces percolate faster than rough and scratched
surfaces.

Shape properties

Rounded shape percolate faster than angular shape.

Wall effects

Smaller particles percolated more rapidly at the wall than in the matrix of
coarse bed.

Pierce (2004) numerically replicated and simulated Bridgwater’s et al. (1978) simple

shear apparatus and found that in general, materials with greater density and lower

elastic modulus exhibit higher percolation rates. Johanson et al. (2005) noted that if

particle shapes are different, then the internal friction angles of individual

components may be different, resulting in angle of repose segregation.

2.5.5 Previous Studies on Percolation

Percolation has been the subject of a large number of publications on either physical

or numerical modelling. On the other hand, to the author’s knowledge, there is no

significant record of research output across full scale tests, which was probably due

to the high cost and difficulty in measuring specific mechanism such as shear strain

in actual caving mine.
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2.5.5.1 Physical modelling

Percolation mechanisms in powder applications have been extensively studied by
Bridgwater and his co-authors (Bridgwater et al. 1969, 1978, 1985a, 1985b;
Bridgwater and Ingram 1971; Scott and Bridgwater 1975, 1976; Cooke et al. 1978;
Cooke and Bridgwater 1979; Drahun and Bridgwater 1983). During this period,
Bridgwater and his team performed a number of experiments to provide insight into
fundamental processes controlling the distribution of components in a free flowing
powder and/or of agglomerates in a cohesive one. Later, this was reviewed and
expanded by Savage (1987) and Bridgwater (1994, 1995).

During the 1970’s, Bridgwater and his co-authors built a number of devices to
investigate percolation rates that was primarily developed for testing soils (Scott and
Bridgwater 1975; Bridgwater et al. 1978). The end result was a Simple Shear
Apparatus (SSA) called Mark 1A, 1B, lIA, 1IB, Ill, IV and V that induced
percolation (Table 2.7).

Table 2.7: Principal features of the SSA models built by Bridgwater and his co-authors (after
Bridgwater et al. 1978).

. . Bed-matrix .
Dimension article Maximum
Device (L x W x H) P Base Drive shear strain
(mm) diameter, ee)

dp (mm) max
Mark IA | 250 x 250 x 220 13x13x12 Plane Hand 1.68
Mark 1B 250 x 250 x 220 13x13x12 Fixed hemispheres Hand 2.00
Mark I1A | 362 x 355 x 220 19x19x12 Fixed hemispheres Motor 2.18
Mark I1B | 362 x 355 x 220 19x19x12 Hemispheres plus prongs Motor 2.18
Mark I11 354 x 355 x 246 19x19x12 Rotating spheres Motor 2.18
Mark IV 70 x 70 x 55 12x12x9 Fixed hemispheres Hand 2.00
Mark V 354 x 355 x 246 19x19x12 Rotating spheres Hydraulic 2.18

Figure 2.9 shows one simple shear apparatus (Mark 11A) developed by Bridgwater
and his team that operated by moving a bed of particles in a back and forth direction.

In this type of simple shear apparatus, the location of the shear box rotation-pivot

50



Literature Review

was set at the centre of the upper side wall (along the z-axis). Tang (2004) noted that
implication of the centre-pivoted motion is likely to create a dead zone® (Duffy
2001) and produces unlimited shear strain. A detailed discussion on this topic is

presented in Chapter 3.

N

Figure 2.9: The Simple Shear Apparatus (SSA) (after Bridgwater 1994). Note that the SSA imparts
principal motion by moving a bed of particles in a back and forth in the y-axis direction with a single
tube at the centre of the upper side wall (z-axis) in which the fine percolating sphere was entering the
hole in the lid one at a time.

By moving a bed of particles in a back and forth motion along the y-axis direction,
creates a uniform strain which enables the percolation rate to be found without
recourse to exhaustive sampling or cine photography (Scott and Bridgwater 1975).
By using this apparatus, a bed of coarse particles was sheared so that its shape
changed from a rectangular to a parallelogram (Figure 2.10) and thus analogous to a
failure zone (Scott and Bridgwater 1975; Cooke and Bridgwater 1979). The failure
zone is defined as a thin layer (or gaps) between two groups of particles, in which
there is considerable motion (Bridgwater and Ingram 1971). For instance, in a
failure zone, a binary mixture of large and small particles may deform permitting the

rapid passage of small ones through it.

5 Dead zone is defined as the phenomenon at which the shear motion experience by material within
the shear box is in a minimum state (in some cases close to zero) along the axis line (x, y or z-axis).
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Figure 2.10: Motion imparted to particles by the SSA (adapted after Cooke et al. 1978). Note that
position of moving walls at half-stroke intervals is shown.

Percolation rates were established by measuring the mean time taken for particles
fed from the top of the cell to transverse the cell and fall out at the bottom.
Percolation rates were then measured from the slope of the linear relation found
between residence time and bed height, thus eliminating end effects (Cooke and
Bridgwater 1979). The linear relationship also implies that the behaviour of the
material in the cell is independent of position and that the percolation velocities

deduced are true material properties (Cooke et al. 1978).

Through a series of experimental works, Scott and Bridgwater (1975) found that
percolation rates depend mainly on total strain, the relative sizes of large and small
particles and also on rate of strain. It is also postulated that percolation rates are
found to increase with increasing shear rate and decreasing size of the smaller
particles. Nevertheless, most of the work done by Bridgwater and his team focused
on powder systems and its application to mining scale granulates remain to be

undertaken.

Johanson et al. (2005) built a simple shear box with a dimension of 130 mm (length)

x 130 mm (width) x 50 mm (height) to measure the magnitude of sieving
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segregation occurring in matrix of bed particles (sand grains) as shown in Figure
2.11. This design was similar to one attributed to Scott and Bridgwater (1976) and
Stephens and Bridgwater (1978a, 1978b) for measurement of a single particle

through a matrix of bed particles assembly of material.

Figure 2.11: Front-view of simple shear box apparatus by Johanson et al. (2005).

By using this simple shear box device, the total shear strain (7w ) IS computed from
the maximum extension angle (.) of the side walls as illustrated in Figure 2.10.
The number of cycles (N ) given by Equation 2.12 :

Yo = 4N tan(4,,) (Equation 2.12)

A complete shear cycle consists of starting with the end walls perfectly vertical
(Figure 2.10a) and moving the bottom plate left until the moving wall forms an
angle with the vertical of &, (Figure 2.10b). Once this maximum extension is
achieved, the strain direction is reversed and strain is continued until the maximum
extension angle —8, is reached (Figure 2.10c and Figure 2.10d). Finally the bottom
piston is moved to the position where the end walls are completely vertical and

another cycle is started (Figure 2.10a) (Johanson et al. 2005).

It is concluded by this experiment that sieving segregation can be modelled as a
velocity dispersion term that depends on total strain and the available void space.
However, the use of sand particles (350 um materials sandwiched between two
layers of 1650 um sand) employed in this study may not represent the actual cave
mining environment. Campbell (1990) asserted that caved rocks resulting from

crushing or caving are generally highly angular. Since sand particles are more
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spherical than angular, the finding of Johanson et al. (2005) may not be consistently

reliable when applied to caving mining.

With regard to above point, Yenge (1980) noted that the flow of caved rock could
not be described satisfactorily by theories developed for the flow of other materials
(such as sand) because the particles sizes, discharges rates and boundary conditions
in the mining problem were not analogous to those of other cases. Nevertheless, the
simple shear box apparatus used in this work has shown a potential approach to

differentiate between the angle of repose segregation or percolation process.

Hsiau and Shieh (1999) constructed a 2D shear cell device (Figure 2.12) with
adjustable lower wall velocity. This shear cell operated based on similar principles
to an annular shear cell (sometimes referred as ring shear cell or rotational shear
box). Glass spheres with a mean diameter of 3 mm were used as granular materials.
Image processing technology and a particle tracking method were employed to
measure the average and fluctuation velocities in the streamwise and the transverse

direction.
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Figure 2.12: Two-dimensional annular shear cell with adjustable lower velocity (after Hsiau and
Shieh 1999).

It was found that the diffusive displacement of tracking particles were the highest in
the high-shear region and significantly decreased with the rate of shear imposed.
However, since the experiments were limited to being 2D, it could not genuinely

represent actual percolation in a typical mining scenario. In addition to the above
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drawback, because of the visualisation limitation, only the flows adjacent to the
inner surface of the bottom disk could be recorded and analysed while the walls
need to be cleaned and polished before each experiment to reduce the wall friction
effect.

In view of above drawback in annular shear cell, the U.S. Pharmacopeia (n.d.) found
that due to its design, the annular shear cell was also not able to generate a uniform
shearing of the powder bed (i.e., material on the outside of the annulus is sheared more
than material in the inner region). Another setback is the construction is too heavy,
which was disadvantageous for tests at low stresses and no possibility to perform wall
friction tests (i.e., bulk solid sample test) (Schulze 2003).

The annular shear cell may be practical for powder test applications (or particles with
diameter less than 5 mm) with relatively small sample sizes (generally less than 2 kg).
However, given the appropriate sample size and its mass (i.e., in mining study), the
application of annular shear test is not applicable. Even if a very large shear annular
shear cell is used in order to test coarse particles (the standard annular shear cell has a
diameter of about 50 mm), it is difficult to get an even distribution of normal stresses

and shear stresses in the shear zone (Schwedes and Schulze 1990; Schwedes 2003).

Although it is possible for the annular shear cell to generate very large shear strains
compared to the translational type of shear tester (i.e., simple shear apparatus), the
applicability of this type of shear tester is not relevant to caving problems since in
the large scale of current block caving mine (more than 100 m in height) a low
magnitude of shear strain is anticipated (Hashim and Sharrock 2010). A detail

discussion of this topic is presented in Section 3.4.

Given the above limitations, it is apparent that the simple shear cell demonstrates
some advantages over the annular shear cell. Firstly, the simple shear cell allows a
large quantity of sample to be tested and secondly is more relevant to the modelling
of coarse particles (i.e., 5 - 20 mm rock aggregate) which is significant in particle

shape effect studies.
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Subsequent to their work using a vertically oriented shear tester device, Duffy and
Puri (2002) designed the Primary Segregation Shear Cell (PSSC). The PSSC was
capable of applying up to 25% strain by changing the cam connected to a variable
speed motor. The effects of size ratio, strain, cycle speed and bed depth on particle
percolation were evaluated. It is postulated that size ratio is the most dominant

variable affecting the percolation rate of fines through a bed of coarse particles.

However, since this work used a mixture of spherical glass shapes, the particles did
not represent the shape of caved rock. Glass spheres are probably a reasonable
approximation for the sand particles, which, although angular on the surface, are still
roughly spherical in shape and become more so as collisions break off any

protuberances.

Later, Tang (2004) upgraded and built a second generation of the Primary
Segregation Shear Cell 11 (PSSC-I1) as shown in Figure 2.13. Some new features
was introduced in PSSC-II such as selection of shear motion along the x-axis in
order to avoid a close to zero energy around the dead/central zone of the cell as been
experienced by PSSC (shear motion along the z-axis) (Duffy and Puri 2000). The
PSSC-1l dimension was also slightly larger than the previous PSSC with a
dimension of 150 mm (length) x 63 mm (width) x 100 mm (height).

Figure 2.13: Primary segregation shear cell of generation two (PSSC-I1) (after Jha and Puri 2009).

56



Literature Review

Jha and Puri (2009) then used the PSSC-II to study time-dependent percolation
segregation in binary mixtures of particulate materials with two different materials;
urea (spherical particles) and potash (angular particles). It was found that for both
potash and urea, percolation of fines during shear motion predominantly decreased
with decrease in size ratio. Jha and Puri (2009) also commented that percolation

segregation of fine particles was dependent on size, shape and density.

Nevertheless, it is not known if these findings are applicable to caved rock. Several
factors such as the reliability of relatively small cell size which is not specifically
built for scaleable purposes and the type of particulate material used in the study. In
addition, some limitations to the physical properties of the particulate material (with
regards to the urea and potash particles) used in the study was found to be far

removed from the nature of caved rock.

2.5.5.2 Numerical modelling

In addition to physical testing, the potential of numerical methods such as DEM to
replicate the mechanisms involved in shear-induced percolation are promising. The
DEM approach offers significant opportunities in visualizing and understanding the
mechanisms of percolation as it provides insight into the microstructure of the caved

rock.

Based on the replication of physical experiments by Bridgwater et al. (1978), Pierce
(2004) used PFC3D™ to study a series of shear tests of coarse and fine spherical
particles in caved rock. In addition, this work considered two-particle clumps and a
shear box in the vertical shearing direction rather then the horizontal direction as
carried out by Bridgwater et al. (1978). It was concluded that the vertical shearing
direction did not have a significant influence on percolation rate and generally
produced similar results to the horizontal direction. Nevertheless, since this work
only introduced two-particle clumps to study the effect of shape on percolation rate,
and significantly higher number of particles (i.e., six-particle clumps or higher) is a

pre-requisite for modelling caved rock.
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It is also indicated by Pierce (2004) that percolation rate is not significantly
influenced by shearing direction while reducing the strain rate significantly increases
the percolation rate of fine particles. However, several other shapes are required for
the tests before final conclusions are drawn since this work are only limited to two-

clump particles (spherical versus two-particle clumps) only.

Subsequent to this, Hashim and Sharrock (2009) used PFC3D™ and numerically
extended the work conducted by Bridgwater et al. (1978) and Pierce (2004) with a
larger shear cell. The shear cell was approximately twice the size of Bridgwater’s
simple shear apparatus and Pierce’s PFC3D™ shear cell. In order to better represent
the shape factors of actual caved rock, the particles had similar shapes factors to
caved rock. By introducing two more complex shapes; cylinders and cuboids it was
found that the percolation rate is predominantly affected by particle shape and the
size ratio of the percolation and matrix particles. However, data from physical
models and/or full scale tests are required to validate these results. It is worth
highlighting that it is one of the aims of this thesis to validate and develop a new
numerical model based on the PFC3D™ with emphasis on more complex non-
spherical granular material and sizes for percolating study of caved rock in caving

mine which is explored in Chapter 6.

Hancock et al. (2010) implement parallel DEM code known as ESyS-Particle which
is capable of running on supercomputers to study block caving flow around an
isolated drawpoint including fines percolation. The mono-sphere particles and/or
particle clusters was generated by bonding two spheres together. It was reported that
the ESyS-Particle are discretionally within the range of those results from previous
studies on caving flow dynamics with exception to the Castro 3D large physical
model (Castro 2006).

Of all the above numerical works employed in the study of percolation, it is
concluded that numerical models are still developing and in most of the cases,
remain unvalidated in studies on caved rock (or partially validated by using previous
physical model data on ideal materials). More over, sphericity (i.e., circular discs in

2D or sphere particles in 3D) has been assumed in most studies for many reasons in
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numerical modelling as it is easy (in theoretical work and computer simulations) to
detect a collision of circular particles, as particles are in contact whenever their

centre are two radii apart (Campbell 1990) thus reduced contact detection time.

26 SUMMARY AND RESEARCH DIRECTION

In summary, an improved knowledge of gravity flow of caved rock and associated
percolation mechanisms has very general application in caving mines (e.g., block
caving, sub-level caving, back-fill method), minerals processing, geology, civil
engineering and other fields such as chemical, powder and pharmaceutical. Most
recent physical experiments emerging from the chemical and powder applications,
have shown that both the diameter ratio of coarse to fine particles and the associated
density ratio significantly affects the percolation rate of fine particles during
shearing. Although these studies are comprehensive, they concentrate only on the
percolation of mono-size shaped particles (i.e., spherical glass, sphere sand) and/or

narrow distributions of particle sizes or shapes not applicable to caving.

Publications on percolation in caving are extremely limited, and hence research is
required to identify the percolation mechanisms and to develop an improved
understanding on the factors controlling fines percolation in angular rock particles.
On the other hand, apart from physical modelling, numerical modelling has proven
to show promising results in the field of fine particles percolation. However the use
of numerical modelling remains largely unvalidated due to the lack of reliable data
from physical models and/or full scale tests. Nevertheless since full scale tests for
block caves are only now being undertaken, numerical models are usually validated

through physical models.

In view of the above points, particle shape, size, density and transport properties
such as shear strains and strain rates within the caved rock are perhaps the most
important factors to be considered in future numerical and physical modelling

studies on caving.
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Given to the above concerns, this thesis aims to explore shape and size effects on the
percolation of fine particles in a bed-matrix of coarse aggregates under controlled
experimental conditions. In order to achieve this goal, both spherical (ideal media)
and highly angular particles (crushed aggregate media) were studied using a new
physical model called the Shear Cell for Percolation of Geomaterials (SCPG). Other
parameters such as particle size distribution, particle shape, density and transport
properties (i.e., shear strain and strain rate) were studied. This knowledge is a step
towards better understanding of percolation mechanism in coarse angular media, and

hence caved or fragmented rock.

Apart from the use of the SCPG, this thesis also aims to take steps towards an
improved understanding of the impact of particle shape and size on percolation rate,
through the application of DEM. In line with the above objective it is also
hypothesised that for percolation studies on caved rock, DEM approaches using non-
spherical shape particles excel over the spherical mono-size particles. Accordingly,
DEM models were developed using non-spherical particle shapes representing caved
rock with up to six particle spheres clumped together in order to behave as a single

bonding particle.

Numerical particles were then tested in conditions similar to the integrated data from
the SCPG and 1:100 scaled Type-A Kvapil Models for shear strain assessment
(Hashim and Sharrock 2010) to study the validity of the PFC3D™ simulations. A
detailed discussion on the experimental results, key features of the SCPG and
Type-A Kvapil Model assessment is explored and presented in Chapter 3 and 5

respectively.

Both approaches (physical and numerical modelling) offer the potential to improve
cave drawpoint layouts in the future. Moreover an improved knowledge of
percolation in caving mines is essential towards identify and avoid dilution hazards,

optimise ore recovery towards safe and optimization of caving mine operation.
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CHAPTER 3:

SHEAR CELL FOR PERCOLATION OF
GEOMATERIALS - DESIGN AND
EXPERIMENTAL METHOD

3.1 INTRODUCTION

This chapter presents a detailed description of the design and fabrication of a Shear
Cell for Percolation of Geomaterials (SCPG) for the investigation of fine particle
percolation in a bed-matrix of coarse angular aggregates similar to caved rock. A
detailed description and key features of the SCPG and parameters required for the
percolation study in block caving are described within the first and second sections
of this chapter. Finally, a comprehensive summary of the experimental procedures

and methodology is presented in the last section.

32 A SHEAR CELL FOR PERCOLATION OF
GEOMATERIALS

Given the limited attention and published work in percolation studies on coarse
angular materials similar to caved rock, a new apparatus to investigate the fine
particles percolation in the bed-matrix of highly angular aggregate was designed and

fabricated as shown in Figure 3.1.
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Control Panel Drive Motor

Shear Cell

Side Wall

Panel Frame Main Frame Sieve Mesh

Figure 3.1: Shear Cell for Percolation of Geomaterials. Note the front side wall was removed to
provide apparent view of shear cell and sieve mesh.

Some of the SCPG key features that distinguish it from previous simple shear cells

are.

unlike the previous tools that largely employed for powder applications, the
SCPG was the first apparatus that was designed and fabricated specifically
for percolation studies of coarse angular rock fragments with shapes similar
to caved rock;

currently, SCPG is believed to be among the largest of its kind used for the
percolation studies (with a loaded mass of approximately 75 kg). This
distinguished the SCPG from the others percolation apparatus which
generally small in size and with limited capacity (less than 5 kg loaded
mass);

the SCPG also introduced more complex and highly angular shape aggregate
as bed-matrix particles. This characteristic is important and differs
considerably from other research that tends to use a mono-size sphere
particle (i.e., glass spheres, rounded sand) as bed-matrix particles. In addition
to this, glass spheres were also used in order to generate comparative results
within the ideal and crushed aggregate media. The use of highly angular

coarse media is to better represent caved rock in caving mines;
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e the SCPG is also capable of quantifying percolation of fine particles with
different particle size distributions, shape, strain rate and density. In addition
to this, the percolation process can be observed (i.e., in the ideal bed-matrix)
and visually recorded in real time during the course; and

e the SCPG is also capable of producing lower strain rate (0.01 s) with the
use of a sphere screw type linear actuator motor. Such motor drive system
has the advantage of generating the least vibration over ring-worm motor

systems (employed by most researchers).

Accordingly, the SCPG was designed specifically to study the effect of strain rate
(7), particle diameter ratio (d,/d»), shape and density for ideal and crushed
aggregate media under controlled experimental conditions. A detailed discussion of

the above parameters is presented in Chapter 5.

3.3 DESIGN REQUIREMENTS AND KEY FEATURES

The SCPG has four main components namely: the main frame, drive system, shear
box and sieving and measurement system. A computer-aided drawing program
(Rhinoceros®) was utilised during design process and the key features of each

component are summarised in the following sections.

3.3.1 The Main Frame

The main frame is made of 35 mm x 50 mm RHS steel tubing (Figure 3.2) that has
been cut and fixed together to form a robust and stiff support for the overall systems.
It was divided into two sections: the shear cell frame section and the control panel
frame section. The shear cell frame section was used for not only providing enough
space for the measurement system but also supporting the shear cell and sieving
system. On the other hand, the control panel frame section was designed for

supporting the drive system and can be disengage depending on the motor drive
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dimensions (i.e., actuator length). Both frame sections were connected and fixed

using four M10 thread rods and nuts.

Shear cell frame

section
Control panel

frame
section

Panel control
Adjustable cling

Support rod .
PP Linear actuator motor =

Shear cell ){L
Special collar L

Figure 3.2: SCPG main frame and drive system. Note the side walls were hidden to provide clear
view of shear cell.

Overall, the main frame consist of 1720 mm (length) x 550 mm (width) x 1100 mm
(height) and 550 mm (length) x 550 mm (width) x 400 mm (height) for the control
panel frame section. Each leg of the main frame can be fixed to the floor to prevent

vibration.

In general the main frame should be:
e stable and strong to support the overall systems;
e constantly stable under motion and minimizing any vibrations; and
e provide sufficient space for the operation and routine maintenance of the

measurement system.
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3.3.2 The Drive System

The drive system features a linear actuator motor set, a special collar to join the self
aligning rod clevis of the linear actuator to the shear cell wall and the adjustable
cling for the rear clevis of the linear actuator. The drive system should:

e produce enough power and motion to meet the kinetic energy required for

the bed-matrix media and shear cell;

e meet required variations in strains and strain rates;

e provide adjustable and controllable strain and strain rate;

e be easy to maintain; and

e produce minimum vibration and shock energy to the overall system.

3.3.2.1 Linear actuator and auto-switch system

The linear actuator used in this study is a heavy duty industrial sphere screw actuator
series 1J35524600N supplied by Motion Technologies Pty. Ltd., Australia. The
motor provides a maximum lift tube stroke to 600 mm and has power requirements
of 24V/20A. It can hold up to 12kN static capacity with a maximum load at
approximately 3.5 kN (the total mass of the shear cell and bed-matrix is
approximately 200 kg). Some important features of the linear actuator include the
motor, self alignment rod clevis, inner lift tube, outer lift tube and gearing system as

illustrated in Figure 3.3.

A linear actuator system was chosen because it generates the least vibration
compared to the other types of motors (i.e., worm-ring disk). Tang (2004)
highlighted that one drawback of using the ring-worm disk type in his PSSC-II test
rig was the relative position of cam with the respect to the linear guide must be reset
following the adjustment of the drive bar on the paddle (the drive bar and the drive
wall connector) when different strains are required which in practical terms is time

consuming and may lead to prone step error.
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Outer lift tube

\

Rear clevis
«— Gearing
Inner
lift tube \
<«—  Motor
~
Self aligning
rod clevis

Figure 3.3: The linear actuator features and components (after Motion Technologies Pty. Ltd. 2010).

Conversely, given that the maximum extension angle (. ) of the drive walls must be
ensured to consistently change from a rectangular to a parallelogram and thus
analogous to a failure zone (Cooke and Bridgwater 1979), an automatic switch
system has been introduced in the SCPG. Basically, the control switch will
automatically drive the motor toward the maximum value of 6,. Once the required
0, value is achieved, the switch system will change into opposite direction until the
cycles are completed. The automatic switch controller button needs to be reset each

and every time the new test is run.

3.3.2.2 Special collar design

A special “collar” was designed to join the self-aligning rod clevis of the linear
actuator and the drive wall of the shear cell (Figure 3.4). By using this design, no
adjustment to the position of the linear actuator inner and outer tube needed to be
made during the entire operation; thus generating the least amount of vibration

whilst producing relatively low levels of noise during the operation.
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Figure 3.4: A special collar designed to join the self aligning rod clevis of the linear actuator to the
shear cell wall.

3.3.2.3 Adjustable cling

An adjustable cling (Figure 3.2) was designed as a link to join the rear clevis of the

actuator motor and the main frame. One of the advantages of this design is that it

provides flexibility for motor alignment according to the motor size and dimension

(if required).

3.3.3

The Shear Cell

The shear cell is the most crucial part of SCPG and was designed to meet the

following operational requirements:

provide quick loading and unloading of test materials;

be able to transfer the energy uniformly to the test material during shearing;
allows fast configuration of the collection pan with respect to the shear cell,
strong and robust to accommodate the variations shear strain magnitude
during the tests; and

be able to provide the required shear strain motion such that the percolation

could be simulated.
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The shear cell was designed with dimensions: 355 mm (length) x 355 mm (width) x
250 mm (height) and was amongst the largest, apart from the Simple Shear
Apparatus of Bridgwater et al. (1978) built for powder application study which had
dimensions of 355 mm (length) x 354 mm (width) x 246 mm (height). Principally
the shear cell of the SCPG comprises of 10 mm (thick) galvanised plate that differed
from the SSA (Bridgwater 1994) which was made of Perspex. The use of galvanised
plate provided advantages over other types of material (i.e., Perspex cell). Unlike the
Perspex which is easily damaged and bent, the galvanised plate acted as a robust and
rigid wall. These features make the SCPG capable of running highly angular media
(e.g., crushed aggregate) which is essential in representing close similarity of caved

rock in caving mine.

Both of the drive and the end wall of the SCPG were connected together with the
upper wall by at the top and connected by the heavy duty stainless steel hinge and
tightened using the hexagonal nuts as illustrated by Figure 3.5. On the other hand,
the bottom parts of the drive and the end wall were designed resembling the hinge
with 6 mm opening in the centre and connected with a 5 mm stainless pin allows

free movement in the y-direction.

Heavy duty hinges

Special collar

Drive wall

Support rods Sieve system
(attached to the

2z

. End wall ,(L\
main frame) 1]

Figure 3.5: The shear cell perspective. Enlargement (yellow dash box) show the design of the shear
cell base which is hinged with a 5 mm pin connector.
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The shear cell drive wall also consists of a “special collar” attached on the drive wall
and was designed to connect the self aligning rod clevis motor and drive wall. The
end wall were designed to be attached with support rods (Figure 3.2) which provided
an extra support to the end wall during the material loading and unloading (i.e., the

drive wall is pre-supported by the linear actuator inner lift tube during the loading).

3.3.3.1 Determination of the maximum extension angle (6, )

Apart form the strain rate (), the maximum extension angle (¢.) is considered as
the key parameter in the percolation study. The total shear (7w ) in the shear cell is
computed from the maximum extension angle (€.) of the moving walls (drive wall
and end wall) as illustrated in Figure 2.10. A complete shear cycle (N ) consists of
starting with the end walls perfectly vertical and moving the side wall in the y-axis
direction until the end wall forms an angle with the vertical of 6,. Once this
maximum extension is achieved, the strain direction is reversed and strain is
continued until the maximum extension angle —&, is reached (the —6. value
denoted as an opposite direction thus 0, =|-6,]. Finally the side wall is moved to the
position where the end wall is completely vertical and a new cycle is started given

the total shear strain (7w ) @s Equation 3.1:

Viotal = 4N tan(ew) (Equation 31)

Based on the shear cell dimension, in order to achieve 100% shear strain (or  =1.0)
(Bridgwater et al. 1978; Pierce 2004) the shear cell needed to be sheared at a
maximum of 45° in each direction. However it was found that shearing the cell to a
maximum angle of 45° reduced the cell volume by around 25% from the initial
volume (Figure 3.6b), thus reducing the percolation during each cycle. In addition,
the adoption of a maximum shear angle of 45° results in interaction of fine
particles/marker with the wall (i.e., wall effect) as projected by the vertical travel
course shown in Figure 3.6b. In order to overcome this problem, the maximum angle

of 26.5° was adopted which significantly increased the shear cell volume by up to
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90% from the original volume thus minimised the potential of particle-wall

interaction as illustrated in Figure 3.6c.

(@) T
250.00 Volume = 3.151 x10” mm?
e 35500 > Percolating particle/markers position
and expected vertical travel course

(b) - _A_l . _‘_4___ ; (particle-wall interaction)

T

176.78  \/olume = 2.166 x10 " mm3

|
P—v—

176.78 178.22
Percolating particle/markers position

"| Al r— /and expected vertical travel course
(c) S— T

]

)

! |

! |

0, =26.S°N : 223.73  volume = 2.741 x10” mms

1
1
1

! |

11155 243.45 y

Figure 3.6: Determination of shear cell maximum extension angle (6,,), deformation length (Al') and
volume. Note that all dimensions in millimetres unless specified.

Figure 3.7a demonstrates that it is impracticable to achieve a large effective area at
6,,=45° while shearing the box at 6,=26.5° creates approximately 132 mm length
available for percolation (Figure 3.7b). In view of this, an effective area is defined as
the area of which the percolating particles will have higher potential to the
percolation during shear. This is consistent with the definition of failure zone
(described previously in Section 2.5.3.1) by Scott and Bridgwater (1976) and Cooke
and Bridgwater (1979). Apparently, the failure zone was considered as 10 times the
particle diameter (Campbell and Bridgwater 1973; Scott and Bridgwater 1975;
Bridgwater et al. 1978) and thus given the failure zone width of around 158 mm for

the 15.75 mm glass sphere and 132 mm for the 13.20 mm basalt aggregate. Based on
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geometrical calculations and the shear cell dimensions, it is concluded that 6, =26.5°

provides the best balance and this value was adopted for all experiments.

1.44
(a) —>||-—
176.78 || 176.78
-—> <—>|
[t e —— R 1
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N Voo 74 ! ]
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6, =450 — f—-0,=45" |
\\ : 3// : _____ : i _JI
Front view Top view
Percolating particle
(b) and markers position

111.55131.90 111.55

S
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Figure 3.7: Determination of effective area (blue colour) for fine particles and marker position.
Note: i) Shear cell in back direction (magenta) and front direction (green).
ii) The deformation length (Al) of the shear cell is denotes by the green double arrow (front
direction) and magenta double arrow (back direction).
iii) All length dimensions in millimetres unless specified.

In practice, shearing the box at €,=26.5° makes the calculation of N cycles easy.
For instance, in order to produced y,,., =400% (or y,,, =4.0), the box was required
to completed eight shear cycles compare to other angle (i.e., 6,=30° which required
the shear cell to completed 6.93 cycles which convincingly impractical). In view of
above point, Equation 3.2 was derived in order to calculate the total shear strain
(Vi) t 6 =26.5°.

Vo =8N tan(6.,) (Equation 3.2)

3.3.3.2 Selection of shear motion and strain rate ()

There are three possible principal motion directions for the shear cell namely:
x-axis, y-axis or z-axis. With regard to this, all three principal motion directions are

expected to experience a dead zone as illustrated by Figure 3.8.
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respectively

Figure 3.8: Schematic of three primary spatial shear motions (after Tang 2004).

Some drawbacks were noted by Scott and Bridgwater (1976) and Tang (2004) in
each of the motion directions and are presented in Table 3.1. Table 3.2 summarises
published works attributed to the specific apparatus designed by respective

researchers.

Table 3.1: Principal motion direction and its drawback (after Scott and Bridgwater 1976 and Tang
2004).

Principal motion directions | Drawbacks

Along the x-axis - set back relative to the motion between the stationary screen/sieve
(located at the bottom) shear cell and the four moving wall which
may result in fine particles falling outside from the pan collection
system.

Along the y-axis - particles close to the bottom of the shear cell may receive negligible
energy from two moving sidewalls.

Along the z-axis - energy in the dead zone (i.e., central zone) is close to zero.

- the motion constraint along with the large damping impedes the
efficient transfer of energy to the material occupying the dead zone.

- the diffusion coefficient of particles significantly lower with the
increased bed-matrix height.
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Table 3.2: Significant physical modelling studies on percolation using simple shear cells.

Author(s)/Date

Principal shear strain
motion directions

Cell dimension (L x W x H) and particles
diameter

Remark

Bridgwater et al. (1969, 1978, 1985a, 1985b);
Bridgwater and Ingram (1971);

Scott and Bridgwater (1975, 1976);

Cooke et al. (1978);

Cooke and Bridgwater (1979);

Drahun and Bridgwater (1983)

Along the y-axis

- Mark 1A and IB (250 x 250 x 220 mm)

- Mark 1A and 11B (362 x 355 x 220 mm)

- Mark 111 and V (354 x 355 x 246 mm)

- Mark IV (70 x 70 x 55 mm)

- spherical sphere range from 2.35-37.20
mm

- test were conducted using a single
percolating particle at a time

- some of the percolating particles interacted
with the side and base walls (wall effect)

- wedging problem arise near the corners and
the hold-up of percolating spheres

- work focused on powder systems

Johanson et al. (2005)

Along the y-axis

- 130 x50 x 130 mm
- sand particles (0.35-1.65 mm)

- to measured the magnitude of sifting
segregation occurring in bed-matrix
- work focused on powder systems

Duffy and Puri (2002)

Along the z-axis

- 100 x 50 x 100 mm
- mixtures of glass spheres materials;
powder mixture

- shear motion energy was not uniformly
transferred across the powder mixture
- work focused on powder systems

Tang (2004)

Along the x-axis

- 100 x 63 x 100 mm
- binary of glass spheres; mash poultry feed

- work focused on powder and agricultural
applications

Hsiau and Shieh (1999)

Streamwise - horizontal
direction (x-axis);
Transverse - vertical
direction (y-axis)

- consists of rotating bottom disk (outside
diameter 450 mm x 45 mm thick and a
stationary upper disk)

- 3 mm glass spheres as granular media

- work focused on rheology study

Shear Cell for Percolation of Geomaterials
(SCPG)

Along the y-axis

- 355 X 355 x 250 mm
- 4.00, 5.00, 6.00 mm of variety shape of
glass spheres; 2.86, 4.05, 5.21, 6.18, 13.20

mm highly angular aggregates

- effect of coarse angular rock fragments and
ideal media studied
- work focused on caved rock
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Principally, the strain in the region of the bed-matrix and fine percolating particles
needs to be uniformly dispersed and its magnitude is found from the end wall
movement. In view of above points, Bridgwater (1994) asserts that although the
strain that could be applied in one direction was limited by practical considerations,
it is still acceptable that the direction of straining could be reversed repeatedly thus
generating failure zones. With respect to above points and in consideration of the
least effected shear cell motion principal direction (Table 3.1 and Table 3.2), the
SCPG was designed to adhere to the principal motion along the y-axis direction to

overcome the low energy problem during shearing.

Additionally, Pierce (2004, 2010) numerically replicates Bridgwater et al. (1978)
simple shear apparatus and extended the works by shifting the shearing direction
from horizontal (y-axis) to the vertical (z-axis). Accordingly, Pierce (2004, 2010)
found that the impact of vertical shearing direction had no significant influence on

percolation rate and generally produced similar results to that in horizontal direction.

With regards to the risk of less energy received by the particles close to the bottom
of the shear cell as noted in Table 3.1, an attempt to capture the movement of the
bed-matrix medium at the bottom part of the SCPG were made by positioning three
different colours of glass sphere at the bottom centre of the shear cell for the case of
an ideal bed-matrix (15.75 mm glass sphere). The three glass spheres were used as
the marker and were positioned at the bottom of the shear cell in order to observe the
horizontal movement (along the y-axis) during shear. Figure 3.9-3.11 shows that the
movement of the glass spheres at the bottom in the back and forth direction during
the shearing was occurred hence proven the ability of the SCPG to overcome low
energy transfer problem that may occur at the bottom part of the shear cell along the

y-axis direction.
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Figure 3.9: Position of three different glass spheres colour at the centre of the bottom part of shear
cell prior to the shearing (left) and the enlargement of the blue square (right). Note that the blue arrow
is the centre.

= ===
2 | |
x |

-

Figure 3.10: Position of three different glass spheres colour during the forth direction of the shear
(left) and the enlargement of the blue square (right). Note that the yellow arrow shows the direction
of movement of the glass spheres.

&

Figure 3.11: Position of three different glass spheres colour during the back direction of the shear
(left) and the enlargement of the blue square (right). Note that the yellow arrow shows the direction
of movement of the glass spheres.

An attempt was made to measure the distribution of shear strain within the cell using
2.86 mm basalt aggregate as percolating fine particles in the matrix of 15.75 mm
glass spheres and 13.20 mm basalt aggregate (coarse bed-matrix). The results and

discussion of the calibration test is presented in Section 5.2.
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Based on the observations for both ideal (15.75 mm glass sphere) and crushed
aggregate media (13.20 mm basalt aggregate) as a bed-matrix in the shear cell, it
was found that the SCPG was able to overcome low energy magnitude at the bottom
part of the shear cell (along the y-axis). On the other hand, the strain rate must be set
to adequately develop a uniform shear strain at particular motor speed without
significant vibrations. For this purpose the strain rates of 0.01, 0.02, 0.03 and 0.04

mm per mm/s (or s ™) were chosen.

Given that there is no published work devoted to assessing the magnitude of shear
strain (i.e., physical model and full scale test) in scaled physical models, a
preliminary assessment was required toward appropriate assumption of strain
magnitude in block caving mines. Despite some development in numerical analysis
(i.e., Pierce et al. 2003; Pierce 2004; Hancock et al. 2010) most of the works do not
represent actual rock particle shapes due to the nature of the discs in 2D or spheres
in 3D (Sakakibara et al. 2008). Therefore, it is concluded that further efforts are
required to develop reliable results, especially in order to replicate large scale tests
with realistic caved rock fragmentation and marker data for calibration. Nevertheless
an attempt to assess shear strain magnitudes in an isolated drawpoint (representing a
block caving mine) by the means of 1:100 scaled Type-A Kvapil Model (Hashim
and Sharrock 2010) is presented in Section 3.4.

3.3.3.3 Observation wall or sidewall

The SCPG observation wall used two 1100 mm (length) x 350 mm (height) x
20 mm (thick) clear Perspex glass as front panel to provide clear viewing and visual
image recording of marker flow during drawing for the ideal media tests. However,
the use of clear Perspex glass is impractical for the crushed aggregate media since
the highly angular shape quickly damages the glass surface. Therefore, for the case
of crushed aggregate media, the Perspex glass was replaced by 10 mm thick
galvanised plate. The observation wall (or sidewall for the galvanised plate) were

fixed using four M10 tread rods and can be adjusted to ensure that the both side wall
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closely parallels to the shear cell thus prevent fine particles from leakage through the

gaps as illustrated in Figure 3.12.

Figure 3.12: The adjustable side wall (galvanised plate) for the crushed aggregate media used in the
test rig.

3.3.3.4 Selection of pivot position

The dead zone effect can be shifted to the wall vicinity near the pivot location by
placing the pivot on the drive wall rather than at the centre of shear cell. With
regards to this, Tang (2004) noted that the use of centre-pivoted motion
(i.e., Bridgwater et al. 1978; Johanson et al. 2005) should be avoided since this may
produces limited shear strains and a dead zone (Duffy 2001) along the centre of

axis-motion.

As the shear cell of the SCPG is attached by side-pivoted collar on the upper part of
the drive wall (Figure 3.5), the dead zone along the y-axis is anticipated to be shifted
to the wall vicinity where the pivot is located thus remove the dead zone effect on
the centre of the shear cell. Tang (2004) also asserted that geometrically, side-
pivoted motion can achieve twice the maximum strain compared to the centre-

pivoted motion during the shear.
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3.3.4 The Sieving and Measurement System

The sieving and measurement system is comprised of a sieve mesh, collection pan

and weighing scale. Some key features of the sieving and measurement system

include:

provide effective separation of the percolated and sieved fines from which
the accumulated particles were collected for the weighing;

provide a rigid support for the bed-matrix and fine particles during the test
which accumulated at the lower portion of the mixture;

be simple to operate and isolated from motion components;

prevent fine particles from leakage (pan collector); and

resist rapid wear that may induced by the motion of bed-matrix used for the

tests.

3.3.4.1 Sieve mesh

The sieving system, shown in Figure 3.13 comprised of reinforced stainless steel

wire mesh and supported by the two frames namely: the 5 mm thick upper mesh

frame and 10 mm thick lower mesh frame (Figure 3.5). The wire mesh was placed

between the upper and lower mesh frame and fixed by nine M10 hexagonal nuts at

the bottom part of the shear cell.

Figure 3.13: The 6.75 mm aperture stainless steel wire mesh.
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The sieving system was designed to ensure that it was easier to be removed and at
the same time was robust enough to support the mass load of bed-matrix during the
test. In addition, sieve mesh should also have a resistance from rapid wear and tear.
For these kinds of purposes, 2.00 mm diameter of stainless steel wire mesh was
chosen and attached using hexagonal screws while the collection pan was placed at

the bottom part of the mesh.

In view of the above, the screen size also needs to be large enough so that the fine
particles drop freely through the opening during shear. In order to achieve the
required condition, a 6.75 mm sieve aperture was selected and was also kept for all

tests to maintain consistent results.

3.3.4.2 Collection pan

The collection pan (Figure 3.14) comprises of 5 x 5 compartments with an overall
size of 350 mm x 350 mm. All 25 compartments were built from plastic with
dimensions of 50 mm x 60 mm while the gaps between the collection pan and the
load cell platform were approximately 5 mm. A transparent plastic were chosen for a
better visual of the percolated fine particles and markers all the way through the

bottom direction of the pan collection as shown in Figure 3.14.

/

Figure 3.14: Side view of collection pan.
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Alternatively, the collection pan can be removed easily without affecting the shear
cell. In order to simplify the dropped fine particles collected at the small
compartment, a detachable compartment made up by plastic were created for each of
the collection pan compartments. All small compartment was also numbered (Figure
3.15) in order to ease recording and identification of markers. The small
compartments are able to retain a maximum of 60 gram of percolated particles

before overflow.

11 12 13 14 15

16 17 18 19 20

21 22 23 24 25

Figure 3.15: The collection pan and numbered compartments.

Due to the nature of SCPG test mechanism, it is postulated that the shear cell will
have a tendency to simulate two types of segregation mechanism: sieving and
percolation (refer to Section 2.5.1). With regard to this, percolation segregation is
expected to occur in the central region of the shear cell while the sieving segregation

is projected to occur near the side wall zones as illustrated in Figure 3.16b.

With regards to the above point, sieving segregation may be considered as a further
development or extension of percolation segregation (Tang 2004). During the
motion of the side walls, a large magnitude of high motion energy generated around
the side walls produces enough energy required for the smaller particles to move
downward through a rolling or sliding layer of coarse particle (i.e., sieving
mechanism) (Mosby et al. 1996a; de Silva et al. 2000).
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Figure 3.16: A schematic of the percolation and sieving segregation zones in the shear cell.
Note: (a) Perspective view of sieving system (b) Schematic view of sieving system.

By moving a bed of particles in a back and forth direction during the test, the centre
region of the shear cell is expected to experience only a small degree of deformation,
thus generating a uniform slow motion and localised shear plane along the centre
region. During the test, the fine particles will fall through gaps between the coarse
particles due to uniform shearing and gravitational forces (i.e., percolation
mechanism) (Mosby et al. 1996a; de Silva et al. 2000).

It is significant to highlight that although the process might be similar to sieving
mechanism, it does not require the larger particles to being a flowing layer. This is
the main reason to distinguish between the sieving segregation (occurs near the side
walls) and percolation segregation (occurs along the centre of region of the shear

cell).
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In the case of nearly free-flowing material, it is expected that most fine particles are
collected in the centre of the pan collector compartments (denoted by the pale blue
colour; compartment 12-14 respectively) as shown in Figure 3.17. By contrast, a
relatively small quantity of fines particles will be accumulated within the
surrounding compartments from the centre of the pan collector (illustrates by yellow
colour; compartment 6-10,11,15,16-20 respectively) while the smallest amount of
fine particle are expected to dropped into the outer compartments (light green

colour; compartment 1-5 and 20-25 respectively).

Figure 3.17: Schematic of the probable zone of high quantity (pale blue), low quantity (light yellow)
and lowest amount (light green) of fine particles to be collected at the collection pan compartments.

3.3.4.3 Weighing scale

Two types of electronic scales were used for weighing. The large scale with an
accuracy of +0.01 kg (August-Sauter D7470) was used for the bed-matrix
(15.75 mm glass sphere and 13.20 mm crushed basalt aggregate) weight
measurement while a smaller scale size was chosen for fine percolating particles

mass (Mettler AE260 Delta Range) with an accuracy of £0.1 grams.
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3.3.5 Accessories and Tools for the SCPG

The accessories and tools for running SCPG includes: a spoon for deposition of
coarse materials, a spatula to level the coarse bed surface, collection pan and small
basket for unloading coarse particles, brush, standard sieves (10.00 mm and 2.36 mm

respectively), stainless steel ruler, stop watch, digital SLR camera and tripod.

3.4 SHEAR STRAIN ASSESSMENT - SCALED PHYSICAL
MODELLING

The SCPG physical and numerical experiments presented in Chapters 5 and 6
require estimates of both the total shear strains and strain rate. This experiments
discussed in this section aim to use 1:100 scaled Type-A Kvapil Model (Kvapil
1965a, 1965b) to make estimates of these parameters:
e assess of the magnitude of shear strain in the region of the Isolated
Movement Zone (IMZ), Isolated Extraction Zone (IEZ), Isolated Stagnant
Zone (1SZ) and the centre of movement for the case of an isolated drawpoint,
representing a block caving mine; and
e the shear strains were used to guide the selection of strain rate and total shear

strains in the SCPG experiments in Chapter 5.

It worth noting that there is no published work on actual experiments exists on the
shear strain magnitude around the drawpoint region of actual block caving mines.
McNearny and Abel (1993) commented that apparently little theoretical or actual
knowledge of draw is available in the case of block caving mine and surprisingly, to
date, this statement is still true. As a result, based on the author’s knowledge, there
IS no test documented or published with regards to the shear strain assessment in the

block caving mines from physical models or full scale tests.
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3.4.1 Terminology

Various authors have defined terms describing the shape formed by material flow
within the cave during the extraction processes. In the shear strain assessment, the
author used the terminology defined in Halim (2004). The Extraction Zone (EZ) is
an approximately ellipsoidal shape (Kvapil 1965a) as is the shape formed by the

material drawn from the drawpoint at any given point in time.

As this material moves down, the surrounding material subsidies and loosens. This
zone of loosened material is defined as the Movement Zone (MZ) while the
remaining stationary material located outside the limit ellipsoid, beyond the MZ
periphery, is defined as the Stagnant Zone (SZ). When these flow zones are acting in
isolation, as is the case when drawing from a single drawpoint, they are referred to
as Isolated Extraction Zone (IEZ), Isolated Movement Zone (IMZ) and Isolated
Stagnant Zone (ISZ) respectively. On the other hand, the peripheral line is described
as an imaginary layer that separating two different zones as shown in Figure 3.18

and Figure 3.19 respectively.

sz /% osz

Peripheral
line
IMZ

ISz i sz

y
L0 Drawpoint

Figure 3.18: Definition of IEZ, IMZ and ISZ.
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Figure 3.19: Schematic distribution of drawpoints employed in the block caving method. The ellipsoidal
shapes on top of several hoppers intend to mimic the distribution of EZ’s. Zoom view schematises the
loosening zone (limited by the thicker line) and the IEZ (thin line) (after Melo et al. 2006).

3.4.2 1:100 Scaled Type-A Kvapil Gravity Flow Model

Type-A Kvapil Model (previously discussed in Section 2.3.2.1) was chosen to gain
an initial understanding of the distribution and magnitude of shear strain and strain
rates. Typically, the main reason for selecting such a model is due to the ability to

view the flow of particles and associated movement zones.

A description of such models is advanced by Kvapil as follows:

e Type-A Kvapil Model are performed on a very simple vertical glass model
using horizontal layers in which its modelled a gravity flow movement in
2D;

e the model characterised by having a vertical axis of the gravity flow that
intersects the centre of an extraction opening located on the bottom of the
model. The extraction opening in the model has minimum dimensions and
yet is sufficiently large for a fluent and uninterrupted flow of material; and

e the model must be horizontally layered filling (the layers can be of different
thickness and/or colour) in order to observe the gravity flow movement.
However, the horizontal layered filling was not used in current experiment
and replaced by the coordination of marker sets in a systematic way for the

shear strain assessment.
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It worth noting that Type-A Kvapil Models have certain limitations relating to
sidewall effects which occur through the interaction of particles and walls.
Nevertheless, given the lack of previous studies to quantify shear strain on coarse
rock fragments, a Type A model is the appropriate place to begin. Future models
will consider full three-dimensional, bell geometry, continuous particles refilling
method and strain fields in which the shear strain magnitude is assessed and

compare to the Type-A Kvapil Model.

The model dimensions (1.0 m length x 0.13 m width x 1.0 m height) were designed
to represent an isolated drawzone with actual dimensions 100 m (length) x 13 m
(width) x 100 m (height) at 1:100 scale. The selection of 1:100 scale allows a
reasonable height and width to be simulated according to the fact that the scaled
model does not directly affect the relationship between the draw height and draw
width (Janelid 1972; Castro 2003; Power 2004; Halim 2006). The finding was
generated based on 3D scaled model while it is still remains unvalidate with the 2D
scaled model. In light of the above fact, Castro (2006) conducted research on the
influence that a change in geometric scale has on the extraction zone and reported
that results from a 1:100 model could be used to obtain those in a 1:30 scale. In
addition, a 1:100 scale allows more realistic block cave dimensions to be modelled
without the need for extremely large physical models which would be difficult for

measuring shear strains.

The media used for the physical modelling tests was a 14.00 mm crushed basalt
aggregate supplied by BC Sands, Sydney. This material has d.,=13.20 mm and
were used as the filling media and marker particles which represent a geometric
similitude of 1.32 m fragmented rocks at 1:100 scale. The use of non-cohesive
gravel is currently considered the best method to represent angular material found in
block caves (Power 2004). A complete description of media characterisation and

physical properties used for the tests is presented in Chapter 4.

A set of four markers in a rectangle pattern at approximately 50 mm spacing were
used for the measurement of shear strains as shown in Figure 3.20. Each of the

marker sets were divided into six horizontal levels and were positioned at an
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approximately row spacing of 150 mm and column spacing of 100 mm. A total of
128 markers with different colours and numbering codes for identification were used
in the tests. These markers were selected randomly from the rock population used in
the modelling experiments, in an attempt to minimise any bias in their flow. Each of
the markers were washed, dried, spray-painted with a different colour according to

their column and numbered for ease of identification and visual image recording.

Figure 3.20: 1:100 scaled physical model of Type-A Kvapil Model (left) and the enlargement of the
white square (right).

An attempt to achieve kinematic similitude was made by drawing material from the
model in quantised amounts (approximately 400 gram per draw), with the interval
between each draw event sufficiently long to simulate a realistic uniform draw
scenario, rather than simulating continuous flow. Kvapil (1965a) suggested that
provided the overall draw material had good activity, it was unimportant if all points
were drawn simultaneously or successively. Supporting this, Heslop and Laubscher
(1981) suggested that in practice it is not essential that drawpoints be worked
simultaneously provided that the interaction of stress fields was maintained.

Therefore in order to prevent asymmetric draw and to approximate 2D flow, the
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aggregate was drawn from both front and back faces of the model in small amounts

of 200 grams to reach the 400 grams strain measurement intervals.

Typically, the model was designed to be capable of filling from both above and by
lying the model down and removing the front panel and separated by three
components namely: the main frame, rear and front panel and drawpoint and filling

system.

3.4.2.1 Main frame

The main frame composed two rectangular frames that has been cut and weld
together onto the base piece of aluminium. An extra piece of aluminium was bolted
across the top of the model to retain accurate dimensions and can be remove before
the test. Two long pieces of the metal (1180 mm length) were added to the base and

connected using corner brackets and bolts.

3.4.2.2 Rear and front panel

A 20 mm thick clear Perspex window was used as front panel to provide clear
viewing and visual image recording of marker flow during drawing. A 100 mm X
100 mm rectangular white string (larger coordinate scale) and 20 mm x 20 mm
rectangular red string (smaller coordinate scale) was attached to the front panel
using bolts as shown in Figure 3.20. Both rectangular string are use as a coordinate

system during the test and also provide a guide for the marker positioning.

On the other hand, the rear plate was made of a 30 mm ply board spray painted
black and attached to the top and bottom side panels using small blocks of wood.
This system allows for the rear plate to be moved and adjusted according the
required width. The rear panel was also raised from the base plate by a height of
60 mm to allow for the drawpoint system. The black painted ply board was chosen
as it would provide a clear contrast to the medium during loading and was suitably

rigid to provide load force support induced by the aggregate during the tests.
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3.4.2.3 Drawpoint and filling system

The drawpoints were created using 18 mm thick ply board and were connected by
corner brackets as shown in Figure 3.21 for easy removal. The width chosen for the
model drawpoint is similar to a drawbell width (200 mm model or 10 m full scale)
based on seven times the nominal particle size of the bed-matrix medium as
recommended by Nedderman (1992). No specific drawbell shape was used in this
study. The reasoning for this decision is that the main objective of the study was to
assess the shear strain without directly associating the results to any specific caving
mine designs. Even so, previous studies indicate that the IEZ is not significantly
influenced by the drawbell as indicated in Castro’s work (Castro 2006) and in his
personal correspondence with Power (Power 2003 cited in Castro 2006).
Nevertheless, these results are inconclusive and say nothing about the effects of

drawbell on shear strains and more work is needed.
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Figure 3.21: Drawpoint design (dimensions in millimetres).

Side panels were custom fit and attached to the main frame using bolts at the top and
bottom of the panels. These were then removed, spray painted black and cut into
200 mm height while the top and bottom pieces being fixed to the main frame. The
removable side panels also enabled filling from the sides for both markers and

aggregates.
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3.4.3

Experimental Method

3.4.3.1 Loading the model

The procedure for loading the model is as follows:

Vi.

Vili.

The front and back drawpoint were blocked using small blocks of metal.
With only the top and bottom side panels in place the bed-matrix medium
was loaded into the model.

Upon reaching the designated level (approximately 20-25 mm from the
level), a piece of wood with dimensions approximately matching the models
width and depth was used to level the medium. This was done from the sides,

loading or removing rocks by hand as appropriate

. A set of four markers were positioned as a rectangle pattern (approximately

50 mm spacing) adjacent to the Perspex glass surface while the numbered on
the marker’s surface were positioned towards the front panel for ease of
identification and visual image recording.

A thin layer of bed-matrix aggregates were loaded onto the markers as a
wedge to ensure the marker were not shifted during the filling of the next
level of bed-matrix medium.

The adjacent sets of markers were positioned at a column spacing of
approximately 100 mm within the same level. The process was repeated until
all the designated rectangle patterns within the column were positioned
accordingly.

The model was then filled with the bed-matrix medium up to the preferred
level and the steps (ii) to (vi) were repeated until all the markers were

positioned accordingly and the model was fully loaded.

3.4.3.2 Drawing from the model

The procedure for drawing from the model is as follows:

The small blocks metal at the front and back of the drawpoint were removed.

A scoop was inserted into the rill to create a 45 degree angle with the base plate

as shown in Figure 3.22. A fixed volume container of aggregates (approximately
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Vi.

34.4

400 gram) was extracted for each draw i.e., 2200 gram each from both the front
and back faces of the model in order to prevent asymmetric draw and to
approximate 2D flow. The cumulative mass drawn, draw number were

recorded and a still image was taken of the model flow.

FRONT BACK

Scoop \

Test rig

\ ™\

Drawn —_—
media L——0=45°

ys

Figure 3.22: Diagram of drawing method

The drawn aggregates were tipped into a shallow container and hand sorted
for marker(s) that are removed from the model.

Markers were identified and recorded against the draw number and were
isolated into the storage boxes.

The remaining bed-matrix medium removed from the model was restored to
the storage bins.

Steps (ii) to (v) were then repeated on the back and front alternately and any

observations or alterations in the experimental set up were recorded.

Method of Analysis

All the initial coordinates of the markers were individually recorded and each set are

marked by its colour and coordinate. The following nomenclature was introduced

for the ease of identification and analysis while illustration of the nomenclature is

given in Figure 3.23:

the first segment identifies the colour of the marker;
the second segment refers to the column number; and

the third segment denotes the row number.
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Yellow — C4R5
’ I—Row number (row 5)
Column number (column 4)

Marker colour (yellow)

Figure 3.23: Nomenclature for the marker identification

Each of digital images taken at the end of each draw event were analysed and
illustrated using the Rhinoceros® computer aided drawing program. Incremental
shear strain (yinc) in relation to the draw number was then calculated using Equation
7.1 and defined as displacement of one surface with respect to another divided by
the distance between them. On the other hand, the global shear strain (¥gioba)
[Equation 7.2] is defined as total displacement of one surface with respect to another
divided by the distance between them. The shear strain magnitude in the Isolated
Movement Zone (IMZ), Isolated Extraction Zone (IEZ), Isolated Stagnant Zone
(1SZ) and the centre of movement are then plotted in a moving average graph of

incremental shear strain versus draw number.

Vine = AFK = tan 6. (dimensionless) (Equation 7.1)
2L . . .
Vglobal = b= tan Oyava (dimMensionless) (Equation 7.2)

Where, as shown in Figure 3.24:
o A/is the deformation in the x-direction (mm);
o YL is the total deformation in the x-direction (mm);
o H is the original length (mm); and

o Gnc and Gyona 1S angle the sheared line makes with its original orientation.

Deformation, A¢ Total deformation, 2L
>l |~ g I~
Original Original
length, H length, H
y Oinc y leglobal
L X L

Figure 3.24: Shear strain diagram. Note: (a) Incremental shear strains (b) Global shear strains.
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3.4.5 Results and Discussions

3.45.1 Off-axis shear strains in the IMZ and IEZ

Off-axis shear strains in the IMZ and IEZ were represented by the markers along
rows 3 and 5 respectively (as shown in Figure 3.20). Figure 3.25 illustrates an
example of significant changes experienced by Red-C3R5 marker set from initial
stage (before draw) until final (after 57 draw event) using Rhinoceros®. Figure
3.25b shows that the Red-C3R5 marker set has transformed from an initial

rectangular shape to rhomboid shape after 57 draw events.

Dirawi 57 [final]

Figure 3.25: Illustration of Red-C3R5 marker set shape during the test using the Rhinoceros®
programme. (a) “Incremental shear strains” at each draw increment (b) “Global shear strains” from
initial position (black colour line) and final shape prior draw (red colour line). The layer colours show
the marker shape transformation at each draw increment.

A draw event versus incremental shear strain graph for the IMZ and IEZ were
plotted from the initial equilibrium stage (before draw) until the marker sets were
removed through the drawpoint (Figure 3.26). The moving average interval was the
mean of three readings. The graph represents the Gold-C2R5, Green-C3R5, Yellow-
C4R5 and Red-C5R5 marker sets respectively.
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Figure 3.26: Draw number versus incremental average of shear strain around the IMZ and IEZ.

This plot shows that while the shear strain magnitude in the IMZ and IEZ varies
significantly, some common patterns are present. For example Figure 3.26 illustrates
that two moving average maxima points occur for each of the marker sets, and these
points are explained through consideration of the marker encountering the IMZ and

IEZ transition point (e.g., within the IMZ-IEZ peripheral boundary).

During the drawing processes, markers travel down towards the drawpoint while at
the same time the ellipsoid of IMZ grows larger. For the duration of these processes,
the shear strains are constantly increasing until reaching the first maxima point. This
is followed by a significant reduction in shear strain as more uniform downward
movement occurs towards the drawpoint. A similar pattern is observed as the

markers enter the IEZ boundary, which is the second maxima point.

Figure 3.27 shows the movement of the red marker set (Red-C5R5), as it approaches
the 1SZ — IMZ boundary. It was apparent that at draw number 12, the red marker set
has completely moved to the IMZ as illustrated by the first maxima point in Figure
3.26.
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Figure 3.27: Mobilisation of the red marker set Red-C5R5 (turquoise square) downward to the IMZ
periphery (yellow dashed line) as the IMZ zone grows. Note that draw number 10 (left), number 11
(middle) and number 12 (right).

Based on the measured data, the incremental shear strain at IMZ and IEZ is in the
order 0.01 < yic < 0.10 in which the magnitude was highest along the 1SZ-IMZ
boundary (represent by the yellow dashed line; Figure 3.27 and maxima in the
polynomial fit; Figure 3.26). The significantly higher magnitude of shear strain at
the ISZ-IMZ boundary shows that the marker sets temporary experiences a rapid
movement as it shifts from the stagnant position (in I1SZ) into moving aggregates in
the IMZ. The similar observation was also recorded within the IMZ-1EZ boundary

as the marker set instantly transits from the IMZ into IEZ during draw.

It is also interesting to note that the marker sets experience high incremental shear
strains near the drawpoint, just prior to being removed from the model, as illustrated
by the end of graph in Figure 3.26. This can be explained by the rapid horizontal
flow movement during the final draw increments. As a result, shear strains were
found to be high near the drawpoint, where removal of confining stress occurs due

to drawing (Hashim and Sharrock 2010).

95



Shear Cell for Percolation of Geomaterials — Design and Experimental Method

3.4.5.2 Shear strain along the central axis

The shear strains along the central axis (illustrated by row 4 in scaled physical
model) showed similar patterns to the off-axis results; draw event relations for
selected Blue-C6R4 and Yellow-C4R4 set markers are shown in Figure 3.28.
However, the marker sets along the central axis experience lower magnitudes of

shear strain as compared to those off-axis near the IMZ.

Yellow-C4R4 A Blue-C6R4
Poly. (Yellow-C4R4) — Poly. (Blue-C6R4)

0.08 4

y=-1E-11>¢ + 1E-08x - 2E-06x* + 7E-05X’ - 0.0013xX + 0.0087x
R*=0.7612

Shear-strain

000 fF-+—7— 11T T4 —— T
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50

Draw number

Figure 3.28: Draw number versus incremental average of shear strain along the centre of movement.

A graph of shear strain along the central axis (Figure 3.28) suggests that the Yellow-
C4R4 marker set entered the IMZ as early first draw (represented by first yellow
maxima). The second maxima occurred at the draw number seven (approximately
2800 grams of drawn mass) as the markers entered the IEZ. Similar pattern were
also observed for the Blue-C6R4 marker sets as it mobilized downward to the IMZ

periphery shown in Figure 3.29.
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Row

Column

Figure 3.29: Mobilisation of the Blue-C6R4 marker set downward to the IMZ periphery (yellow
dashed line) and IEZ periphery (yellow line). Note that draw number 4 (left), number 5 (middle) and
number 6 (right).

By projecting the first and second maxima, the maximum shear strain values along
the centre of movement were found to be relatively low (< 0.05). Once again, the

shear strains were higher at the end of drawing processes as shown in Figure 3.28.

The low incremental shear strain values along the central axis as compared to the
off-axis shear strains in the IMZ and IEZ are expected since in general, the marker
sets along this path experience mainly vertical translation (straight down to the
drawpoint) during each draw event (Hashim and Sharrock 2010). It was also found
that the low shear strains occur along the centre of movement as shown in Figure

3.30b. Note that in this region strains are mostly volumetric.
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Figure 3.30: Illustration of Yellow-C4R4 marker set shape during the test using the Rhinoceros®
programme. Note: (a) “Incremental shear strains” at each draw increment (b) “Global shear strains”
from initial position (black colour line) and final shape prior draw (red colour line). The layer colours
show the marker shape transformation at each draw increment.

On another note, the patterns (but not the magnitudes) of shear strain, recorded in
Figures3.26 and 3.28, generally agree with PFC3D simulations by Pierce (2004).
Pierce (2004) conducted numerical simulation to examine the role of shear-induced
inter-particle percolation in preferential downward migration of fine fragments in
caved rock. In this work it is noted that the central axis of the stagnant zone and the
movement zone centre experience lower shear strains in comparison to the
significantly higher off axis shear strains as illustrated in Figure 3.31. The primary
objective of this study was to numerically model the percolation experiments

undertaken by Bridgwater et al. (1978) on mono-sized particles.

Figure 3.31: Typical illustration of PFC3D results conducted by Pierce (2004).
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3.4.5.3 Shear strain in the 1SZ

The incremental shear strains in the I1SZ were found to be persistently below the
threshold of measurement (yinc ®0) for the entire process as illustrated in Figure
3.32. It is hypothesised that elastic shear strain exists around the 1SZ. Nevertheless,
based on DEM modelling by Pierce (2004), aggregates (and marker sets) are

expected to experience high horizontal stresses around the ISZ.

Row

Column

— >

Figure 3.32: Position of Gold-C2R6 and Green-C3R6 and set markers (turquoise square) in 1ZS that
remain unchanged while the IMZ is represented by yellow dashed line. Note that left picture was at
initial (before draw) and right picture was at final draw.

Pierce (2004) reports that as both the IMZ and IEZ grow, high horizontal stresses
initiate the deviatoric stress within aggregates (and marker sets) around the ISZ. At
this stage, the aggregate and marker sets in the IMZ began to mobilise thus reducing
the size of the 1SZ.

3.4.6 Conclusions

A 1:100 scaled Type-A Kvapil Model was employed to assess the shear strain
experienced in an isolated drawpoint, representing a block caving mine. Figure 3.33
illustrates the magnitude of shear strain in the region of the Isolated Movement Zone
(IM2), Isolated Extraction Zone (IEZ), Isolated Stagnant Zone (ISZ) and the centre
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of movement. The results indicate that the magnitude of incremental shear strain
along the central axis of the movement zone was lower compared to off-axis, in the

IMZ and IEZ respectively.

ISZ ( Yinc ZO) |SZ(}/inc=0)
ISZ (0.01< yinc <0.10) Central movement axis
(Highest shear strain ine <0.05

magnitude around the -}
ISZ-IMZ boundary) \

IEZ (0.01< yinc 0.10) Peripheral line
(Highest shear strain : of boundary
magnitude around the Zone
IMZ-IEZ boundary)
ISZ (7inc =0) ISZ (¥inc =0)

Drawpoint
Figure 3.33: Magnitude of shear strain in IEZ, IMZ, 1SZ and the centre of movement.

As the work is based solely on two dimensional modelling, a three dimensional
scaled model is recommended for future work. In addition, simultaneous filling
methods during the draw should also be introduced while an interactive draw
condition is recommended to provide confirmation of these results. Nevertheless this
assessment helps quantify the magnitude of shear strain experienced around an

isolated drawpoint in a block caving mine.

3.5 SUMMARY OF SHEAR CELL FOR PERCOLATION OF
GEOMATERIALS

A Shear Cell for Percolation of Geomaterials was designed and constructed for the
percolation studies on coarse angular aggregates with shape factors similar to caved

rock. It is believed that this test rig is the first to be introduced for percolation of fine
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particles in a coarse rock particle bed-matrix. The SCPG was used to quantify
particle diameter ratio effect, strain effect, shape effect, density effect and size

distribution effect for percolation of fine particles.

The SCPG was designed, fabricated and devised to produce reproducible results
with standard procedures in order to contribute towards new understanding of the
percolation of fine particles in the ideal and crushed aggregate media. The key
features of the works lies within the efficiency of the SCPG system to ensure that all

the tests are delivered to a high standard in a practical time frame.

Principally, the SCPG uses similar mechanism employed by Scott and Bridgwater
(1976) and Stephens and Bridgwater (1978a, 1978b) for measurement of a single
particle through a bed-matrix (as previously discussed in Section 2.5.5.1). This was
done by shearing the shear cell so that its shape changed from a rectangular to a
parallelogram thus analogous to a failure zone (Cooke and Bridgwater 1979). By
using such a mechanism, the SCPG is capable to achieve a uniform strain which
enables the percolation rate to be found without recourse to exhaustive sampling or

cine photography.

Some key features that distinguish the SCPG is it ability to carry out higher amount
of fine particles and introduction of highly angular aggregates with attributes similar
to caved rock. These characteristics differ considerably from other research that use
spherical fine particles and/or rounded aggregate (i.e., rounded sand) as a bed-matrix
in their percolation studies. The use of highly angular media such as gravel

aggregate is expected to produce results more relevant to caved rock.

The experimental design, results and discussion of percolation experiments are
documented in Chapter 5 while a validation and development of new numerical
model based on PFC3D™ is presented in Chapter 6.
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CHAPTER 4:

MATERIAL PROPERTIES AND
CHARACTERISATION

41 INTRODUCTION

This chapter describes the material properties of two different types of media used in
the percolation experiments: ideal media and crushed aggregate media. Some key
material properties and characterisation tests used in this chapter include particle
size distribution, shape and shape factor, particle density, porosity, void ratio and

shear box testing.

It is worth highlighting that the use of 13.20 mm basalt aggregate (crushed aggregate
media) as bed-matrix in the SCPG is a key feature distinguishing this research from
earlier scholarship on mono-size spherical particles. Accordingly, the shape and
surface friction of crushed rock aggregate closely resembles real caved rock than the
mono-size spherical particles (e.g., glass spheres). Characterisation tests were also
undertaken for both ideal media and crushed aggregate media such as glass spheres,
fine basalt aggregates, plastic spheres and steel spheres according to its

appropriateness with regards to the nature of percolation tests.
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4.2 MODEL MEDIA

The media used for physical modelling experiments of shear-strain assessment and
simple shear cells must comply or best closely appropriate geometric similitude. On
the other hand, it is also necessary to consider an appropriate material that provides
better control and handling yet produces reliable results. With regards to this, two
types of test media: ideal media and crushed aggregate media were selected for this

research.

4.2.1 ldeal Media

An ideal media such as spherical glass, metal spheres (i.e., steel sphere) or spherical
sands provides better control in terms of experimental practice and results that are
easy to analyse. Moreover, spherical media was employed by many researchers due
to the fact that most of the numerical methods still represent granule and highly
angular shapes particles as circular discs in 2D or spheres in 3D (Sakakibara et al.
2008). It is interesting to highlight that the use of glass spheres in segregation tests
has received a relatively large amount of publications (e.g., Bridgwater et al. 1969;
Cooke et al. 1978; Cooke and Bridgwater 1979; Hsiau and Shieh 1999; Duffy and
Puri 2002; Johanson et al. 2005; Jha and Puri 2009).

Tang (2004) noted that the use of ideal media employed by many researchers is
related to the fact that glass spheres offer a number of practical features such as ideal
shape (spherical), size range diversity, high flow-ability and economical factor
(available at reasonable cost commercially). However, results from the use of ideal
media cannot readily be applied in industrial applications and in most cases, are far

removed from real world application.

For the purpose of this research, glass spheres of various shapes (spherical, cubical,
cylindrical and bi-conical shape), steel spheres (spherical) and plastic spheres

(spherical) were selected as ideal media. Table 4.1 summarized overall
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characterisation and test parameter of the ideal media used in the SCPG while

Figure 4.1 shows the materials used as the ideal media in this thesis.

Table 4.1: Characterisation and test parameter for ideal media.

Test parameter for
percolation study

Media Shape Characteristic tests

15.75 mm glass sphere Spherical As a bed-matrix particle

6.00 mm glass sphere Spherical Diameter ratio effect

5.00 mm glass sphere Spherical Diameter ratio effect

Diameter ratio effect;

Strain effect;

4.00 mm glass sphere Spherical )
Density effect; Particle density and volumetric;
Shape effect Particle shape and shape factor;
4.75 mm steel sphere Spherical | Density effect \oid ratio and porosity

4.00 mm plastic sphere Spherical Density effect

4,00 mm bi-conical

Bi-conical | Shape effect
glass

4.00 mm cylindrical

glass Cylindrical | Shape effect

4.00 mm cubical class Cubical Shape effect

(c) (d) (e) ®
(h) (i) )
(9)
@) (b)

Figure 4.1: Ideal particles used in the study and comparison between the bed-matrix of (a) 13.20 mm
crushed basalt aggregate (b) 15.75 mm glass sphere (c) 4.00 mm steel sphere (d) 4.00 mm plastic
sphere (e) 4.00 mm bi-conical glass (f) 4.00 mm cylindrical glass (g) 4.00 mm cubical class
(h) 4.00 mm glass sphere (i) 5.00 mm glass sphere (j) 6.00 mm glass sphere.
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The selection criterion was based on the ready availability of modelling materials and
the similitude features of the natural granular aggregates. For instance, glass spheres
provide close density to the crushed basalt aggregate in the diameter ratio, strain and
shape effect tests for the percolation study. The selection of the spherical particles
(glass spheres) to model the ideal media was also in order to evaluate the capability of
the DEM code (PFC3D™) to build the same geometry of the particles in the DEM
simulations (Chapter 6). In addition, the selection of an ideal media (spherical shape)
IS necessary to test the hypothesis on the size and shape effect between the non-

spherical (i.e., particle clumps) and mono-sphere particles in Chapter 6.

4.2.2 Crushed Aggregate Media

An aggregate media such as angular aggregates® (ASTM D653-04 2005), crushed
rock or gravel” (ASTM C125-03 2005) is difficult to measure and characterise but
the results provide similar representation of the shape, density and surface friction to
caved rock characteristic and properties. For instance, granular aggregate or
crushed rock may engage far more complex properties and experimental

procedures than glass spheres or sand particles.

Basalt aggregate, sometimes referred as Blue Metal was chosen to represent crushed
aggregate media, was purchased from BC Sands, Sydney. Several size aggregates
were considered as the crushed aggregate media range from 7, 10, 14 and 20 mm
size. With respect to the selection of suitable crushed aggregate size, the 7 mm
aggregate size was considered too small to be used as bed-matrix (e.g., the sieve
aperture is 6.75 mm). Geometrically, a nominal 10 mm aggregate size was also not
suitable for the percolation tests (e.g., the largest fine percolating particle size is
6.18 mm) and might not produce a satisfactory correlation between the particle
diameter ratio (d,/dy) tests while the 20 mm aggregates size was also removed for

this thesis due to its larger size.

'8 Angular aggregate is defined as an aggregate or the particles of which process well-defined edge
formed the intersection of roughly planar faces.

7 Gravel is defined as a coarse aggregate resulting from natural disintegration and abrasion of rock
or processing of weakly bond conglomerate.
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As a result, 14.00 mm aggregate was adopted as the nominal bed-matrix in the
SCPG. The selection of 14.00 mm basalt aggregate (later referred as d,;=13.20 mm
through the thesis) was also based on its geometrical properties. In line with the
geometrical properties, Castro (2006) asserted the significance geometrical
properties (i.e., particle’s size, distribution and shape) have on the gravity flow of
caved rock. In addition, the 13.20 mm basalt aggregate offered the closest diameter

with the 15.75 mm glass sphere (ideal media) used in this thesis.

It must be noted also that the 13.20 mm basalt aggregates used in the SCPG was
used for the shear strain assessments presented in Section 3.4. This media was
employed to ensure that a good correlation between the shear strain assessment
(Type-A Kvapil Model) and percolation test (SCPG rig) existed. Alternatively, the
13.20 mm basalt aggregates represent a geometric similitude of 1.32 m fragmented
rocks at 1:100 scale and 0.40 m at 1:30 scale.

On the other hand, the fine percolating particles for the crushed aggregates (2.86,
4.05, 5.21 and 6.18 mm) were composed using the sieve of 7 mm aggregates
purchased separately. Each of the fine percolating particles was washed, dried,
spray-painted with a different colour according to their sizes for ease of

identification and visual image recording.

A full characterisation and physical properties is discussed in detail within this
chapter while Table 4.2 and Figure 4.2 depict the basalt aggregates used in this
thesis. It should be highlighted that since the main objective of the thesis was to
study the percolation of granular aggregates, any size lower than 2.36 mm are
removed in the tests since it was considered as coarse sand (ASTM C125-03 2005).
Furthermore, due to the fact that the sand particles tend to behave (and become)
more spherical than angular, any representation of sand particle in mining problem

may not be consistently reliable (Yenge 1980).
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Figure 4.2: Crushed aggregates media used in the study and comparison between the bed-matrix of
(@) 13.20 mm crushed basalt aggregate (b) 15.75 mm glass sphere (c) 2.86 mm (d) 4.05 mm

(e) 5.21 mm (f) 6.18 mm.

Table 4.2: Characterisation and test parameters for crushed aggregate media.

Media

Shape

Test parameter for

percolation study

Characteristic tests

13.20 mm basalt
aggregate

Highly angular

As a bed-matrix particle

Direct shear test;
Particle density and volumetric;
Particle shape and shape factor;

Void ratio and porosity

6.18 mm basalt
aggregate

Highly angular

Diameter ratio effect

Particle density and volumetric;
Particle shape and shape factor;

Void ratio and porosity

5.21 mm basalt
aggregate

Highly angular

Diameter ratio effect

Particle density and volumetric;
Particle shape and shape factor;

Void ratio and porosity

4.05 mm basalt
aggregate

Highly angular

Diameter ratio effect;
Strain effect;
Density effect;

Shape effect

Particle density and volumetric;
Particle shape and shape factor;

Void ratio and porosity

2.86 mm basalt
aggregate

Highly angular

Diameter ratio effect

Particle density and volumetric;
Particle shape and shape factor;

Void ratio and porosity
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4.3 SAMPLING PROCEDURE

An accurate sampling according to standard preparation is significant in order to
obtain reliable results before any test could be carried out. Samples must be as close
as possible to represent the average properties of the batch on which the tests are
undertaken (BS EN 932-1:1997 1997).

According to ASTM Committee E-29 on Particle and Spray Characterization
(1998), bulk samples can be reduced to appropriate sample sizes for testing by using
a riffling method (using a riffle box*®) or by coning and quartering method (normally
involves shovelling for a large pile of samples). Alternatively, the riffling method is
only appropriate for a dry material while coning and quartering can be used to
reduce a dry or wet/damp material down to quantity which can be further prepared.
The coning and quartering method (Figure 4.3) was selected for sampling
preparation based on time considerations due to the large amount of basalt

aggregates.

Figure 4.3: Coning and Quartering method (after ASTM Committee E-29 on Particle and Spray
Characterization 1998). Note: (a) Piling (b) Flattening (c) Slicing (d) Rejecting.

18 Riffle box is an apparatus that consists of an even number of chutes discharging in alternate
directions. The material is passed through the riffle box and which divides the material into two
portions. One of these portions is then removed while the other portion is passed through the riffle
box again. The process repeated until the sample has been reduced to the required size.

108



Material Properties and Characterisation

In the coning and quartering method, a shovel is used to mix the aggregates to form
a cone by pouring the gravel into the centre of a cone. In order to ensure that the
aggregates are scattered down the cone uniformly, the cone is turned over three
times and then flattened by pressing the flat surface of the shovel on the top of the

cone (referred as flat cone).

The flat cone was then split equally into quarters and any two opposite quarter are
discarded. The process repeated for the remaining two quarters until the sample has
been reduced to the required size for testing (i.e., sieving test). Horwitz (1990) noted
that if the process is performed only once, coning and quartering is no more efficient

than taking alternate portions and discarding the others.

44 MATERIAL CHARACTERISTIC TESTS

4.4.1 Particle Size Distribution

Only 13.20 mm crushed basalt aggregate was selected for the particle size
distribution test. The reason to this was due to the fact that all the ideal media used
in this thesis generally composed by a constant singular mono-size particles
(i.e., 15.75 mm glass sphere). On the other hand, fine percolating crushed aggregate
media (6.18, 5.21, 4.38, 2.86 mm basalt aggregates) was predetermined using the

nearest standard sieve size interval available as shown in Table 4.3.

Table 4.3: Fine percolating crushed particles median sieve size.

Media Sieve size interval Median sieve size
6.18 mm aggregates 5.66 mmand 6.70mm 6.18 mm
5.21 mm aggregates 4.75 mm and 5.66 mm 5.21 mm
4.05 mm aggregates 3.35 mmand 4.75 mm 4.05 mm
2.86 mm aggregates 2.36 mm and 3.35 mm 2.86 mm

Since there are only two nearest sieve size interval available for each of the fine

particles sieve test, no size distribution graph is available (i.e., for the 4.05 mm
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aggregates, only two closest standard sieve sizes were available: 3.35 mm and
4.75 mm). Therefore, the median sieve size between the two closest size intervals
were selected as the fine crushed aggregate media size (Equation 4.1) in the

percolation tests as presented in Table 4.3.

dupper + dlower

Fine aggregates diameter (d,) = 5

(Equation 4.1)

Where:
e d

e d,.. = lower sieve size (mm).

wper = UPPEr sieve size (mm); and

The test for the particle size distribution (13.20 mm basalt aggregate) was conducted
according to ASTM standard (ASTM D422-63 2007) by means of a sieve test. A
sieving test is a method of dividing up a material into size fractions by passing it
through sieves with a series of decreasing sieve apertures. Sieves size are selected to
cover the entire range of the particle sizes present in the representative sample. The
guantity of representative samples on each sieve is then measured and the results

were used to generate a particle size distribution chart.

Particle size distribution tests on 13.20 mm basalt aggregate were conducted using a
30 kg representative sample by the coning and quartering method. The sieving test
was done by taking small increments (approximately 2-3 kg/sieve) until the entire
representative sample were finished. The sieve analysis test results are presented in
Table 4.4 while the cumulative particle size distribution of 13.20 mm basalt

aggregate is shown in Figure 4.4a.
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Table 4.4: Particle size distribution test of the 13.20 mm crushed basalt aggregate.

Particle size (mm) Retained mass (g) Cumulative passing (%) Distribution (%)
>22.4 0.00 100.00 0.00
224 0.00 100.00 1.87
19.00 561.32 98.13 6.51
16.00 1,959.14 91.62 39.06
13.20 11,752.64 52.56 24.23
11.20 7,288.23 28.33 12.78
9.50 3,843.05 15.55 7.13
8.00 2,147.76 8.42 2.75
6.70 827.11 5.67 2.28
5.60 684.35 3.39 1.59
4.75 479.67 1.80 1.07
2.36 32141 0.73 0.73
<2.36 219.09 0.00 0.00
Total 30,083.77 100.00
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Figure 4.4: Comparison of particle size distributions. Note: (a) Cumulative passing of 13.20 mm
basalt aggregate used in this thesis (b) Typical distribution of primary and secondary fragmentation
of rock mass after being drawn through 100 m vertically using BCF program (after Brown 2003)
(c) Particle size distribution of 13.20 mm crushed basalt aggregate used in this thesis.

The particle size distribution of the crushed basalt aggregates was compared to that

of the typical distribution of primary and secondary fragmentation of rock mass after

being drawn through 100 m vertically generated by Block Cave Fragmentation

(BCF) (Figure 4.4b). BCF is a program developed to estimate the size of rock

fragments and currently the most widely used method of assessing in situ, primary
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and secondary fragmentation in caving mine operations (i.e., block caving, panel
caving) (Brown 2003). However, since BCF relies on a simplified technique for
determining in situ block sizes and empirical rules to predict how the blocks would
reduce in size in a draw column (Esterhuizen 1994 cited in Brown 2003), it is necessary

to compare the particle size distribution with available real data in block caving mine.

Figure 4.4c shows that the 13.20 mm basalt aggregate used in this thesis is positively
skewed towards coarse particles. It is concluded that the 13.20 mm aggregate consist
of high frequency of coarser size classes, while finer particles (e.g., <7.00 mm)
cover a wide range of sizes at lower frequency per size class. This proportion

provides the 13.20 mm aggregate as a wide distribution of particle sizes.

It is worth highlighting that although the particle size distribution of crushed
aggregate media used in this thesis represents a wide distribution, it is not in full
agreement with Laubscher’s real caved rock fragmentation data (Laubscher 1994).
Analogous to this finding is generally most of the crushed aggregates produced in
the quarrying process (i.e., crushing and screening) could not adequately represent
real caved rock fragmentation. This assertion is factual since most of the aggregates
products were classified according to the specific mesh size (i.e., 7, 10, 14 and

20 mm) hence limit its particle size distribution.

Subsequently, the above finding was also extended to the previous particle size
distribution used by Power (2004) and Castro (2006) in their respective caved rock
flow works and mono-sphere particles employed by Bridgwater et al. (1978) for
percolation study. It was found that the particle size distributions employed by
above researchers are far removed from the Laubscher’s real caved rock
fragmentation data as illustrated in Figure 4.5. In addition, the mono-size
distribution of 15.75 mm glass spheres in SCPG and 19 mm phenolic resin in
Bridgwater et al. (1978) (mono-size) were also included in Figure 4.5 to provide a

comparison between wide and mono-size distribution.

Nonetheless, the size distribution of 13.20 mm aggregate used in this thesis was found to

fit within the Laubscher’s fine, medium and coarse cave fragmentation size distribution.
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In contrary, both the Power’s and Castro’s size distribution only fit within the medium

and coarse cave fragmentation size distribution as illustrated in Figure 4.5.
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Figure 4.5: Comparison of caved fragmentation size distribution used in particle flow study (adapted
and updated after Laubscher 1994).

An implication to the above finding is although most of previous work on particle
flow of caved rock claimed to represent wide distribution of particle sizes, it is still
cannot genuinely represent an actual real caved rock fragmentation in block caving
mine. Nevertheless, it is noted that any attempt to characterise and work with a
wider particle size distribution is difficult while a narrow distribution usually

provides an ease of experimental control and analysis.

Therefore, it is essential to test the effect of percolation of fine particles in real caved
rock distribution in which it can reflect the actual cave mine environment.
Nonetheless, the real caved rock distribution effect is not been tested in this thesis
due to time restrictions and experimental practicality. For instance, to realistically
represent 1:100 scaled medium caved rock fragmentation, it is estimated that 75% of
particles sizes used as the bed-matrix are composed by <6.70 mm aggregates.
Accordingly, experimental control is difficult and impractical since a large quantity
of fines (<6.70 mm) is expected to accumulated in the small compartment of the pan
collector and overflow it (i.e., the sieve mesh opening for SCPG was designed at

6.75 mm). Although this problem can be overcome by reducing the sieve mesh aperture
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(e.g., 2.36 mm), this would require significant changes in fine/marker sizes (e.g., 2 mm)

and thus be different to the experimental designs and test parameters employed in SCPG.

4.4.2 Particle Density, Volume, Porosity, Voids Ratio and Approximate

Young’s Modulus

Particle density and volume of both ideal and crushed aggregate media were
obtained by using an Archimedes test on approximately 30 particles from each
media sub-type. Table 4.5 summarises the volumetric particle solid densities,
porosity, voids ratio and approximate Young’s modulus of material used in this

thesis while complete table of the summary is presented in Appendix B.

Table 4.5: Summary of mean particle density, volume, porosity, voids ratio and approximate Young’s
modulus of ideal and crushed aggregate media.

. . . . Approximate
. Density, Porosity,
Material Y, P VolumP;, % p ty desgratlo, Young’s modulus, E
(g/cm3) (cm?3) (GPa)
13.20 mm 276 0.79 0.36 0.57 50 - 100
« | aggregate
©
D
s | 6.18mm 2.74 0.06 0.36 0.57 50 - 100
2 | aggregate
(@]
28 5.21mm 2.73 0.04 0.37 0.58 50 - 100
2 aggregate
g | 405mm 2.74 0.02 0.36 0.57 50 - 100
% | aggregate
=
O
2.86 mm 2.75 0.01 0.37 0.58 50 - 100
aggregate
15.75 mm glass 2.49 2.06 0.40 0.67 50-90
sphere
6.00 mm glass 253 0.12 0.40 0.66 50-90
sphere
5.00 mm glass 254 0.07 0.39 0.65 50-90
sphere
4.00 mm glass 252 0.04 0.40 0.66 50 -90
o | sphere
ie)
D
s | 4.00 mm steel 772 0.03 0.13 0.15 200
= | sphere
(5]
5 .
4.00 mm bi- 2.45 0.04 0.41 0.69 50 - 90
conical glass
4.00 mm 2.40 0.05 0.42 0.71 50-90
cylindrical glass
4.00 mm cubical 248 0.07 0.40 0.68 50-90
class
3.90 mm plastic 0.97 0.03 N.A. N.A. 2
sphere
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4.4.3 Particle Shape, Equivalent Spherical Diameter ( D) and Particle Shape

Factor (r,)

Given the fact that the shape of crushed aggregate is significant in percolation
studies (Cooke et al. 1978), an attempt to classify the ideal and crushed aggregate
medias’ particle shape, equivalent spherical diameter (D;) and its shape factor, ,
was made. The particle shape dimensions (i.e., length, width and depth) were
determined using a calliper (£0.01 mm accuracy) as illustrated by Figure 4.6 while

the average of these three dimensions (d,, ) is determine by Equation 4.2.

Length, |

Depth, d

Width, W

Figure 4.6: The principal dimensions of an aggregate particle (adapted after Erdogan 2003).

_I+w+d

d,
3

(Equation 4.2)

Table 4.6 summarised the particle shape tests of both ideal and crushed aggregate
media used in the tests (a complete test data can be referred in Appendix B). Based
on the Table 4.6, the relative mean aspect ratio for the 13.20 mm basalt aggregates is
approximately (15.51:13.25:10.18) while the standard deviation was relatively
narrow at 2.46:2.30:1.98 respectively.

It is also found that the flakiness ratio (1/w) of the crushed basalt aggregates were
found to be low with a median ratio of 1/w=1.20 while for the elongation ratio
(1/d) was significantly higher at 1/d =1.56 and normally distributed. These values
broadly show that the crushed basalt aggregates used in this study can be described

as bulky in nature. In view of this, the bulky media is defined as a particle that has
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relatively similar values in all three dimensions and was typically formed from the

mechanical, crushing and blast actions (i.e., quarrying process).

These finding were extended in the case of the 6.18, 5.21, 4.05 and 2.86 mm basalt
aggregates (represent percolating fine particles) and was found to have similar
patterns (normally distributed) for both the standard deviation and mean aspect ratio.
In the alternative, all the ideal media used in this thesis has shown constant value in
both flakiness ratio (I/w) and elongation ratio (l1/d) respectively
(i.e,, I/w=1/d ~1.0).

In view of the fact that the granular materials (i.e., caved rock) are rarely composed
of perfectly spherical particles, Nedderman (1992) has recommended the use of the
equivalent spherical diameter (D) method. Generally the D, is defined as the
diameter of the sphere having the same volume as the particle (Equation 4.3) where

V is the volume of the particle

1/3
D, = (ﬂj (Equation 4.3)

s
T

On the other hand, Marsal (1973) noted that direct measurements of gravelly
materials (coarse aggregates) may show some differences between the nominal
diameter of sieve opening (or aperture) and the average particle diameter of
aggregates (d,, ). This argument was deduced due to the fact that the range of sizes
in the fraction merely depends on the size of the next smaller sieve. According to
above assertion, it is significant to determine the particle shape factor (r,), as given
by Equation 4.4 where V denoted as volume of the particle while d,, is defined as

average particle diameter.

6V :
r, = nE (Equation 4.4)
7.

m

A summary of the equivalent spherical diameter (D) and the particle shape factor

(r,) of material used in this thesis were presented in Table 4.6.
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Table 4.6: Mean value and standard deviation of particle shape test, mean diameter value (d,),
equivalent spherical diameter methods ( D) and the particle shape factor (r,) for ideal and crushed

aggregate media used in the tests.

Material Length, | Width, w Depth, d 1/w 1/d dm DS ry
(mm) (mm) (mm) (mm) (mm)
13.20 mm 1551 13.25 10.18 120 | 156 | 1290 | 11.48 | 0.77
- | aggregate (2.46) (2.30) (1.98) 0.08) | (021) | .14) | (2.02) | (0.05)
g 6.18 mm 6.26 4.97 4.24 123 | 144 | 515 483 | 0.84
s | aggregate (0.46) (0.57) (0.56) 0.12) | (0.19) | (0.45) | (0.42) | (0.02)
@
g | 521 mm 5.43 437 3.44 127 | 157 | 438 408 | 081
§ aggregate (0.49) (0.46) (0.47) 0.11) | (0.23) | (0.49) | (0.36) | (0.02)
B | 405mm 418 3.34 2.88 119 | 143 | 343 319 | 081
2 | aggregate (0.37) (0.48) (0.42) (0.20) | (0.25) | (0.36) (0.36) | (0.07)
© | 286mm 3.22 256 1.95 124 | 160 | 255 241 | 0.84
aggregate (0.32) (0.43) (0.47) 0.17) | 039) | (0.35) | (0.34) | (0.09)
15.75 mm 15.76 15.75 15.73 100 | 100 | 1574 | 1578 | 1.01
glass sphere (0.06) (0.05) (0.09) (0.00) | (0.00) | (0.06) (0.03) | (0.01)
6.00 mm 6.10 6.04 6.03 100 | 101 | 6.04 6.16 | 1.07
glass sphere (0.10) (0.08) (0.10) 0.02) | (0.01) | (0.08) | (0.09) | (0.03)
5.00 mm 511 5.05 5.02 101 | 102 | 505 503 | 1.00
glass sphere (0.11) (0.09) (0.10) 0.01) | (0.02) | (0.09) | (0.10) | (0.06)
4.00 mm 412 4.05 4.00 101 | 103 | 406 402 | 097
glass sphere (0.09) (0.07) (0.11) 0.03) | (0.03) | (0.07) | (0.09) | (0.09)
(1]
S | 400mm 4.00 4.00 4.00 100 | 100 | 400 400 | 1.00
= | steel sphere (0.00) (0.00) (0.00) 0.00) | (0.00) | (0.00) | (0.00) | (0.00)
@ A
3 ﬁ&?cg"lm bi- 4.20 415 4.00 105 | 102 | 412 | 406 | 095
lass (0.07) (0.05) (0.03) 0.01) | 0.02) | (0.04) | (0.03) | (0.02)
ﬁ'??ﬂ(’mal 4.20 4.15 4.15 101 | 101 | 416 458 | 134
g‘l’ass (0.06) (0.06) (0.06) 0.01) | (0.01) | (0.06) | (0.05) | (0.02)
4.00 mm 4.22 4.15 411 101 | 102 | 417 508 | 1.80
cubical class | (0.06) (0.05) (0.06) 0.01) | (0.01) | (0.05) | (0.09) | (0.13)
4iggﬂTm 4.00 4.00 3.97 100 | 101 | 399 | 394 | 096
Ephere (0.00) (0.01) (0.00) 0.00) | (0.01) | (0.00) | (0.00) | (0.00)

On the other hand, the equivalent spherical diameter methods (Ds) (Nedderman

1992) shows a significantly lower value of 11.48 mm compared to the average

diameter value, d,, value of 12.90 mm for the coarser crushed aggregate (13.20 mm

basalt aggregates). It was also found that the difference of D, and d,, are varied in

the case of fine percolating crushed aggregate media while for ideal media closely

approximated each of the values.

The difference between D, and d,, were relatively typically predetermined by the

I, value. For instance, the significant difference of Dy and d, value for 4.00 mm
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cubical glass shape (ideal media) is directly proportional to its large r, value
(r,>1.81) while this contradict for the 4.00 mm steel sphere (ideal media) with the

discrepancy was found to be zero (r, =1.0) as shown in Table 4.6.

Figure 4.7 illustrates the Marsal’s shape factor used particles shape classification.
Principally, Marsal (1973) has classified the particle shape based on the shape
factor, r, as a function of the ratio d/d,,. In this chart, plate or plate like particles
have small values lie between Curves 1 and 2 (0.2<r, <0.4) while rod shape particles
fall on Curve 2 (r,=0.43; i.e., cylindrical glass). On the other hand, prismoidal
fragments of rock have shape factors smaller than or equal to those corresponding to
Curve 3 (0.5<r,<0.8) whereas spherical particles (i.e., glass spheres, steel sphere,

spherical plastic sphere) have a value of r, close to unity.

Based on the Marsal’s shape factor classification chart in Figure 4.7, it was indicates
that the crushed aggregate media (13.20, 6.18, 5.21, 4.05 and 2.86 mm) used in the
tests merely consists of prismoidal particles with sharp edges. On the other hand, an
ideal media such as the spherical materials (4.00, 5.00, 6.00 mm glass spheres,
4.00 mm plastic sphere and 4.00 mm steel sphere) were found to fall on the edge of
Curve 3 with the r, close to unity. It was also found that the 4.00 mm bi-conical
glass fall in the vicinity of the edge of Curve 3 (revolution ellipsoids) which can be

classified as close to spherical shape.

However the cylindrical and cubical glass tests show a higher r, value (r, >1.0) thus
broadly disagree with the Marsal’s shape factor classification. One possible reason
to this can be related to the fact that the Marsal’s shape factor classification only
deal with low depth/mean diameter ratio, d /d,, particles (i.e., rods, mortar and glass
plates). Figure 4.7 clearly shows that the Curve 2 (cylinders) only resembled by the
d/d, < 0.625 thus make the cylindrical glass used in the test (d/d,,=1.01) differed
from the Curve 2 (cylinders). In addition, the significantly lower d/d,< 0.250
value represents Curve 1 (square plates) generated by the mortar and glass plates
used in Marsal’s shape factor classification are far less than the cubical glass used in
the test (d /d,, = 0.99).
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Figure 4.7: Marsal’s shape factor classification chart (adapted and updated after Marsal 1973).
Note: (i) Type of particle tested (upper) and shape factor for several types of particles according to

their shape (lower).
(ii) Theoretical Curves 1, 2 and 3 for square plates, cylinders and ellipsoid respectively are
used as reference marks in this chart.

4.4.4 Shear Strength

Shear box testing was undertaken for the 13.20 mm basalt aggregates using a
305 mm x 305 mm heavy duty shear box with a depth at approximately 150 mm. In
the line of the large shear box used for the tests, ASTM D3080-98 (2000)
recommended that the minimum initial representative sample thickness of the direct
shear box shall be greater than six times the maximum particle diameter and
10 times the maximum particle diameter for the shear box width. Apparently, direct
shear testing was first employed by Coulomb in 1776 (Lamb and Whitman 1969).
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Principally, the shear strength test was used to determine the friction angle, angle of

dilation and friction angle of the basalt aggregates.

Terzaghi et al. (1996) listed some advantages over alternative testing methods such

as:

the test sample required can be relatively small (i.e., 200 mm x 100 mm) or
very large (i.e., 305 mm x 305 mm);
direct shear test is simple and relatively easy to operate; and

the sample can be made to shear in a prescribed plane or zone.

Some disadvantages of the shear box test include uncertainty in interpretation of the

results due to non-uniformity of the stresses and strains that occur across the shear

surface, and throughout the sample thickness (Nakao and Fityus 2008).

The procedure of the test is as follows:

An appropriate amount of representative sample was prepared and the mass
were recorded (approximately 45 kg/test) to determine a bulk density of the

sample used in the large shear box.

. A normal force was then applied to the sample and the initial reading of the

dial gauge and calibration values was recorded.

All the required strength characteristics including shear stresses, horizontal
or shear displacements and vertical dilations were monitored against each
value of normal stress during the tests at required intervals time until the

specimen failed.

. The data were then transferred to normal and shear stresses as per the

equipment’s calibration data sheet.

The steps (i) to (iv) were repeated for at least three different normal forces.

The shear box tests were conducted at normal stresses of 100, 200 and 400 kPa

respectively. A summary of these tests was presented by the Table 4.7 and Figure

4.8 respectively.
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Figure 4.8: Shear displacement versus shear stress for different values of normal stress.

Table 4.7: Direct shear box testing result.

Normal stress Shear stress Dilatancy
Test sample at failure, o at failure, 7, angle, v
(kPa) (kPa) ©
105.72 83.18 2.86
212.61 137.10 1.85
429.61 388.52 2.72

Where

calculated using Equation 4.5 and was found to be ¢ =49°.

¢ = tan ‘1(0—"J

T

o IS the normal stress at failure (kPa); and

7 IS the shear strength at failure (kPa).

The Mohr-Coulomb linear failure criterion was then plotted and shown in Figure

4.9. The angle of friction (¢) for the 13.20 mm basalt aggregates were then

(Equation 4.5)
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Figure 4.9: Mohr-Coulomb shear failure criterion plot.

In view of Mohr-Coulomb shear failure plot, Castro (2006) noted that generally this
type of plot gives good estimates of residual friction for large normal stresses but it
does not consider the effect that dilatancy has on shear strength at low confinement.
In most cases, most of the sample could experience dilatancy when it is exposed to

the shear strain as illustrated in Figure 4.10.

Initial volume, V

} an

v

A
Y

[ \ Incremental volume, AV

Figure 4.10: Schematic of shear-strain in two dimensions.

Equation 4.6 and 4.7 were used to calculate the dilatancy angle (v) and the apparent

angle of friction (¢') respectively.

L= tan‘l[ﬁJ = tan(AH s ) (Equation 4.6)
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Where:
e AHandALare the total horizontal and vertical deformation during shear
respectively (mm);
e Hand L are the original height and length of sample respectively (mm);
e g, isthe volumetric strain and given by ¢, = -AV /V = -Ah/h;; and

e ¢, isthe shear strain and given by &, =-Al/I.

¢'= tan{anf J (Equation 4.7)

Ty
Where:
e o, isthe normal stress at failure (kPa); and

e 7 is the shear strength at failure (kPa).

Angle of dilatancy (v) can also be determine using the experimental data
(i.e., measured at the shear box) (Abriak and Caron 2006). This were done by
measuring the vertical displacement at both sides of the point at which the normal
force being applied to determine the change in height with shear (Ah). The shear
strain against the volumetric strain were then plotted to determine the angle of

dilatancy as shown in Figure 4.11.

0.700

—e— 100 kPa
0.600 +{ —=— 200 kPa
400 kPa

0.500 A

0.300

o
0.200 4 {
0.100 /

0.000 7v5s T T T T T
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Volumetric strain (%)

-0.100

Shear strain (%)

Figure 4.11: Determination of the angle of dilatancy from experimental data.
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Table 4.8 present the results of mean apparent friction angle, dilatancy angle and the
residual friction for the 13.20 mm basalt aggregates used in the test. Any increment
within the v mean that the granular sample volume increased during the shear
(i.e., the granular mass dilated). The residual friction angle (#,) of basalt aggregates
was then calculated using Equation 4.8 given the mean value of residual friction
angle, ¢ = 35.2° This value was found to be within the guidelines by Hoek and
Bray (1981) and Wyllie (1999).
¢, =¢'-0.8v (Equation 4.8)
Where:
e ¢ andg' is the residual friction angle and apparent friction angle
respectively; and

e v isthe dilatancy angle.

Table 4.8: Summary of direct shear test result.

Test Normal stress Shear stress Apparent friction Angle of | Residual friction
sample | at failure, o at failure, 7, angle, ¢' dilation, v angle, ¢,
(kPa) (kPa) ©) ©) ©)
105.72 83.18 38.3 3.0 35.5
212.61 137.10 32.8 19 31.0
429.61 388.52 42.1 2.7 39.4
Mean 37.7 25 35.2
Standard deviation 4.68 0.61 4.22

4.5 CONCLUSIONS

This chapter documents the material properties and characterisation of the ideal and
crushed aggregate media used in this thesis. It was concluded that although the
13.20 mm basalt aggregates has a wide size distribution, and presents similar
patterns to the BCF program, it still could not adequately represent real caved rock
fragmentation sizes as proposed by Laubscher (1994). These findings were extended
to other particle flow works in caving mines and it was found that the particle size
distribution used in previous works also far removed from real-world caved

fragmentation sizes.
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It is important to note that none of particle size distributions were presented for the
fine percolating basalt aggregates (6.18, 5.21, 4.05, 2.86 mm) since there are only
two nearest sieve size interval available for each of the fine particles sieve test.
Nevertheless, all the fine percolating basalt aggregate sizes were classified based on
the median sieve size between the two closest size intervals of each percolating

basalt aggregates.

The particle density tests showed that generally all the material was classified within
the appropriate range of density for caved rock. It is noted that the glass medium
(i.e., p=2.49 g/lcm?) appeared to have the closest density to basalt aggregates
(i.e., p=2.76 glcm?®). The shear box test was also employed for the basalt
aggregates. It was found that the mean value of residual friction angle (4,) for basalt
was 35.2°. This value was found to be set within the guidelines by Hoek and Bray
(1981) and Wyllie (1999).

The particle shape tests conducted on the crushed aggregate media (basalt
aggregates) found that the flakiness ratio (I/w) and elongation ratio (1/d) were
normally distributed and can be classified as “bulky”. All ideal media tested had
constant values of both flakiness ratio and elongation ratio analysis
(I/w=1/d =1.0).

In view of above findings, Cleary (2008) asserts the importance of modelling at least the
primary aspects of shape which are the aspect ratios in the principal directions of the
particle and some measure of whether it is rounded or angular/blocky. It was further
observed by the Marsal’s shape factor classification chart that crushed aggregate media
merely consists of prismoidal particles with sharp edges. By contrast, spherical and bi-
conical shape materials were found to fall within the edge of Curve 3 with the r, close

to unity with the exception of cubical and cylindrical shaped materials.

All the known and derived parameters of the above tests are used in the percolation
tests using the SCPG (Chapter 5), numerical modelling in PFC3D™ computer code
(Chapter 6) and shear strain assessment by the mean of 1:100 scaled Type-A Kvapil
Model (Section 3.4).
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CHAPTER 5:

PERCOLATION EXPERIMENTS ON
IDEALISED MATERIALS AND
CRUSHED BASALT

5.1 INTRODUCTION

The aim of this chapter is to describe the physical experiments to investigate
percolation using the Shear Cell for Percolation of Geomaterials (SCPG). This work
follows from Chapter 3 which described the design and fabrication of the SCPG and
Chapter 4, the characterisation of test materials. Accordingly, the effect of strain rate
(7), particle diameter ratio (d,/ds), shape and density for ideal and crushed
aggregate media were tested under controlled experimental conditions. This chapters
aims seek to prove or disprove the hypotheses that particle shape and size play a
significant role in percolation of fine particles in the matrix of highly angular

large/coarse aggregates.

The work in this chapter is organised as follows. Section 5.2 and 5.3 presents the
methodology and parameters used. This is followed by Sections 5.4 and 5.5 in which
the results are analysed and presented. Finally, in Section 5.6, all results are
analysed into dimensionless percolation variables which take account of the
similarity of all experiments. The results are then used to study the strengths and

limitations of DEM numerical simulations in Chapter 6.
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52 METHODOLOGY

5.2.1 Background

The experimental techniques were designed to measure the affect of strain rate (),
particle diameter ratio (d,/ds), shape and density on fine particle percolation.
Alternatively, the percolation of fine particles in the matrix of highly angular
large/coarse aggregates was quantified by two parameters: the “cumulative % mass

passing of fine particles (CPF)” and; the dimensionless percolation rate (DPR).

The CPF is defined as the cumulative percentage mass passing of fine particles
recovered (C,,) over the total mass (m) of fine particles used in the test (Equation

5.1).

crr=Se
m

x 100% (Equation 5.1)

The dimensionless percolation rate (DPR) is used to assess the relation between the
dimensionless percolation rate (y/jd, or u/yd,) relative to particle diameter ratio

and is denoted by Equation 5.2.

u y d .
— ==k exp{—k —p} (Equation 5.2)
o Ay it

Where:

e Yy is defined as the mean percolation distance travelled by percolating
particles in given strain (mm);

e U is defined as the mean downward velocity of percolating particle (mm/s);

e y isshear strain (dimensionless) while y is defined as strain rate (s™);

e u/yd, is measure by the mean downward velocity of percolating particle
(u) when subjected to the rate of strain;

e k,and k, are two arbitrary constants that were found to be equal to 20 and 8
respectively; and

e d,/d, is the ratio of percolating particle to bed-matrix particle diameter or a
measure of the utilisation of holes in the deforming large particles by small

particles.
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The arithmetic mean of the repeated experiments for each of the four test parameters
(y,d,/d,, particle shape and density) were plotted against on CPF graph and a third
order polynomial was fitted to each data set. Additionally, the CPF and DPR results will

be compared with the physical observation and digital images taken during the tests.

5.2.2 Standard Operating Procedure for SCPG

5.2.2.1 Preliminary setting

Prior to the tests, all the systems such as sieving and shear cell alignment need to be
properly adjusted and fixed correctly (i.e., the shear cell is in parallel position and

the automatic switch controller was preset to a designated strain rate).

5.2.2.2 Loading procedure

The procedure for loading the model is as follows:
i.  The end wall plate of the shear cell is fastened with two treaded M10 rod in
constrain the cell during loading.
ii.  All the hexagonal nuts on the drive wall plate side are unbolted while the
top plate wall of the shear cell is tilted on the end wall plate as shown in

Figure 5.1.

Wooden plate
p ~

Figure 5.1: Typical example of loading process for Il series. Note that the top plate wall of the shear
cell is tilted on the end wall plate while the bed-matrix is levelled by wooden plate at approximately
220 mm height.
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The matrix of coarse bed particles (15.75 mm glass sphere or 13.20 mm
crushed basalt aggregate) is carefully loaded into the box using a small
bucket located at a constant height to ensure random positioning of
particles.

Upon reaching the designated level (220 mm height) and mass, a piece of
wood with dimensions approximately matching the models width and
length was used to level the medium. At 220 mm height the shear cell
having an approximately 75 kg of mass at full capacity.

A designated mass of fine particles are placed on the top of the coarse bed
particles, at the centre of the shear cell (i.e., y-axis) on a masking board
with internal dimensions 60 x 180 mm (Figure 5.2). This will result in
avoiding the wall effects of the percolating fine particle with the side, drive
and end walls respectively. It is worth highlighting that this problem was
identified in early physical experiments by Bridgwater et al. (1978). On the
other hand, a different set of coloured percolating fine particle coordinates
are aligned to the centre of small compartments 12, 13 and 14 as shown in
Figure 5.2 (left).

Figure 5.2: The masking plate used for fine particle configuration with an opening diameter of 60 mm
x 180 mm at the centre [right]. Note that the opening dimension of the wooden plate was the same
size as the three adjacent small compartments located at the centre of pan collector (compartment
numbers 12, 13 and 14) [left].

Vi.

Vili.

The mask is removed and replaced by a thick wooden plate with a central
opening and a normal load is placed on the top of the wooden plate.
The top wall of the shear cell was then re-attached with the drive wall and

all hexagonal nuts are fastened. The support rods are then removed.
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5.2.2.3 Testing

The procedure for testing is as follows:

The auto run switch button is pressed and stopped every 100% strain
intervals for the first complete cycle (one complete cycle equals is 400%).
Following the first completed cycle, the test is only paused at the end of
each subsequent complete cycle (400% strain) until the required y,,, is
achieved.

During the interval test pause, any fine particles collected and dropped into
the small pan collector compartments were weighted while parameters
such as run time duration, total strains (y,,,) and the spatial distribution of
fine particles on the collection pan is recorded. Any markers collected are
recorded against the compartment number, run time duration and 7, -

The procedure (i) and (ii) is repeated and any observations in the
experimental set up are recorded.

Each test is repeated three times in order to find the average reading of

mass passing of fine particles recovered.

5.2.2.4 Emptying the shear cell

The procedure for emptying the model is as follows:

The motor is switched off and the threaded rods are attached back to the
end side wall.

The hexagonal nuts are loosened and the top wall of the shear cell was
tilted on the end wall plate.

Using the 10.00 mm sieve, the matrix of coarse bed particles is carefully
sieved and then restored to the storage bins. The remaining fine particles

and markers collected are restored to the storage compartments.
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5.2.3 Configuration of Fine Particles

Four possible initial configurations for the fine particle/markers in the shear cell

were considered, as illustrated in Figure 5.3.

@)

Centre of the shear cell Aligned with the
(along the y-axis) side wall

(c) (d)

Aligned with the
diagonal of the shear
cell

Centre of the shear cell
(along the x-axis)

X

L,

Figure 5.3: Plan view showing the configuration of the fine particles/markers position.

The initial position of the fine particles/markers is important toward reproducible
and reliable results. The centre of the shear cell (y-axis) option (Figure 5.3a) was
selected based on several considerations:

o ability to minimise (or prevent) interaction with the side walls (Perspex
glass and galvanised plate), end wall and drive wall (Figure 5.3b);

o facilitate and enhance the percolation potential as the energy generated by
the drive wall is uniformly distributed along the y-axis (as shown in
Section 3.3.3.2);

o particles placed near the wall vicinity (Figure 5.3b) may significantly
experience higher sieving segregation potential while configuration along
the x-axis (Figure 5.3c) might produce a narrow zone of low strains (dead
zone effect) thus limiting percolation; and

e configuration by aligning with the diagonal of the shear cell may
potentially experience both sieving segregation and low energy distribution
(Figure 5.3d). Some of the percolating fine particles may interact with the

wall vicinity (wall effect) and risk of leakage at the model base may occur.
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It is worth noting that the use of a side wall constructed from Perspex glass or
galvanised plates does not cause a wall effect to the percolating fine particles during
the tests. This is based on the fact that the fine particles are positioned far enough
from the wall edges (approximately 90 mm from the drive and end wall edges and
145 mm from the both side walls). This minimises the wall effects of the percolating
fine particle with the side, drive and end walls respectively. Similarly, it is worth
highlighting that this problem was identified in early physical experiments by
Bridgwater et al. (1978).

5.2.4 Granular Materials — Fine and Coarse Matrix

A total of four combinations (or series) of fine and coarse matrix particles were
generated from the ideal media (identified as I) and crushed aggregate media
(identified as B). For instance, percolating fine particle of 4.05 mm basalt aggregate
in the bed-matrix of 15.75 mm glass sphere are referred as Bl series. In other words,
the first alphabet denoted as a fine percolating particles material type while the

second alphabet denoted as a coarse material type.

Complete identification codes for the binary series of material used in the tests are

shown in Table 5.1.

Table 5.1: Testing configurations of fine and coarse matrix particles - identification codes.

Type of media
Series of media Identification code
Fine Material Bed-matrix

Ideal-1deal Glass spheres; Plastic Glass sphere 1
sphere; Steel spheres

Crushed aggregate -ldeal Basalt aggregates Glass sphere BI

Ideal-Crushed aggregate Glass spheres; Plastic Basalt aggregates IB
sphere; Steel spheres

Crushed aggregate - Basalt aggregates Basalt aggregates BB
Crushed aggregate
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5.3 EXPERIMENTAL CHARACTERISATION

5.3.1 Selection of Total Shear Strain (y,,,) and Strain Rate ()

It is known from previous studies that critical parameters for the SCPG are: the total
shear strain (y,,) and; strain rate (), and hence these parameters need to be
carefully selected. For example, if y,,, is set too low, most of the fine particles

might not be collected while a high value may not be practical due time constraints.

Preliminary tests investigated the precision and accuracy of SCPG and also served to
determine the maximum shear strain required to achieve completion of the
experiments. Experiments were deemed to be complete when a significantly lower
mass percentage of fines were collected (CPF <1%) for three consecutive shear
strain cycle (i.e., each complete cycle comprised of 400% shear strain). These tests
showed that the required run time (or total shear strain, y,.,,) for the Il and Bl series
was achieved within y,,.,=3200%. Conversely, for the IB and BB series, a
significantly lower percentage of percolated fine particles were collected after
Yo =3200% which required higher total shear strains and much longer run times.
For instance, a preliminary test for the 1B series required y,,>10,000% to achieve

similar results to the 1l series, which was deemed impractical.

Moreover, such at lower shear strain rates, a longer time is needed (i.e., total run
time for the =0.01 s test is four times slower than at »=0.04 s™). For example,
approximately 8 hours or y,,,>10000%, was required to complete an IB series test
at »=0.01 s. Therefore, for the IB and BB series, the total shear strain was
extended to y,,,=4800% which provides adequate results within practical time
limitations. As a result, the strain rate was designed at 0.01, 0.02, 0.03 and 0.04 s
respectively to conform to the shear strains estimated from scaled physical models

of isolated extraction zones, presented in Section 3.4.

Overall, a total of 152 tests were performed using the SCPG with a minimum of

three repetitions of each test. On average each test took 3-5 hours to complete which
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included loading, shearing, measurement of recovered mass of fine particles, digital

imaging, documentation, emptying and cleaning.

5.3.2 Parameters Tested

There are four main parameters to be tested namely:

e  effect of shear strain (7, );
o effect of particle diameter ratio (d ,/d, );
o  effect of particle shape; and

e  effect of particle density.

It has been postulated by other researchers that percolation is predominantly
controlled by the d,/d, and y (e.g., Bridgwater et al. 1969, 1978, 1985a, 1985b;
Bridgwater and Ingram 1971; Scott and Bridgwater 1975, 1976; Cooke et al. 1978;
Cooke and Bridgwater 1979; Drahun and Bridgwater 1983; Duffy and Puri 2002;
Pierce 2004; Tang 2004). This conclusion is relevant to mono-size assemblies of
spherical particles. However, there have been no efforts to see if similar controls
exist for highly angular rock particles, or wide distributions of highly angular rock
particles. This work is considered necessary toward better understanding of
percolation mechanisms in caving mines. A summary of all parameters tested in the

present research is shown in Table 5.2.
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Table 5.2: Summary of test parameters and particle types used in the SCPG.

Test parameter Code Votal Y Percolating particle Coarse bed-matrix
(%) (s7)
Particle diameter 4.00, 5.00 , 6.00 mm 15.75 mm glass sphere
ratio effect I
3200 glass spheres
Bl 2.86,4.05,5.21,6.18 mm 15.75 mm glass sphere
0.04 basalt aggregate
B 4.00, 5.00, 6.00 mm 13.20 mm basalt aggregate
glass spheres
4800
BB 2.86, 4.05,5.21,6.18 mm 13.20 mm basalt aggregate
basalt aggregates
Strain rate effect I 4.00, 5.00, 6.00 mm 15.75 mm glass sphere
glass spheres
3200
Bl 0.01 2.86, 4.05, 5.21,6.18 mm 15.75 mm glass sphere
0:02: basalt aggregates
B 882 4.00, 5.00, 6.00 mm 13.20 mm basalt aggregate
' glass spheres
4800
BB 2.86, 4.05,5.21,6.18 mm 13.20 mm basalt aggregate
basalt aggregates
Particle shape 4.00 mm glass sphere, 15.75 mm glass sphere
effect 1l cubical glass, cylindrical
3200 glass, bi-cone glass
BI 4.05 mm basalt aggregate | 15.75 mm glass sphere
0.04
B 4.00 mm glass sphere, 13.20 mm basalt aggregate
cubical glass, cylindrical
4800 glass, bi-cone glass
BB 4.05 mm basalt aggregate | 13.20 mm basalt aggregate
P;rtictzle density 4.00 mm plastic sphere, 15.75 mm glass sphere
effec
1 4.00 mm glass sphere,
3200 4.00 mm steel sphere
Bl 4.05 mm basalt aggregate | 15.75 mm glass sphere
0.04
IB 4.00 mm plastic sphere, 13.20 mm basalt aggregate
4.00 mm glass sphere,
4800 4.00 mm steel sphere
BB 4.05 mm basalt aggregate | 13.20 mm basalt aggregate
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5.3.2.1 Effect of strain rate

The strain rate effect was investigated for fine particles consisting of 4.00 mm glass
spheres and 4.05 mm basalt aggregate in a bed-matrix of 15.75 mm glass spheres and
13.20 mm basalt aggregate respectively. The selection of 4.00 mm glass spheres and
4.05 mm basalt aggregate as percolating particles was to provide a close approximation

to the other data sets (i.e., 5.00 mm glass sphere and 5.21 mm basalt aggregate).

A maximum shear strain rate magnitude of y=0.04 s was chosen for all tests due
to time constraints and additional lower strain rates magnitude (i.e., »=0.01, 0.02

and 0.03 s ) were introduced to study the effect of strain rate.

5.3.2.2 Effect of particle diameter ratio

The effect of particle diameter ratio is investigated within a range of different d,/d,

as follows:
e 11(d,/d,=0.25, 0.32 and 0.38);
o Bl (d,/d,=0.18, 0.26, 0.33 and 0.39);
e 1B(d,/d,=0.30, 0.38 and 0.46); and

o BB (d,/d,=0.22, 0.31, 0.39 and 0.47)

The percolating particles selected were 4.00, 5.00, 6.00 mm glass spheres and 2.86,
4.05, 5.21, 6.18 mm basalt aggregates. The bed-matrix is 15.75 mm glass spheres
and 13.20 mm basalt aggregate. Since in practice, the diameter of the percolating
particle depends on the coarse matrix diameter, availability of the ideal media in
market and the available size of standard testing sieves, the final d,/d, may vary
slightly. For instance, the Il series tests using the 4.00 mm glass sphere in 15.75 mm
glass sphere given the d,/d,=0.25 while for the BB series tests using the 4.05 mm
basalt aggregate in 13.20 mm basalt aggregates given the d,/d,=0.31.

In practice, fine particles should also be easily seen (i.e., brightly coloured) and

identified when drawn and also be easy to hand-paint and numerically label (as
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markers). In addition, other factors such as suitable wire mesh aperture size with

regard to the SCPG sieve system should also be considered.

5.3.2.3 Effect of particle shape

It is worth highlighting that although the particle shape is known to significantly
affect percolation rate, only a small number of publications exist in this area and are
predominantly focused on chemical and/or powder applications. With regards to the
above point, five particle shapes were introduced in this thesis: the spherical,
cubical, cylindrical, bi-conical (4.00 mm fine ideal media) and angular shape

(4.05 mm fine crushed basalt).

5.3.2.4 Effect of particle density

The particle density effect test was carried out to study the effect between the denser
and lighter particles. Particle density tests were conducted at 7=0.04 s™ with
spherical particles (4.00 mm diameter). Nevertheless, the introduction of 4.05 mm
crushed basalt aggregate was made in order to provide insight into the effect of
particle shape and density. This is to different to previous percolation studies on

density effect conducted by previous researchers (Section 2.5.5).

54 GENERAL OBSERVATIONS

It was observed that for the BB and IB series, minor breakage of the coarse particles
contacts occurred near the vicinity of shear box wall. This is the result of the
13.20 mm basalt aggregate which are characterised as prismoidal particles with
sharp edges (Section 4.4.3), leading to a small quantity of chippings and rock dust
during shearing process. This was expected since the use of highly angular and wide
distributions of particle sizes promotes higher attrition to the sharp asperities of the
basalt aggregate compared to spherical mono-size particle such as 15.75 mm glass

sphere.
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Less than 1% rock dust (by mass) was generated mainly near the side wall of the
shear box. This material accumulated in the edges of the pan collector compartments
(Figure 5.4). The relatively small quantity of rock dust generated near the wall does
not affect the percolation of fine particles at the centre of shear box where the
measurements were collected. Additionally, in view of the fact that the particles
used are dry and the experiments were conducted in the low humidity conditions,

moisture effects are expected to be slight and not affecting the dust.

Figure 5.4: Fine dust and aggregate attrition generated near the side wall and collected in the outer
cells of the collector compartment (white boxes).

It is worth highlighting that since the SCPG employed a manual weighing system it
offered some advantages over the automatic mass balance system used by others
such as Tang (2004). Alternatively, the small compartment of pan collector can be
separated in which the rock dust and chipping can be removed out before the
weighing thus provide a higher precision results than the automatic weighing

system.

An attempt to study the horizontal travel distance of fine marker particles through
the percolation mechanism was made by placing nine coloured markers at the top of
bed-matrix (simultaneously with the fine particles as shown in Figure 5.5¢). The fine
marker particles were aligned with the central axis of the small collection
compartment (numbers 12, 13, 14; Figure 5.5d). It was found that after the test,
some of the recovered markers had travelled as far as a single compartment distance

(each compartment consist of 50 mm x 60 mm in dimension). For instance, the blue
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marker was originally positioned adjacent to compartment 14 before the test and was

recorded to fall in compartment 15 at y, ., =3200% as shown in Figure 5.5e.

11 12 13 14 15
16 17 18 19 20

21 22 23 24 25
(@) (b)

(©

(d) (e)
Figure 5.5: Marker trial, horizontal percolation study. (a) Masking plate, the opening dimension of
the plate is the same as the three compartments at the centre of pan collector (b) Compartments
number nomenclature (c) Initial configuration of fine particles and markers on the top of bed-matrix
(d) The blue marker positioned adjacent to compartment 14 [white circle] () Example of blue marker
position [black circle] recovered in compartment 15.
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It is noteworthy that a small number of fine particles (particularly 6.18 mm basalt
aggregate) were trapped at the 6.75 mm sieve mesh as shown in Figure 5.6. One
explanation relates to the particle orientation during shearing. It is apparent that
although all the 6.18 mm basalt aggregate has passed the 6.75 mm sieve (Section
4.4.1), some of the aggregate has a maximum dimension greater than the mesh
aperture (previously presented in Section 4.4.3). As a result the orientation and
rearrangement of particles during shearing may result in the capture of particles in
the sieve. This circumstance is rare and affects a small number of particles (< 0.5%

by mass). This did not happen for the other materials tested in this thesis.

Figure 5.6: Example of 6.18mm basalt aggregate trapped at the 6.75 mm sieve mesh due to the
particle orientation during shearing.

All test results were reproducible. Figure 5.7 shows a typical calibration plot for
volumetric fine particle mass versus cumulative percolating fines collected. The
results have a linear relation which indicates that the shear motion energy was
uniformly transferred across the material in the shear cell. The calibration tests also
demonstrate that the SCPG is able to generate consistent results with reasonable
precision and accuracy required for quantification of the four parameters. These
results agree with those of Bridgwater (1994) who asserts that “...the key facts to
emerge from the percolation study on the use of simple shear apparatus are that the
data are reproducible, systematic with independent variables and independent of the

amount of the material in the cell”.
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Figure 5.7: Volumetric fine particle mass versus mass of cumulative percolating fines collected at
7 =0.04 s-t. Note that for Bl series (dp/dp= 0.22, yi =3200%) while BB series (d, /d, =0.18,
7to(a| :4800%).

5.5 RESULTS AND DISCUSSIONS

A total of four parameters are presented within the following sections including:
o effect of shear strain;
o effect of particle diameter ratio;
o effect of particle shapes; and

o effect of particle density.

5.5.1 Effect of Strain Rate

5.5.1.1 Overview of results and general observations

A total of 48 tests were performed for the effect of strain rate which were carried at
7=0.01, 0.02, 0.03 and 0.04 s respectively. A complete listing of results is found

in Appendix C1 while Table 5.3 summarises these tests.
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Table 5.3: Test designed for investigation of the effect of strain rate.

. . . Coarse Strain rate Controlled experimental
Series | Percolating fine particles . .
bed-matrix (s1) conditions
1 4.00 mm glass sphere 15.75 mm glass 0.01: Particle diameter ratio;
Bl | 4.05 mm basalt aggregate sphere 0.02: Particle density;
0.03: Normal stress;
IB | 4.00 mm glass sphere 13.20 mm basalt 0- 04, Particle shape;
BB | 4.05 mm basalt aggregate aggregate ' Shear strain

All tests were conducted under controlled experimental conditions as follows:

o particle diameter ratio:

- 4,00 mm (fine particle) and 15.75 mm (coarse particle) glass sphere
represent ideal media (i.e., d,/d,=0.25);

- 4.05 mm (fine particle) and 13.20 mm (coarse particle) basalt aggregate
represent crushed aggregates media (i.e., d, /d,=0.31); and

- Both fine and coarse particles were chosen due the fact that it provided
closest proximity with each other compare to the other sets (as discussed
previously in Section 5.3.2.2).

e normal stress, o,=0.9 kPa. It is worth highlight that the effect of normal
stress is considerable small and in most cases are negligible (Scot and
Bridgwater 1976; Bridgwater et al. 1978; Cooke et al. 1978);

e  shear strain, y,,,=3200% for the Il and BI series and y,,,,=4800% for the
IB and BB series;

o particle shape. Two type of particle shapes; 4.00 mm glass sphere
(represent ideal media) and 4.05 mm basalt aggregate (represent crushed
aggregate media) were selected since it provides the closest size with each
other; and

o particle density. The selection of 4.00 mm glass sphere (p=2.52 g/cm3)
and 4.05 mm basalt aggregate ( o =2.74 g/cm?3) provides the closest density
with 15.75 mm glass sphere (0 =2.49 g/cm3) and 13.20 mm basalt
aggregate ( p =2.76 g/cm?d).

The following observations were noted during the tests:

e  percolation mass was found to increase with increasing shear strains;
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e  percolation mass is the highest at 7 =0.04 s *relative to the strain rate;

e percolation of fine particles was controlled by the bed-matrix properties
during shearing especially for the IB and BB series; and

e the CPF in bed-matrix of crushed aggregate media (basalt aggregate) was

significantly lower than that of ideal media (glass sphere).

In order to provide ease of identification and analysis of the effect of strain rate all
tests in Sections 5.5.1.2, 5.5.1.3, 5.5.1.4 and 5.5.1.5, are presented with reference to
the following nomenclature given in Figure 5.8, and described as follows:
e the first segment identifies the series type of binary mixture of media used
in the test; and

e the second segment refers to the strain rate.

s0.04
I— Strain rate (7 = 0.04 s 1)

Binary series (percolating fine
crushed aggregate media in the matrix
of coarse ideal media)

Figure 5.8: Nomenclature used in the effect of shear rate tests.

Figure 5.9 presents the results of four different series (Il, BI, 1B and BB) at various
strain rates (=0.1, 0.02, 0.03 and 0.04 s™). It was observed for the Il and BI series
that as y increases, CPF increases by 3-15%. By contrast in the IB and BB series,
CPF increased by 3-5%. This finding suggests that percolation is controlled by the

bed-matrix in both ideal and crushed aggregate media.

Alternatively, the higher CPF shown in Il and Bl series than the IB and BB series
can be partially explained by the higher porosity and void ratio of 15.75 mm glass
sphere used as bed-matrix compare to the 13.20 mm basalt aggregate. For instance
the porosity and void ratio of 15.75 mm glass sphere were found to be 7=0.40 and
£=0.67 respectively while slightly lower for the 13.20 mm basalt aggregates
(7=0.36 and £=0.57).
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Figure 5.9: Comparison of the shear strain versus cumulative % mass passing of fine particles (CPF)
at different strain rate. Note that the percolating fine particles used are 4.00 mm glass sphere and 4.05
mm basalt aggregate while the coarse matrix used are 15.75 mm glass sphere and 13.20 mm basalt
aggregate respectively. The plots were generated by the mean of three readings.

On the other hand, comparison of CPF values in similar bed-matrix tests (i.e., Il and
Bl series) also found that the fine crushed aggregate media (4.05 mm basalt
aggregate) has a higher percolation than fine ideal media (4.00 mm glass sphere).
Alternatively, it is hypothesised that the particle shape of both the fine and bed-

matrix impacts on the CPF. This hypothesis is discussed in detail in Section 5.5.3.

The results of strain rate effect in percolation are discussed in the following sections,
in the following order:

e Fines: Ideal media; Bed-matrix: 15.75 mm glass spheres (11 series);

e Fines: Crushed basalt; Bed-matrix: 15.75 mm glass spheres (Bl series);

e Fines: Ideal media; Bed-matrix: 13.20 mm crushed basalt (IB series); and

e Fines: Crushed basalt; Bed-matrix: 13.20 mm crushed basalt (BB series).
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5.5.1.2 Fines: Ideal media; Bed-matrix: 15.75 mm glass (Il series)

A total of 12 tests were carried out for the Il series (i.e., three tests for each strain
rate). A typical set of results obtained are shown in Figure 5.10. It is deduced that
the percolation of fine particles is controlled by strain rate and increases with shear
strain. It was observed that the CPF increased between 5-15% for each of the strain
rates tested (0.01, 0.02, 0.03 and 0.04 s ™).
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Figure 5.10: Mean shear strain versus cumulative % mass passing of fine particles (CPF) for the Il
series. The bed-matrix is 15.75 mm glass sphere.

In view of the above finding, the potential of the fine particles to travel through the
voids of bed-matrix can be describe by the increase of the particle mobility. With
regards to this, Scott and Bridgwater (1975) conducted some experiments on the
effect of strain rate and concluded that percolation potential increases with
increasing strain rate. Accordingly, they also postulated that the increase in
percolation potential was subjected to the increase in particle mobility and

decreasing size of the fine particles.

In order to provide a comparison of results, a third order of polynomial was used to
model the relation: shear strain versus incremental mass % of recovered fines (IMF)

as shown in Figure 5.11.

146



Percolation Experiments on Idealised Materials and Crushed Basalt

Incremental mass % of recovered fines

0.0

20.0

15.0 A

10.0

o
o
|

Interval phase o * 11-s0.04
(4.00 mm glass)
. ) m 11-s0.03
Acceleration phase Attenuation phase (4.00 mm glass)

11-s0.02

(4.00 mm glass)
® 11-s0.01

(4.00 mm glass)

y =.4E-09><3 - 3E-05x° + 0.0427x - 4.3609
R*=0.7914

y = 4E-09x° - 2E-05x? + 0.0402x - 4.3567

R?=0.7852

y = 3E-09x° - 2E-05x* + 0.0308x - 3.5026
R*=0.7926

ool o—eo— T T T T T T T
0 400 800 1200 1600 2000 2400 2800 3200
Shear strain

Figure 5.11: Shear strain versus incremental mass % of recovered fines (IMF) in Il series. Note that
the equation and R2 value denoted by the same colour while the bed-matrix is 15.75 mm glass sphere.
The third order of polynomial fit was generated by the mean of three readings.

Figure

5.11 shows that percolation in the Il series can be categorised into three

different phases namely: the interval phase, acceleration phase and attenuation

phase.

the interval phase is the period from commencement of the experiment until
the first arrival of a fine particle. In general, the interval phase is controlled
by the percolation potential to pass the void gaps during shearing;

the acceleration phase is the period in which a group of fine particles passed
the void gaps within the bed-matrix and are recovered in the collection
compartments (illustrated by a rapid increment of fine particles mass).
During this period, the % mass of fine particles recovered continuously
increases until it reaches the maxima. At the maxima, most of the freely
travelling fine particles (without being captured or detained within the void
gaps) have passed through the bed-matrix; and

following the maxima, the attenuation phase starts. For the duration of this
phase, some of fine particles began to fill or partially fill void gaps in the
bed-matrix and are captured or detained. The accumulation of the fine
particles reduces the potential for percolation (depicted by the decreased

and/or constant magnitude of IMF). Nevertheless, it is still possible for
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percolation to increase provided that some of the detained fine particles were

able to find sufficient gaps to percolate.

Figure 5.11 illustrates that as the percolation reaches its maxima (approximately
7o =1200%), percolation significantly decreases. One possible explanation is that
the higher percentage of fines to fill or partially fill the void in the bed-matrix of
both 15.75 mm glass spheres. Arteaga and Tuzin (1990) assert that void filling by
the fine particles is one of the main reasons that significantly reduced the probability

of fine particle to percolate within the gaps fractions bed-matrix during percolation.

The above observation can also be further explained by considering the packing of a
binary mixture (i.e., fine percolating particle in a bed-matrix). According to
Ketterhagen et al. (2008), for such binary mixture of sizes, the void fractions will
decrease with increasing of the fines mass fraction that fill the void gaps. As the
fines fraction continues to increase, less interstitial volume is available for
percolating fines to pass through thus limiting the percolation. This observation is

shown by the Figure 5.12.

Figure 5.12: Example of condition in which the fine particles filled or partially filled pores/void
fractions (red dashed line enlargement) in the bed-matrix at approximately 10 mm height above the
base of the SCPG mesh after shearing. Note that 4.00 mm glass sphere (green) in the bed-matrix of
15.75 mm glass sphere.
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5.5.1.3 Fines: 4.05 mm crushed basalt; Bed-matrix: 15.75 mm glass (Bl series)

A total of 12 tests were carried out for the BI series (i.e., three tests for each strain rate);
the results are presented in Figure 5.13. A key finding is that the percolation of

4.05 mm fine basalt aggregate increased with strain rate much the same as ideal media.
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Figure 5.13: Mean shear strain versus cumulative % mass passing of fine particles (CPF) for the BI
series. The bed-matrix is 15.75 mm glass sphere.

It is surprising to note that for the BI series, each of the strain rate (0.01, 0.02, 0.03
and 0.04 s™) tested shows that the peak of CPF were slightly higher (5-15%) than in
the 11 series (Section 5.5.1.2). This finding may at first seem to contradict previous
assertions (e.g., Massol-Chaudeur et al. 2002; Lebron and Robinson 2003) which
postulate that more rounded (or spherical) particles generally percolate (and
segregate) faster than angular particles due to the fact of its higher flowability.
Nevertheless, the significantly higher percolation in Bl series than the Il binary
mixture suggests that the shape effect may have a significant impacted on
percolation. It also needs to be remembered that angular particles are not described
by a single dimension and for this reason the equivalent spherical diameter may not

be the best method of categorising particle size for these tests.

It was hypothesised in Section 1.2 that particle shape plays a significant role in
percolation of fine particles in a matrix of highly angular coarse aggregates under
gravity and shearing. The above hypothesis is consistent with that obtained by Tang

and Puri (2007) and Jha et al. (2008) who experimentally compared spherical
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(i.e., glass sphere, urea) and angular shaped (i.e., mash poultry feed, potash) effect
relative to the segregation and percolation potential. However, it is worth noting that
rock fragments are far more angular than the mash poultry feed and potash used by

above researchers.

Accordingly, Tang and Puri (2007) and Jha et al. (2008) found that after certain
shear strains, the angular shaped particles excel over the spherical one. Furuuchi and
Gotoh (1992) noted that spherical particles do not always percolate faster than
irregular shape particles even if it is the same size. They postulated that this
phenomenon occurred because the downward velocity of percolating particles are
mainly influenced by the drag coefficient, particle mass and projected area in the

percolating direction.

The third order of polynomial model (Figure 5.14) shows the Bl series has a similar
pattern to Il series, up to a point. However, unlike the Il series which generally
completed the attenuation phase at approximately 7., = 3000%, the Bl series ended
slightly earlier (i.e., 7.=2800%) and is followed by the second acceleration phase.
This suggests that after y,,,=2800% it is more likely that some of the detained fine

basalt particles have re-oriented sufficiently to pass through the void gaps.
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Figure 5.14: Shear strain versus incremental mass % of recovered fines (IMF) in Bl series. Note that
the equation and R2 value denoted by the same colour while the bed-matrix is 15.75 mm glass sphere.
The third order of polynomial fit was generated by the mean of three readings.
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5.5.1.4 Fines: 4.00 mm glass; Bed-matrix: 13.20 mm crushed basalt (1B series)

For IB series, a total 12 tests were performed for the 4.00 mm glass sphere
(percolating fine particles) and 13.20 mm basalt aggregate (bed-matrix) (i.e., three
tests for each strain rate). It was observed that more shear strain is needed
(70 =4800%) due to the longer residence time required for fine particles to travel

within the bed-matrix which typically started only after y,,, =2000% (Figure 5.15).
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Figure 5.15: Mean shear strain versus cumulative % mass passing of fine particles (CPF) for the IB
series. The bed-matrix is 13.20 mm crushed basalt.

The percolation in IB series is also controlled by the bed-matrix (13.20 mm basalt
aggregate) during shearing which is shown by the low CPF compared to the Il and
Bl series. This suggests that the surface properties and particle shape of the bed-
matrix of highly angular basalt may have an impact to the percolation potential of
fine particles. Matveev et al. (2006) investigated the downstream flow of fine
granular through the fixed reactor bed and concluded that the average filtration
velocity was primarily influenced by the character of the surface of the spheres

constituting the bed.

Quantitatively, the percolation of fine particles in the IB series reduced by almost
70% as compared to the 1l and BI series at y,,, =3200%. Alternatively, this finding
indicates that the results from ideal media (i.e., mono-size shaped particles) may not

adequately be used for the real world applications especially to the block caving
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mines. For instance, caved rock consists of highly angular shapes and wide size

distribution sizes far removed from ideal media.

Using a third order polynomial model (Figure 5.16) to y,,, =4800% it was found
that only two phases were recorded; the interval and acceleration phases. This
suggests that higher shear strains are required to measure all three phases as noted in
Section 5.5.1.2 and Section 5.5.1.3. Nevertheless, at shear strains higher than
Yot >4800% were not conducted due to the limitations previously discussed in
Section 5.3.1. Nonetheless, it is postulated that at significantly higher shear strains
(70 >4800%), CPF increases linearly with increases in strain rate until it reach the
maxima and is followed by an attenuation phase in which the percolation potential is

reduce during this phase.
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Figure 5.16: Shear strain versus incremental mass % of recovered fines (IMF) in IB series. Note that
the equation and R2 value denoted by the same colour while the bed-matrix is 13.20 mm crushed
basalt. The third order of polynomial fit was generated by the mean of three readings.

5.5.1.5 Fines: Crushed basalt; Bed-matrix: 13.20 mm crushed basalt (BB series)

A total of 12 tests were performed for the BB series in which 4.05 mm basalt
aggregate was used as the percolating fine particles in a matrix of 13.20 mm basalt
aggregate. Similar to the IB series, higher shear strains were required to complete

each test.
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Figure 5.17 presents typical CPF results for the BB series for four strain rates (0.01,
0.02, 0.03 and 0.04 s™). It is concluded that the percolation of fine granulate
particles in the coarse angular aggregate is increases linearly with strain rate and
shear strains. Similarly to the IB series, the use of highly angular aggregate
significantly reduced the CPF by up 85% at y,,, =3200% compared to the Il and Bl

series tests.
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Figure 5.17: Mean shear strain versus cumulative % mass passing of fine particles (CPF) for the BB
series. The bed-matrix is 13.20 mm crushed basalt.

However, it was found that at y,,,,, =4800%, the IMF in the BB series exceeded that
of the IB series by 5%. Once again this suggests that the physical properties of basalt
aggregate such as particle shape and void ratio is more significant than other
parameters such as particle density and strain rate. The significantly lower CPF is
illustrated by the third order of polynomial model (Figure 5.18) in only the interval
and acceleration phases are present. It is postulated that the percolation potential
increases linearly with strain rate in the following order of BB-s0.01 to BB-s0.02 to
BB-s0.03 to BB-s0.04 respectively.
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Figure 5.18: Shear strain versus incremental mass % of recovered fines (IMF) in BB series. Note that
the equation and R2 value denoted by the same colour while the bed-matrix is 13.20 mm crushed
basalt. The third order of polynomial fit was generated by the mean of three readings.

5.5.1.6 Summary

It is concluded that percolation is significantly effected by strain rate. Previous
studies on percolation asserted that the percolation rate increases proportionally with
of strain rate until y=0.4 s*(e.g., Bridgwater et al. 1978; Bridgwater 1994). On the
other hand, percolation rate is less affected when the strain rate is above 0.4 s™as
these increase the “interactions” such as collisions between small and large particles.
At the high strain rates, the gaps between coarse particles are open for less time thus
decreasing the probability of a fine particle to pass through an underlying gap.
Nevertheless, since the SCPG employed a significantly lower strain rate
(7<0.04 s) to replicate the low shear strain magnitude in block caving mine, such

“interaction” phenomenon is postulated to be less significant.

Results on percolation of fine particles in bed-matrix of 15.75 mm glass spheres
demonstrated the significant effect of strain rate on percolation. However, it was
found that the CPF in the bed-matrix of 13.20 mm basalt aggregate was much lower
than that of ideal media (15.75 mm glass sphere). This finding implies that the
results of studies from chemical, powder and agricultural applications
(e.g., Bridgwater and co-authors; Duffy and Puri 2002; Jha et al. 2008) are not
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applicable to coarse angular media encountered in caving mines. It was also found
that the CPF increased linearly with shear strain and was controlled by the bed-

matrix properties (i.e., particle shape and size).

5.5.2 Effect of Particle Diameter Ratio

5.5.2.1 Overview of results and general observations

A total of 42 tests were performed to investigate the particle diameter ratio effect
including tests on 4.00, 5.00 and 6.00 mm glass spheres and 2.86, 4.05, 5.21 and
6.18 mm basalt aggregates as percolating fine particles. 13.20 mm basalt aggregate
and 15.75 mm glass sphere were used as the bed-matrices. It is worth noting that a
strain rate of 0.04 s was selected as previously discussed. A full listing of results is
found in Appendix C2 while Table 5.4 summarises the testing parameters and

configurations.

Table 5.4: Test series for investigation of the effect of particle diameter ratio on percolation.

Series Particle percolating fine particles Coarse Controlled experimental
diameter ratio Ly bed-matrix conditions
0.25 4.00 mm glass sphere
1l 0.32 5.00 mm glass sphere
0.38 6.00 mm glass sphere 1575 | .
.75 mm glass i 2y:
0.18 2.86 mm basalt aggregate H g * Strainrate (0.0457);
sphere i ity:
0.26 4.05 mm basalt aggregate P *  Particle density;
BI e Normal stress (0.9 kPa);
0.33 5.21 mm basalt aggregate .
o Particle shape;
0.39 6.18 mm basalt aggregate «  Shear strain (3200% for
0.30 4.00 mm glass sphere the 11 and Bl series and
1B 0.38 5.00 mm glass sphere 4800% for the IB and BB
0.45 6.00 mm glass sphere ;
ks 13.20 mm basalt series)
0.22 2.86 mm basalt aggregate
aggregate
BB 0.31 4.05 mm basalt aggregate
0.39 5.21 mm basalt aggregate
0.46 6.18 mm basalt aggregate

The following observations were noted during the tests:
e CPF is predominantly affected by the particle diameter ratio of percolating

and bed-matrix particles;
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e percolation of fine particles was controlled by the bed-matrix properties
during shearing especially for the IB and BB series; and
o the CPF in bed-matrix of crushed aggregate media (basalt aggregate) was

significantly lower than that of ideal media (glass sphere).

In this section, the results of particle diameter ratio effect in percolation are
presented as follows:
e Fines: Ideal media and crushed basalt; Bed-matrix: 15.75 mm glass spheres
(11 and BI series); and
e Fines: Ideal media and crushed basalt; Bed-matrix: 13.20 mm crushed basalt
(IB and BB series).

5.5.2.2 Fines: Ideal media and crushed basalt; Bed-matrix: 15.75 mm glass

spheres (11 and BI series)

The following nomenclature was used for the ease of identification and analysis of
the effect of diameter ratio test in Sections 5.5.2.2 and Section 5.5.2.3 (Figure 5.19):
e the first characters identify the series type of binary mixture of media used in
the test; and
e the second segment refers to the particle diameter ratio (d,/d,).

| —-do0.25

l— Particle diameter ratio (d, /dy = 0.25)

Binary series (percolating fine
crushed aggregate media in the matrix
of coarse ideal media)

Figure 5.19: Nomenclature used in the effect of particle diameter ratio tests.

Figure 5.20 presents CPF for the Il and BI series. It was found that the BI-d0.18
series (2.86 mm basalt fines in 15.75 mm glass spheres) provided the highest
percolation rate; almost all the fine particles (CPF = 98.98%) were recovered at
Vot =800%.
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Figure 5.20: Mean shear strain versus cumulative % mass passing of fine particles (CPF) for the Il
and Bl series. The bed-matrix is 15.75 mm glass sphere.

In comparison to this finding, Robinson and Friedman (2002) found that when the
void gaps of the small particles is less than about one-third of the gap fraction
formed between the large particles, percolation may occur. In line with this,
Robinson and Friedman (2002) postulated that this phenomenon may arise provided
that the fine particles are adequately small to fit between the pores created by the

large particles.

The above finding is also supported by Johanson et al. (2005) who found that for
free flowing fines, if the fines are less than one-third the size of coarse particles, they
may percolate through the coarse matrix of particles. In addition to the above
finding, Hogg (2009) noted that in general, gravitational forces promote a net
downward motion of the smaller particles which can readily pass through the void

gaps of the bed-matrix.

It is also observed that as d,/d, increases, percolation of fine particles becomes
more prevalent as shown in the 11-d0.38 and BI-d0.39 series (CPF=7.26% and
13.75% at yi =3200% respectively). This suggests that as the fine particle size
increases, the probability of smaller particles filling the void gaps and passing

through the bed-matrix decreased thus reduced the CPF.
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Alternatively, the above phenomenon can be linked to Ketterhagen et al. (2008)
simulation works on the effects of particle properties and hopper geometry. It was
noted that as the quantity of fine particles in the voids of bed-matrix are increased,
substantially reduced interstitial volume is available for percolating fines. As the
quantity of fine particles is increased, the void fraction reaches a minimum point
where the percolation is capped as shown by the stagnant graph of BI-d0.18 (after
Yo >1200%) in Figure 5.20.

It is interesting to highlight that typically all fine crushed aggregates media (basalt
aggregates) have been shown to produce higher CPF than ideal media (glass sphere)
for each of the case of closest d,/d, ratio (i.e., 11-d0.25 and BI-d0.26; 11-d0.32 and
B1-d0.33). This finding may be associated to the shape effect based on the fact that
the packing of an aggregate is dependent also on the shape of the aggregate particles
(Kwan and Mora 2001). Alternatively, it can be deduced that for the similar or
closest particle sizes, the shape effect of basalt aggregate (i.e., flakiness and elongate
shaped) might significantly contributed to the increases in percolation than the
spherical shaped of similar particles size. This hypothesis is discussed in detail in
Section 5.5.3.

Theoretically, an attempt to calculate the possible number of fine particles that may
pass through the void gaps of a single-staggered bed-matrix were employed using
the Rhinoceros® computer aided drawing program. Alternatively two types of
sphere packing were selected: the cubical packing (represent the least densely of all
possible single-staggered packing type) and the hexagonal packing (represent the
densest of all possible single-staggered packing). Both spherical packing types were

illustrated in Figure 5.21 and Figure 5.22.
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Cubical
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Figure 5.21: Theoretical number of percolating fine particle in cubical and hexagonal packing and the
enlargement of the yellow dashed square packing for the particles diameter ratio effect in Il series
(drawn to scale).
Note:  (a) 15.75 mm glass spheres ( D, = 15.78 mm) [blue colour]

(b) 4.00 mm glass spheres ( D, = 4.05 mm) [red]

(c) 5.00 mm glass spheres ( Dy = 5.03 mm) [green]

(d) 6.00 mm glass spheres ( Dy = 6.16 mm) [yellow].

(a)
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packing

Cubical
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(b) (© (d) (€)

Figure 5.22: Theoretical number of percolating fine particles in cubical and hexagonal packing for the
particles diameter ratio effect in Bl series (drawn to scale).
Note:  (a) 15.75 mm glass spheres ( D= 15.78 mm) [blue colour]

(b) 2.86 mm basalt aggregate ( D, = 2.41 mm) [red]

(c) 4.05 mm basalt aggregate ( D4 = 3.19 mm) [green]

(d) 5.21 mm basalt aggregate ( D = 4.08 mm) [magenta]

(e) 6.18 mm basalt aggregate ( Dy = 4.83 mm) [yellow]
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It worth noting that the equivalent spherical diameter method (D) (Nedderman
1992) previously discussed in Section 4.4.3 was used for both ideal and crushed
aggregate media as this provides a method to compare each media type. Figures 5.21
and 5.22 show that the 2.86 mm basalt aggregate (d,/d,=0.18) provides the highest
number of fine particles passing through the voids of bed-matrix in cubical and
hexagonal packing (a maximum of 30 and four particles can simultaneously pass
through the void gap respectively). By comparison, for the 6.00 mm glass sphere
(d,/d,=0.38) only four in cubical packing and one in hexagonal packing can pass

freely through the void gap.

Although this estimation method is different to the actual condition during the test, it
provides some idea of the correlation between D, and potential for fine particles to
pass through the void gaps. Moreover, this method provides a meaningful method to
explain the significant higher percentage of small particles (i.e., 2.86 mm basalt

aggregate) available to move within the 15.75 mm bed-matrix (Figure 5.20).

White and Walton (1937) theoretically calculated several potential packing
configurations of spherical particles and found that the cubical packing fill a
theoretical void space of 47.64% as compared to 39.55% for hexagonal packing.
White and Walton (1937) also found that the use of very fine filler in the remaining
voids will reduce the voids by up to 3.9%. On contrary, the use of spherical particles
does not appear to reduce the porosity but other irregular shape (i.e., cylindrical
shaped) would reduce the porosity below that possible with spheres provided its

sufficiently arranged.

Alternatively such combinations of cubical, hexagonal packing (single-staggered)
and/or any packing types (i.e., double-staggered, pyramidal, tetrahedral) in spherical
particles configurations significantly fills the void gaps thus reducing the potential
for fine particle percolation. This phenomenon was clearly observed in the Il series

as presented in Figure 5.23.
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Figure 5.23: Cubical and hexagonal packing configurations in Il series after shearing. Note that
4.00 mm glass spheres (green colour) are located at approximately 80 mm above the base of the
SCPG mesh.

Figure 5.24 shows the comparison between the 15.75 mm glass sphere packing
before and after the shearing. It is obvious that after a period of shearing, the random
packing arrangement of 15.75 mm glass sphere has significantly altered and is more
uniformly packed (shown by the triangle shape in Figure 5.21). This shows that after
several periods of shearing, the potential of fine particles to pass through the void
gaps decreased due to the changes in the packing from random to hexagonal
packing. According to this, Duffy and Puri (2002) noted that cubical packing is
usually unstable compared to the other types of packing (e.g., orthorhombic,
hexagonal) which is generally more stable but require tapping or vibration to attain

the theoretical configurations.
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Figure 5.24: Comparison of 15.75 mm glass sphere packing before shear (upper picture), prior
shearing (7, =3200%; centre picture) and top view of the bed-matrix after test at approximately
100 mm above the base of the SCPG mesh (lower picture). Note that the hexagonal packing is
denoted by the red dashed line.

Figure 5.25 is a plot of shear strain versus incremental mass % of fine recovered
(IMF) with a third order of polynomial model fitted for both the 1l and Bl series.

The polynomial model shows that for the BI-d0.18, the acceleration phase was
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rapid, occurring simultaneously as the shearing started suggested that most of the
fines particles spontaneously percolated through the void gaps of bed-matrix. The
similar pattern also takes place to the 11-d0.25 and BI-d0.26 series, but at a lower
acceleration rate. On the other hand, the interval, acceleration and attenuation phases
for higher d,/d, ratios (i.e., 11-d0.32, 11-d0.38, BI-d0.33 and BI-d0.39) occurred at

significant slower rates than the lower d,/d, ratio.
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Figure 5.25: Shear strain versus incremental mass % of recovered fines (IMF) in Il and BI series.
Note that the equation and R2 value denoted by the same colour while the bed-matrix is 15.75 mm
glass sphere. The third order of polynomial fit was generated by the mean of three readings.

It was observed that after y,,,=800%, the BI-d0.18 series reached maxima and
followed by the attenuation stage. During this stage, it is deduced that most of the
fines began filling the void gaps. As this process continues, less interstitial volume is
available for percolating fines to pass freely through the void gaps of bed-matrix
thus the percolation becomes stagnant and restricted. However, after y,,., =3000%,
the fines percolation of BI-d0.18 series began to increase suggesting that during this
period, most of the detained fine particles may have rearranged and found sufficient
gaps to pass through the bed-matrix in which the significant increased in percolation
were observed. These finding accords with Bridgwater (1994) which commented on
the probability of particles orientation during shearing can significantly increase the

potential for percolation.
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5.5.2.3 Fines: Ideal media and crushed basalt; Bed-matrix: 13.20 mm crushed
basalt (IB and BB series)

Figure 5.26 shows the CPF for IB and BB series. The graph shows that longer
residence times were needed for the fine particles to travel through the matrix of
crushed aggregate media (13.20 mm basalt aggregate). This finding is contradicted
with the finding in 11 and Bl series (Section 5.5.2.2) by which the percolation of the
fine particles were significantly higher at lower shear strain. This demonstrated that
for the IB and BB series, the bed-matrix predominantly affects the percolation of
fine particles. Tang and Puri (2004) noted that series of size and shape differences
may lead to increase of the potential fine particles to pass through the void gap of
coarse particles which was reflected by the higher percentage of percolation in BB
series than the nearest d,/d, set (i.e., IB-d0.30 and BB-d0.31) illustrated in Figure
5.26.
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Figure 5.26: Mean shear strain versus cumulative % mass passing of fine particles (CPF) for the IB
and BB series. The bed-matrix is 13.20 mm crushed basalt.

It was also found that the higher d,/d, ratio, the longer residence time required thus
producing lower CPF. For instance, after y,,=4800% both the highest d,/d,
(i.e., IB-d0.46 and BB-d0.47) were found to percolate the least (CPF=0% and 1.78%

respectively) compared to the others diameter ratio. This value is comparatively low
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against the lower d,/d, (i.e., BB-d0.22) with CPF=79.63%. This finding agrees
with Matveev et al. (2006) who found that larger particles will travel over longer
distances due to some possible resistance (i.e., bounce off the spheres of the matrix)

thus increases their residence time.

Once again, the above phenomenon can be further described by considering the
equivalent spherical diameter methods (D, ) as illustrated in Figures 5.27 and 5.28.
Although the 2.86 mm basalt aggregate (d,/d,=0.18) provides the highest number
of fine particles passing through the voids of bed-matrix in hexagonal packing (one
particle; Figure 5.27) and cubical packing (four particles; Figure 5.28), it still
notably lower than in the BI series. Whilst, for other basalt aggregates (4.05, 5.21
and 6.18 mm), it clearly shows that only single particles may possibly pass the voids
at a time within the cubical packing and none for the hexagonal packing. This
suggested that practically, the potential of larger d,/d, ratio to pass the interstitial
gaps are statically low thus explained the lower CPF of (IB-d0.30, 1B-d0.38,
IB-d0.46, BB-d0.31, BB-d0.39, BB-d0.47) in Figure 5.26.
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Figure 5.27: Theoretical number of percolating fine particle in cubical and hexagonal packing for the
particles diameter ratio effect in IB series (drawn to scale).
Note:  (a) 13.20 mm basalt aggregate ( D, = 11.48 mm) [gray colour]

(b) 4.00 mm glass sphere ( D= 4.05 mm) [red]

(c) 5.00 mm glass sphere ( D= 5.03 mm) [green]

(d) 6.00 mm glass sphere ( D= 6.16 mm) [yellow]
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Figure 5.28: Theoretical number of percolating fine particle in cubical and hexagonal packing for the
particles diameter ratio effect in BB series (drawn to scale).
Note:  (a) 13.20 mm basalt aggregate ( D, = 11.48 mm) [gray colour]

(b) 2.86 mm basalt aggregate ( D = 2.41 mm) [red]

(c) 4.05 mm basalt aggregate ( D= 3.19 mm) [green]

(d) 5.21 mm basalt aggregate ( D = 4.08 mm) [magenta]

(e) 6.18 mm basalt aggregate ( Dy = 4.83 mm) [yellow]

Meanwhile, the slightly higher CPF were observed within the three closest sets of
series (i.e., IB-d0.30 and BB-d0.31; IB-d0.38 and BB-d0.39; IB-d0.46 and BB-d0.47
respectively). It is postulated that these differences also resulted from particle shape
effects. For example, 5.00 mm glass sphere in 13.20 mm basalt aggregate (IB-d0.38)
only produce CPF=5.49% which slightly lower than the closest set of 5.21 mm
basalt aggregate in 13.20 mm basalt aggregate (BB-d0.39; CPF=6.02%).

In view of the higher percolation percentage in the BB-d0.22 series, it was
postulated that the probability for a small particle to encounter a void large enough
and to enter the void region is greater than that for a big particle. This is in accord
with Stephens and Bridgwater (1978b) and Foo and Bridgwater (1983) which found
that the smaller particles will tend to percolate faster than large particles toward the
regions of largest solids fraction because the voids are typically smaller in such
regions while larger particles cannot enter and remain in the region of smaller solids
fraction. Nevertheless, for the case of assemblies with similar particle diameter
ratios, others physical properties such as particle shape, density, particle surface

(i.e., rough or smooth) can influence the percolation of fine particles.
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Figure 5.29 exemplifies polynomial fit for the effect of particle diameter ratio in IB
and BB series. It is clearly shown that the BB-d0.22 series has the higher percolation
potential at the earlier stage than others series. Unlike other series which experiences
the interval phase at the beginning of shearing, the BB-d0.22 series has a very short
interval phase. This can be proven by the rapid increment of polynomial fit in the
BB-d0.22 while for the IB-d0.30 and BB-d0.31 moderate short interval phase was
observed. On the other hand, the 1B-d0.38, BB-d0.39 and BB-d0.47 shows the

longer interval phase before began to enter the acceleration phase.
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Figure 5.29: Shear strain versus incremental mass % of recovered fines (IMF) in IB and BB series.
Note that the equation and R2 value denoted by the same colour while the bed-matrix is 13.20 mm
crushed basalt. The third order of polynomial fit was generated by the mean of three readings. The
IMF for 1B-d0.46 (6.00 mm glass) was not included since the value was found to be zero for the
entire shearing.

After reaching its maxima (approximately .., =3000%), the percolation potential
decreases suggesting that the increase of fine particles to fill or partially fill void in
the bed-matrix began to take place (shown by significant drop in the plot). Shinohara
et al. (1972) conducted a study of size segregation using the percolation model and
postulated that the smaller, more angular and denser particles has a higher ability to
pass through the void gaps of bed-matrix and this follow by filling of the voids of
the stationary layer with the separated particles. By contrast, the IB and BB series,
the acceleration phase was still developing and progressing slowly, suggesting that a

longer time is required before the maxima peak of percolation is reached.
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Additionally, it is suggested that for the IB and BB series, the percolation of fine
particles is controlled by the type of bed-matrix used (i.e., 13.20 mm basalt
aggregate). This was clearly the case for higher d,/d, ratio, in terms of the potential
of large fine particles (i.e., 1B-d0.38, BB-d0.39 and BB-d0.47) to percolate which
was found to be generally lower than in the Il and Bl series probably due to the
lower ratio of sufficient void gaps in the 13.20 mm basalt aggregate. It can be
therefore postulated that significantly lower void gaps may result in bridging and
mechanical interlock of fines (Jha et al. 2008) thus implied the significant affect of
d,/d, ratio and the packing bed of coarse particles matrix have in particle

percolation.

5.5.2.4 Summary

The results show that particle diameter ratio has a significant effect on the
percolation of fine particles in a coarse bed-matrix. It was shown that the larger the
particle diameter ratio between the fine and matrix of coarse bed particles, the lower

the CPF. This finding agrees with published work by previous researchers.

The study also found that percolation of fine particle increases proportionally with
shear strain. On the other hand, for the range of test conditions considered
(i.e., constant normal stress, strain rate, total strain, and limited particle shapes) it
was shown that percolation is also controlled by the bed-matrix type (i.e., IB and BB

series).

Alternatively, the particle diameter ratio effect for crushed aggregate media was
investigated. These results provide improved estimates of percolation for coarse
angular rock fragments similar to those found in block caving mines. For instance,
the work is a step towards improved estimates of percolation rates for fine particles

in block caves.
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5.5.3 Effect of Particle Shape

5.5.3.1 Overview of results and general observations

A total of 30 tests were performed to investigate the effect of particle shape which
includes the spherical, cubical, cylindrical and bi-conical (represent fines ideal
media) and granular (crushed aggregate). Table 5.5 summarises the parameters
tested during the particle shape experiments. A complete listing of results is found in
Appendix C3.

Table 5.5: Test designed for the effect of particle shape.

Series Particle shape Percolating fine Coarse Controlled experimental
parameter particles bed-matrix conditions
Spherical 4.00 mm glass sphere
" Cubical 4.00 mm glass cube
Cylindrical 4,00 mm glass cylinder | 15.75 mmglass | e Particle diameter ratio;
Bi-conical 4.00 mm glass bi-cone sphere e Strain rate (0.04s™);
4.05 mm basalt o Normal stress (0.9 kPa);
Bl Angular . .
aggregate o Particle density;
Spherical 4.00 mm glass sphere 13.20 mm basalt | ® Shear strain (3200% for the Il
B Cubical 4.00 mm glass cube aggregate and Bl series and 4800% for the
Cylindrical 4.00 mm glass cylinder IB and BB series)
Bi-conical 4.00 mm glass bi-cone
4.05 mm basalt
BB Angular
aggregate

The following observations were noted during the tests:
e particle shape affects percolation; and
o the CPF in bed-matrix of crushed aggregate media (basalt aggregate) was
significantly higher than that of ideal media (glass sphere) in both the bed-

matrix.

Some observations were recorded for the 4.05 mm basalt aggregate. Generally it was
found that the flattest basalt particles (i.e., higher flakiness ratio, |/w) percolated
faster than the longer one (i.e., higher elongate ratio, 1/d). A typical example of
these particles is shown in Figure 5.30. This observation can be related to the higher
potential of flat shaped particles to oriented and sufficiently pass through the void

gaps within the bed-matrix than more elongate shaped particles. With regards to this,
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Furuuchi and Gotoh (1992) observed that the particle residence time significantly
increases as particle elongation increases, due to the longer time to orientate and

pass through the mesh aperture.

Figure 5.30: Comparison of particles shape of 4.05 mm basalt aggregate collected at 7y < 1200%
[left] and prior to the end of the shearing at y,, = 3200% [right]. Note that for the left particles
[/w > 15, I/d <1.6 while the right particle hasl|/w <1.1, I/d >1.6.

Nevertheless, it was also demonstrated that spherical particles (glass spheres)
percolated faster than the elongated shape particles (i.e., highly elongated basalt
aggregate). Meloy et al. (1985) and Clark and Meloy (1988) used a stack of 20
identical sieves called “sieve-cascadograph” to measure the shape distribution of
particles and concluded that the residence time of spherical particles in the stack is
much less than that of elongated ones. The present work broadly agrees with this

finding, as shown in Figure 5.30.

Moreover, by studying the transition zone of higher aspect ratio particles (I/w
and/or 1/d), Abbaspour-Fard (2005) qualitatively recognised that more arching
occurred as the aspect ratio of particles increases. The finding suggests that the
higher aspect ratio particles may interlock among each others during the particle

movement than the spherical (asymmetric particles).

In general, the results of particle shape effect in percolation were presented as
follows:
e Fines: Ideal media and crushed basalt; Bed-matrix: 15.75 mm glass spheres

(11 and BI series); and
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e Fines: Ideal media and crushed basalt; Bed-matrix: 13.20 mm crushed basalt
(IB and BB series).

5.5.3.2 Fines: Ideal media and crushed basalt; Bed-matrix: 15.75 mm glass

spheres (11 and BI series)

Figure 5.31 presents the particle shape results of both the Il and BI series. It is
apparent that the granular shapes (4.05 mm basalt aggregate) have a significantly
higher CPF (80.73%) follow by spherical (78.01%), bi-conical (71.27%), cylindrical
(69.87%) and cubical (60.53%). Initially, the higher CPF shown by the spherical
shaped particles than others ideal media (i.e., cubical, bi-conical and cylindrical) is
expected. Cleary (1999) reported that elongated particles can produce flow rates up
to 30% lower than circular particles and also might alter the flow patterns during the
motion. In addition, Cleary (1999) found that the flow rates of particles decrease by

up to 28% for highly blocky or highly angular particles.
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Figure 5.31: Mean shear strain versus cumulative % mass passing of fine particles (CPF) for the Il
and Bl series. The bed-matrix is 15.75 mm glass sphere.

However, it is surprising to note that the angular shaped particles (basalt aggregate)
were shown to have higher percolation than the spherical shape particles (ideal
media). This finding confirmed that the shape effect is significant in contrast to

works on mono-size and ideal media in which they postulated that the effect of
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particle shape is insignificant (e.g., Scott and Bridgwater 1975; Lebron and
Robinson 2003).

In fact, the experimental results shown in Figure 5.31 elucidate the effect of particle
shape in particle percolation. The results agree with Johansson (1996) who found
that mixtures with different particle shapes (i.e., binary of irregular fine particle in
spherical coarse matrix) are easier to segregate than those with mono-size and/or
shaped particles. Experiments undertaken by Makse (1997, 1999) found that for
particles of the same size, cubic grains tend to segregate near the top of the pile
while the rounded grains segregate near the bottom. However, rounded grains may

also roll down more easily than cubic grains, as shown in Figure 5.32.

a) Size segregation b) Shape segregation

Figure 5.32: Two segregation effects due to the diversity of particles size and shape (after Makse
1997).

Figure 5.32a shows that large particles tend to segregate at the bottom of the pile
compared to the smaller particles since large grains roll down more easily on top of
small grains than small grains roll on top of large grains. Figure 5.32b illustrates that
more rounded particles tend to segregate at the bottom of the pile compared to the
more cubical particles. Makse (1997, 1999) also postulated that since larger particles
generally have more cubical shape than the smaller particles, this may lead to
granular stratification especially for the case of series of both size and shape

segregation.

Figure 5.33 illustrates the theoretical number of percolating fine particles in cubical
and hexagonal packing for the particles shape effect by considering the equivalent
spherical diameter methods (D,). It is clearly shown that the basalt aggregate

provided the highest number of fines that simultaneously pass the void gaps of the
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15.75 mm glass sphere than others particles shaped. Apparently, the basalt aggregate
(granular shaped) also had the largest void penetration ratio (Figure 5.33b) which

can be associated to the highest CPF in Figure 5.31.
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Hexagonal
packing
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Figure 5.33: Theoretical number of percolating fine particle in cubical and hexagonal packing for the
particles shape effect for 1l and Bl series (drawn to scale).
Note:  (a) 15.75 mm glass sphere ( D= 15.78 mm) [blue colour]

(b) 4.05 mm basalt aggregate ( D, = 3.19 mm) [magenta]

(c) 4.00 mm bi-conical glass ( Dy = 4.06 mm) [red]

(d) 4.00 mm cubical glass ( D¢ = 5.08 mm) [turquoise]

(e) 4.00 mm cylindrical glass ( D¢ = 4.58 mm) [yellow]

(f) 4.00 mm glass sphere ( Dy = 4.02 mm) [green]

Figure 5.34 illustrates the third order of polynomial fit for the Il and Bl series. It is
clearly observed that the angular (4.05 mm basalt aggregate) and spherical shaped
particles (or closely sphere such as bi-conical) were found to accelerate more rapidly
(acceleration phase) at the beginning of shearing than cylindrical and cubical shaped
particles. This was followed by the cylindrical shaped particles which particularly
began with the short interval phase and slowly accelerated through the shearing
process. On the contrary, the cubical shaped particles have shown the longest

interval phase and slower acceleration phase than others particle shape.
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Figure 5.34: Shear strain versus incremental mass % of recovered fines (IMF) in Il and BI series.
Note that the equation and R2 value denoted by the same colour while the bed-matrix is 15.75 mm
glass sphere. The third order of polynomial fit was generated by the mean of three readings.

In view of the slow percolation potential of particle shape, Gogus et al. (2001)
studied the effect of regularly shaped particles (cylindrical, cubic, wedge-shaped
prisms and box-shaped prisms) have on the settling behaviour and fall velocity of
angular particles and observed that:

e cubic particles generally did not follow the centreline of the settling column
while they were falling, and in addition to tipping and sliding, they rotated
all the time following a helical path;

e box-shaped prisms of small thickness followed almost the centreline of the
settling column with oscillation about the shortest axis and little sliding. As
the thickness increased so that the smallest surface approached that of a
square, prisms started rotating around the longest (approximately horizontal)
axis and descended along a non-vertical and frequency helical path;

e cylindrical particles appeared to fall like the box-shaped prisms of square
base with rotation about any axis. The path followed by them was also non-
vertical and helical; and

e wedge-shaped prisms followed an almost vertical path along the centreline of
the settling column having the largest surface area perpendicular to the

motion of particle. Only a small amount of oscillation was observed.
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Accordingly, the above finding of this section seem logical and can be correlated to

the lower CPF of cubical and cylindrical shaped particles as shown in Figure 5.31.

5.5.3.3 Fines: ldeal media and crushed basalt; Bed-matrix: 13.20 mm crushed
basalt (IB and BB series)

Generally, there is agreement that the effect of particle shape is smaller in comparison
with the size ratio effect, d,/d, (e.g., Drahun and Bridgwater 1983; Bridgwater 1994).
Nevertheless, although the above assumptions look relatively comprehensive, they only
concentrated on the percolation of mono-size shaped particles (i.e., glass sphere, sphere

sand) and/or narrow distribution of particle sizes.

Figure 5.35 presents a set of results for the effect of particle shape on percolation of
fine particles in the matrix of granular coarse bed (13.20 mm basalt aggregate). It is
observed that a much longer time is required before the percolation increases.
Generally, after y,.,=4800%, the granular shaped particle have the highest CPF
(25.29%) followed by spherical (21.50%), bi-conical (21.12%), cylindrical (20.83%)
and cubical (6.45%). This suggests high shear strains are needed for the fine
particles to pass the highly angular bed-matrix (basalt aggregate) than spherical bed-

matrix (15.75 mm glass sphere).
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Figure 5.35: Mean shear strain versus cumulative % mass passing of fine particles (CPF) for the IB
and BB series. The bed-matrix is 13.20 mm crushed basalt.
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Nevertheless, the significantly higher CPF of granular and spherical shaped
compared to the cubical and cylindrical shaped is generally in agreement Tang et al.
(2003) cited in Tang and Puri (2004). Particularly, by using the PSSC-1I apparatus,
Tang et al. (2003) found that segregation (which included the percolation
mechanism) is significantly higher for a binary mixture of irregular-spherical fine

and coarse particles than when using both spherical shaped coarse and fine particles.

Kwan and Mora (2001) studied the effect of shape on packing of aggregate particles
and concluded that the shape factor and the convexity ratio are the most important
parameters affecting the packing of aggregate. This assertion is shown by the lower
CPF in the matrix of coarse particles (13.20 mm basalt aggregate). For the 1B and
BB series, the shape of bed-matrix (highly angular) are predominantly affected the
percolation than the Il and Bl series (spherical shaped of bed-matrix). This suggests
that particle shape has a significant impact on the geometry packing of bed-matrix
which limits fine particles to fill in and pass through the void of bed-matrix thus
slowing percolation. Jaeger and Nagel (1992) assert that the rigidity and flow
characteristics of a granular material are determined by the geometry packing of its
constituent particles in which the granular particles tend to form a disordered

structure.

Consequently, Abbaspour-Fard (2005) numerically investigated the role of particle
shape on matrix of coarse bed particle behaviour of particles and found that the size
of the homogenous densely packed area was generally increasingly smaller in beds
of particles of higher aspect ratio (i.e., basalt aggregate). Based on the numerical
simulation results, Abbaspour-Fard (2005) also concluded that the change of particle
shape from spherical to non-spherical had a greater effect on the packing structure of
the particle bed than an increasing in the aspect ratio of non-spherical particles. This
finding evidently supports the significant higher CPF in spherical shape (15.75 mm
glass sphere) than the angular shaped of bed-matrix (13.20 mm basalt aggregate).

It is also interesting to note that spherical shaped particles have higher percolation
during early shearing (until y,,, =4000%) than angular shaped particles, however

after a certain period of shearing, it was found that the CPF of fine angular particles
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was significantly higher than the spherical shaped particles. Some possible
explanations are advanced as follows:

e during shearing, particles began to rearrange and oriented. At this stage, the
spherical shaped particles are expected to have higher mobility than angular
particles which allowed fast penetration through the void packing of the
highly angular bed-matrix (13.20 mm crushed basalt);

e aty,.. =4000%, the void packing of highly angular bed-matrix were forming
a more stable packing resulted in lower percolation potential for the spherical
shaped particle thus the percolation become stagnant (or minimise);

o for the angular shaped particles, the re-orientation and particle rearrangement
is postulated to begin at the initial shearing. During this stage “interlocking”
of the fine particles and void packing of coarse particles is likely to occur
thus minimise the percolation potential of the fine particles later in the test.
Ridgway and Rupp (1971) noted that generally the angular shaped particles
should lock together better than spherical shaped particles; and

e once particle orientation and rearrangement was complete, the cumulative
effect of shape and density with size was more dominant than size alone (Jha
et al. 2009).

The above conclusion is also supported the by considering the equivalent spherical
diameter methods (D,) in cubical and hexagonal packing as depicted by
Figure 5.36. Based on theoretical hexagonal packing drawing (Figure 5.36) of
possible number of fine particles that may freely pass through the void gaps of
coarse aggregates, it is demonstrates that all fine particles remain in the bed-matrix.
Tang (2004) noted that the fine particle fall-path is principally determined by the
failure zone pathway (or void gaps). Therefore, it is hypothesised that without the
packing arrangement that creates large void gaps and permits the rapid passage of
smaller particles through the bed-matrix, the chances of the fine particle percolating

is low.
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Figure 5.36: Theoretical number of percolating fine particles in cubical and hexagonal packing for the
particles shape effect for BB and IB series (drawn to scale).
Note:  (a) 13.20 mm basalt aggregate ( D, = 11.48 mm) [grey colour]

(b) 4.05 mm basalt aggregate ( D = 3.19 mm) [magenta]

(c) 4.00 mm bi-conical glass ( Dg = 4.06 mm) [red]

(d) 4.00 mm cubical glass ( D4 = 5.08 mm) [turquoise]

(e) 4.00 mm cylindrical glass ( D, = 4.58 mm) [yellow]

(f) 4.00 mm glass sphere ( D¢ = 4.02 mm) [green]

Nevertheless, unlike the 1B and BB series, fine particles can still percolate through
the bed-matrix of crushed aggregate provided that the fines can rearrange and
oriented in such the way it can pass the void gaps in the bed-matrix. This is
confirmed by the higher CPF of fine crushed basalt (granular shaped) at
Yo —4800% than other type of shapes (i.e., spherical, cubical, cylindrical) shown in
Figure 5.35.

In view of above finding, Yi et al. (2001) listed several possible reasons that might

enhance the probability of higher percolation in the bed-matrix of granular shaped
particles as follows:

e the irregularly shaped particles can readily lodge in the interstitial void
spaces; and

e the void spaces formed from irregularly shaped coarse particles are larger

than those for spherical-shape particles.

A typical observation of void gaps filling and penetration by granular shaped

particles is shown in Figure 5.37.
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Figure 5.37: Example of condition in which the fine particles filled or partially filled pores/void
fractions (red dashed line enlargement) within the bed-matrix near the sieve mesh of SCPG during
shearing. Note that 4.05 mm basalt aggregate (blue) in the bed-matrix of 13.20 mm basalt aggregate.

A third order polynomial model for the shape effect on percolation of fine particles
in IB and BB series is presented in Figure 5.38. It is concluded that the percolation
of fine particles in the 1B and BB series were found to be slower than that of the Il
and Bl series (i.e., longer interval phase). It was also found that at the early stage of
shearing, the spherical particles percolated faster than the granular shaped particles.
The significant higher percolation shown in the spherical particles at the early stage
lies within the greater mobility of spherical (or rounded) particle than highly angular
particles (Makse 1997, 1999).
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Figure 5.38: Shear strain versus incremental mass % of recovered fines (IMF) in IB and BB series.
Note that the equation and R2 value denoted by the same colour while the bed-matrix is 13.20 mm
crushed basalt. The third order of polynomial fit was generated by the mean of three readings.
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On the other hand, similarly to that observed in the Il and BI series, it was found that
after a certain period of time (i.e., y,,,> 3600%), the angular shaped particles have a
higher degree of percolation. This suggests that for the binary mixtures of both
angular shaped particles, the interlocking between the angular shaped fine particles
and the angular coarse voids packing are greater than that the binary of spherical-

angular shaped (i.e., spherical fine in coarse angular particles).

During early shearing, the higher mobility of spherical, or near spherical fines
promotes the finer particles to rapidly fill (or partially fill) the larger void gaps and
pass through it. After some period of shearing (and time), some of the voids are
saturated and interlock as the coarse angular shaped particles oriented and
rearranged hence minimising the void gaps ratio. For this period, the percolation rate
Is stagnant and less spherical fine shaped particles were available to pass the void

gaps (depicted by the moderate increment plot in Figure 5.38).

The significantly higher mobility and higher percolation rate of fine spherical
particles can also be related to the smooth surface properties. However, this effect is
generally small and slight. Bridgwater et al. (1978) and Bridgwater (1994) noted that
experimentally, the effect of surface roughness of both fine and coarse particles was

found to be insignificant.

Conversely, in both series of fine and coarse angular shaped (i.e., angular; fine
4.05 mm basalt) particles will spontaneously rearranged and oriented since the
beginning of shearing in which the interlocking and arching of the binary mixtures
increases (Bexter et al. 1989) thus make the percolation slower. After a period of
time (and shearing), the higher amount of angular fines started to filled the void
gaps. As the amount of angular fines recovered increases with time (and shearing),
some of the detained fine particles were pushed over and pass the void gaps by the
action of gravitational force, strain and continued filling by fine particles at the
upper level. During this period a significant increase was observed and illustrated by

the steep increment of particle distribution in Figure 5.38.
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In accordance to the above explanation, Shinohara (1979) asserts that for binary
mixtures of irregular-spherical shaped particles, angular particles penetrate into the
layer of spherical particles only at the moment of the latter layer's expansion under

shear stress that occurs continuously during the flow process.

5.5.3.4 Summary

Shape is one of the most difficult features to define (Hu and Stroeven 2006). It is
worth highlighting that although large amounts of published work exist on spherical
and/or mono-size shaped particles, data on angular shaped particles are extremely
limited. Previous percolation studies found that the effect of particle shape is small
and insignificant for bed matrices of spherical particles. While this is true for mono-
sphere particles, the use of highly angular particles in this thesis contradicts previous
assertions that effect of particle shape on percolation is small. By contrast, the
results of the present study show that the effect of particle shape in both the
percolating fine and bed-matrix aggregate is significant. This finding implies that the
results from ideal media (i.e., spherical shaped particles) cannot be used for real

world applications involving coarse rock fragments such as block caving.

In block caving, the caved rock consists of highly angular shaped particles and wide
size distributions. The assumption that ideal media with equivalent spherical
diameters similar to caved rock has the same percolation characteristics as caved
rock appears to be incorrect. In conclusion, it was demonstrated that particle shape is
significant thus proving the hypothesis that particle shape plays a significant role in

percolation of fine particles in matrices of highly angular large/coarse aggregates.

These findings also indicate that shape factor is important in any percolation study
for rock particles. Moreover, future numerical and physical experiments should

consider particle shapes and size distributions similar to actual caved rock.
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5.5.4 Effect of Particle Density

5.5.4.1 Overview of results and general observations

A total of 32 tests explored the effect of particle density on percolating fine particles
in a matrix of coarse particles. Table 5.6 summarised the material properties used in
the density effect of fine percolating particles. A complete listing of results is found

in Appendix C4.

Table 5.6: Test designed for the effect of particle density.

o Particles density Percolating fine Coarse Controlled experimental
ratio ( op / pp) particles bed-matrix conditions
1.01 4.00 mm glass sphere
1l 0.39 4.00 mm plastic sphere i i io:
P P 13.20 mm basalt | Particle diameter ratio;
3.10 4.00 mm steel sphere e Strain rate (0.04s);
aggregate
4.05 mm basalt Normal stress (0.9 kPa);
BI 1.10 )
aggregate Particle shape;
0.91 4.00 mm glass sphere Shear strain (3200% for the
B 0.35 4.00 mm plastic sphere I and BI series and 4800%
15.75 mm glass for th .
2.80 4.00 mm steel sphere or the 1B and BB series)
sphere
4.05 mm basalt
BB 0.99
aggregate

It was observed that denser particles are recovered in the zone of high quantity of
fine particles (centre of the pan collector; denoted by compartment number 12-14) as
shown in Figure 5.39a. This finding agrees with Holmes (1934) and Syskov and
Lyan (1960) cited in Tang and Puri (2004) which showed that denser particles
accumulate near the centre and are surrounded by less dense particles while they are
discharged and/or free-fall at a certain height. By contrast, a significantly larger
amount of less dense particles (i.e., plastic spheres) were collected in the centre of
pan collector (compartment 12-14) and vicinity of the centre of pan collector

(compartment 6-10, 11, 15, 16-20 respectively; Figure 5.39b)
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@ (b)

Figure 5.39: Typical examples of density effect concentration in the pan collector compartments in
ideal media of coarse aggregate (15.7 mm glass sphere) at ywta1 =3200%. Note: (a) Large quantity of
4.00 mm steel sphere (denser particles) in centre of pan collector (b) Large amount of 4.00 mm
plastic sphere (lighter particles) in centre of pan collector and surrounding.

The following classification was used for the ease of identification and analysis of
the effect of particle density within the Section 5.5.4.2 and 5.5.4.3 respectively while
illustration of the nomenclature is given in Figure 5.40:
e the first segment identifies the series type of binary mixture of media used in
the test; and
e the second segment refers to the fine—matrix of coarse bed particles density

ratio.

- 1 Fine particle/matrix of coarse bed
particledensity ratio ( p, / p, = 1.10)

Binary series (percolating fine
crushed aggregate media in the matrix
of coarse ideal media)

Figure 5.40: Nomenclature for the effect of particle density.

In general, the results of particle density effect in percolation were presented as
follows:
e Fines: Ideal media and crushed basalt; Bed-matrix: 15.75 mm glass spheres
(11 and BI series); and
e Fines: Ideal media and crushed basalt; Bed-matrix: 13.20 mm crushed basalt
(IB and BB series).
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5.5.4.2 Fines: Ideal media and crushed basalt; Bed-matrix: 15.75 mm glass

spheres (Il and Bl series)

Differences in particle density are known to affect the fine particle percolation
(e.g., Bridgwater et al. 1985a, 1985b; Cooke et al. 1978; Duffy and Puri 2002) in
which might be anticipated from potential energy considerations (Hogg 2009). In
view of above points, Hogg (2009) noted that density effect can be explained by the
force (gravitational) acting on a particle may affect by both size and density which

relatively permitting ability to penetrate a bed of particles.

In an event of fairly compact systems that consist of similar size but different
density of fine particles, the fines with higher density might modestly receive
advantage to percolate faster through the coarse bed of matrix during vibration
and/or shearing. Nevertheless, it is generally agreed that the effects are usually
considerably smaller than those due to size differences (e.g., Campbell and
Bridgwater 1973; Scott and Bridgwater 1975; Bridgwater 1994; Vallance and
Savage 2000).

The above statement may be largely true for the case of both fine and bed-matrix of
mono-sized particles (spherical shaped); however, the effect of particle density in
such of a mixture of various particle shapes (e.g., spherical fine particles in angular

shape of bed-matrix or vice versa) is still largely unproven and tested.

Figure 5.41 shows the CPF within the ideal media of bed-matrix (15.75 mm glass
sphere). It is interesting to note that although there are significant differences in the
CPF magnitude at low shear strains, all the fine materials converge to a common
CPF (in the order of 76% to 80%) after y,,,=3200%. This finding broadly agrees
with Cooke et al. (1978) who found that denser particles (steel) percolate faster than

less dense particles (acrylic resin, plastic).
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Figure 5.41: Mean shear strain versus cumulative % mass passing of fine particles (CPF) for the Il
and IB series. The bed-matrix is 15.75 mm glass sphere.

Alternatively, Bridgwater (1994) reported that for spherical particles (i.e., glass
bead, plastic bead and steel sphere) an increase in percolating particle density gave a
small increase in percolation rate. This assertion verified the small differences in
CPF shown by the spherical denser particles than the less dense materials. For
instance, the steel spheres ( p, / p,=3.10) has the highest CPF of 79.64% follows by
glass bead (p,/p,=1.01; 78.01%) and plastic beads (p,/0,=0.39; 76.10%) as
illustrated in Figure 5.41. On contrary, the significantly higher CPF for 4.05 mm
basalt aggregate ( o,/ 0,=1.10) can also be correlated by series of particle density

and shaped effect.

A third order polynomial fit of the Il and BI series is presented in Figure 5.42. The
graph represents plastic, steel, glass and basalt aggregate with a various particle
densities ratio (p,/p,= 0.39; 3.10; 1.01; 1.10 respectively). Accordingly, a rapid
increase (acceleration phase) in percolation were observed for each type of densities
ratio between 100% <y < 1200%. After reaching the maxima, the attenuation
phase began which suggests that a large percentage of spherical fines (i.e., plastic,
steel and glass bead) may have sufficiently passed the void gaps. It is also postulated
that during this stage, some of the fines began to accumulated and detained (or
trapped) in the void gaps due to other effect such as particle shape and diameter

ratio). During this phase, the fines percolation decreased.
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Figure 5.42: Shear strain versus incremental mass % of recovered fines (IMF) in Il and BI series.
Note that the equation and R2 value denoted by the same colour while the bed-matrix is 15.75 mm
glass sphere. The third order of polynomial fit was generated by the mean of three readings.

Nevertheless, at continuously higher shear strains (i.e., yww>2800%), the
acceleration stage was found to resume and it is postulated that some of trapped
fines may sufficiently able to pass the void gaps. Implication to this shows that the
effect of particle density is presumably smaller than the other effect (i.e., particle

shape, diameter ratio).

5.5.4.3 Fines: ldeal media and crushed basalt; Bed-matrix: 13.20 mm crushed
basalt (IB and BB series)

Figure 5.43 illustrates the cumulative results of four different densities of
percolating fine particles in the 13.20 mm coarse aggregate. Surprisingly, it is
clearly observed that the plastic material (p,/p,=0.35) percolated significantly
faster than the other type of material such as glass sphere (p,/p,=0.91), steel
sphere (p, / p,=2.80) and basalt aggregate ( o,/ p,=0.99). This finding contradicts
the observed density effect in the 1l and Bl series (Section 5.5.4.2) and some
previous work focusing on the use of mono-sized particles (glass sphere and/or
sphere sand) i.e., Bridgwater et al. (1978) and Duffy and Puri (2002).
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Figure 5.43: Mean shear strain versus cumulative % mass passing of fine particles (CPF) for the IB
and BB series. The bed-matrix is 13.20 mm crushed basalt.

One plausible explanation to the higher CPF of the plastic material in the crushed
aggregate media (13.20 mm basalt aggregate) may be related to the physical
properties of plastic used in the test. In view on this line, Cooke et al. (1978) and
Bridgwater et al. (1978) concluded that such soft material (i.e., teflon, plastic,
rubber) may be squeezed through slightly smaller gaps during shearing as a result of

small deformation by normal stress (o, ) force and lower Young’s modulus.

The above argument may be true for the plastic material used in the test since it is
given the lowest approximate value in Young’s modulus (2 GPa) compared to the
other materials such as steel sphere (200 GPa), glass sphere (50 - 90 GPa) and basalt
aggregate (50 - 100 GPa). It was also observed during the test that some of the
plastic spheres were slightly deformed (Figure 5.44) probably as a result of abrasion
and compaction by 13.20 mm basalt aggregate which generally consists of

prismoidal particles with sharp edges (Section 4.4.3)

(b)

Figure 5.44: (a) Example of deformed plastic spheres collected as a result of abrasion and compaction
by 13.20 mm basalt aggregate during the shearing test (b) Normal plastic spheres.

(@)
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On the other hand, for the other types of densities (i.e., steel sphere, glass sphere and
basalt aggregate), it was found to closely resemble CPF=24.37%, 25.01% and
25.29%); respectively. This close results suggested that the lower percolation results
for IB and BB series are predominantly controlled by the type of bed-matrix used

(angular shaped of 13.20 mm basalt aggregate).

In view of the slightly higher percentage of percolation between basalt aggregate
(lighter particles) and steel sphere (denser particles), it was postulated that the series
of shape and particle size (i.e., smaller equivalent spherical diameter, D, =3.94 mm)
may significant have effect to this observation. Félix and Thomas (2004)
commented that generally a difference of sizes has an equivalent effect on the
particle coordination than a difference of density in which shown by the higher

percolation of basalt aggregate than steel sphere.

Notably, the slightly higher percentage of percolation by basalt aggregate (lighter
particles) than the steel sphere (denser particles) also proves that the “push-away”
mechanism (Section 2.5.1) proposed by Tanaka (1971) which asserts that heavy and
denser particles are able to force their way between lighter components is

insignificant in this case.

Apparently, the percolation potential in the bed of coarse matrix (basalt aggregate)
was significantly lower than that of the ideal media (glass sphere). Jha et al. (2008)
noted that in the case of denser particles and larger void gaps, the percolation rate is
generally higher. This assertion explained the significant lower percentage of
percolation as shown in the IB and BB series which generally have lower void gap

ratio than the spherical one (Il and Bl series).

In view of the above finding, Ridgway and Rupp (1970) used the superimposed
layers of sand and measured the amount of mixing between the layers and concluded
that the bulk density of a single flowing layer of particles is increased by increasing
the particle shape coefficient. Ridgway and Rupp (1970) also reported that in
general, the angularity of particle shape may cause the bed-matrix to effectively

resist shearing. This finding suggests that angular shaped particles should lock
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together better than spherical shaped particles hence significantly reduce the void

gaps and percolation potential.

Collectively, the significant higher value of percolated plastic sphere was also
elucidated by the third order of polynomial fit as illustrates in Figure 5.45. It is
obvious that for the plastic sphere particles, a rapid increment of polynomial fit
(acceleration phase) were observed soon after its lap the interval phase. After
reached its maxima at approximately y, .= 3600%, the plastic sphere particles
began to entered the attenuation phase. It postulated that at this shear strain, most of
the plastic spheres have passed through the bed-matrix in which it represented by the

decreases in percolating fine particles distribution.
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Figure 5.45: Shear strain versus incremental mass % of recovered fines (IMF) in IB and BB series.
Note that the equation and R2 value denoted by the same colour while the bed-matrix is 13.20 mm
crushed basalt. The third order of polynomial fit was generated by the mean of three readings.

On the other hand, for other types of material, the acceleration phase progresses
slowly after a longer interval phase (i.e., after y,,=1000%). However, it is observed
that after y,,=3800% the percolation of basalt aggregate (BB-b0.99) rapidly
increased and is significantly higher than that of the steel spheres (IB-b2.80) and
glass spheres (IB-b0.91). This suggests that during this period, finer basalt aggregate

has rearranged and oriented thus sufficiently pass through the bed-matrix of
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13.20 mm basalt aggregate. Alternatively, within the test range the particle shape

became the dominant factor that effecting the percolation than density.

5.5.4.4 Summary

In conclusion, the effect of particle density on percolation was small. This finding is
true for the percolation of fine particles in both spherical and crushed aggregate bed
matrices. On the other hand, the higher percolation for plastic materials may be
related to the its lower Young’s modulus (2 GPa) and the abrasion and compaction
by 13.20 mm basalt aggregate during shearing. Therefore, these results indicate that
the effect of particle density on percolation for denser ore (i.e., iron ore) and lighter
ore (i.e., coal) in caving mine applications are smaller than other parameter such as
shape and particle diameter ratio. These findings indicate a clear direction of future
percolation studies for caving mine applications. Accordingly, attention may be
focussed on the strain rate, particle diameter ratio and shape effect in order to better

understanding on percolation phenomenon in caving mines.

5.6 DIMENSIONLESS PERCOLATION RATE (DPR)

Since experimental conditions differed substantially (i.e., effect of strain rate,
particle diameter ratio, shape, density) it is useful to consider the results as
dimensionless variables which take account the similarities and differences of all
experiments. Accordingly, the concept of dimensionless percolation rate (DPR)
(u/d,) by Bridgwater et al. 1978 was employed. DPR is defined as the
measurement of the most probable distance in coarse bed particle diameters that an
isolated percolating particle is expected to drop when subjected to shear strain,
y=100% or (y=1.0) (Pierce 2004). For non-spherical particles, the equivalent
spherical diameter method, D, is used (Scott and Bridgwater 1975) in which the
effect of particle shape was adjusted into a dimensionless variable and provides the

similarity of experiments parameters (i.e., d,/d,).
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Measurement of the residence “travel time” were made by placing thirty percolating
fine particles on the top of the matrix of coarse bed particles (approximately 220 mm
height of the SCPG). Accordingly, the fines particles were initially positioned at the
top-centre of shear cell as illustrated in Figure 5.46. A wooden plate with a 180 mm
X 60 mm rectangle opening at the centre was used to produce a constant and
standard configuration of the fine percolating particles/markers during loading
(Section 5.2.2). The percolating particles were placed far enough apart not to

interfere with one another in order to overcome interaction effects.

Shear cell

Percolating fine particles

/
m Wooden plate with 180 x 60 mm rectangle
. ] / opening

-

X
LY
Figure 5.46: Configuration of thirty fine particles on the top of the matrix of coarse bed particles for
measurement of residence “travel time”.

A 400 mm x 400 mm plastic container was placed under the shear cell and aligned
to the SCPG centre to ensure all the particles will fall into the container and
collected. The stop watch was set to the lap timer setting in which it can record a
maximum of thirty residence times simultaneously and was started as the SCPG

began the shearing.

When the particle fell out of the bottom of the SCPG, it struck the plastic container
and a sound was produced and the residence time for the particle was recorded. The
residence time travel for the fine particles were recorded until y,,, =3200% (Il and
Bl series) and y,,, =4800% (IB and BB series). The operation was repeated for a
new batch of fine particles and bed-matrix according to the designed parameters
(strain rate, particle diameter ratio, shape, density effect) until the required number

of readings was acquired.
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A total of 100 readings of residence time were taken for each of designed parameters
in the Il and BI series. Less than 20% of the fine particles were collected in each
operation for the 1B and BB series owing to the reduced void gaps packing of bed-
matrix at higher y,, and particle retention within the SCPG. For this reason, only
50 readings for each design parameters were collected for the IB and BB series due

to experimental difficulty and time practicality.

Figure 5.47 compares the dimensionless percolation rate against the particle
diameter ratio between the generalisation of SCPG tests and Bridgwater et al.
(1978). It is worth noting that the Bridgwater’s exponential plot used in Figure 5.47
is an estimate based on reproducing the closest arbitrary constants of k;=20 and
k, =8 respectively (Equation 5.2) as reported by Pierce (2004, 2010) and Bridgwater
et al. (1978) DPR plot at =0.4 s~ thus the high value of R2.
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Figure 5.47: Comparison of dimensionless percolation rate (DPR) as a function of equivalent
spherical diameter ( D, ) versus diameter ratio (d, /d, ) for the SCPG and Bridgwater et al. (1978).

Note: i) The Bridgwater et al. (1978) DPR graph is an estimate based on closest arbitrary
constants of k;, =20 and k,=8at y=0.4s!.

ii) The exponential plot for SCPG was based on the mean residence travel time of both ideal
and crushed aggregate media for each of the designed parameters (particle diameter
ratio, shape, density and strain rate effect) at y =0.04 s 1.

iii) Both exponential graph were generated by various percolating and bed-matrix particles

as a function of equivalent diameter ( D).
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A key finding is that the constants k, =17 and k,=11 from the SCPG experiments
varied from Bridgwater et al. (1978) due to the lower strain rate used in the SCPG
(7=0.04 s-1). Accordingly, Pierce (2004) noted that the negative exponential
relation with diameter ratio indicates that as the size of the fine particles approaches
that of the coarse particle, it takes an increasingly greater amount of shear strain for

percolation to occur.

Nevertheless, it is concluded that generally, the exponential plot of SCPG has given
a similar pattern to that of the Bridgwater et al. (1978). Bridgwater et al. (1978)
compared two DPR exponential graphs carried out at y=0.21 s-*(Mark I1l/11l shear
cell apparatus) and »=0.4 s-!(Mark V) and found that generally both graphs
produced similar pattern in which the Mark 1I/111 percolation rates are slightly higher
than Mark V. With regard to this, Bridgwater et al. (1978) commented that a
plausible reason for the greater DPR shown by Mark I1/111 was due to the different
strain rate employed by both shear cell apparatus thus verified the reliability of both

plots and previous work carried out by his co-authors.

The exponential DPR plot generated from the physical model of SCPG will be
extended in the numerical simulation of PFC3D™ software analysis in Chapter 6. In
view of this, all physical properties of ideal and crushed aggregate media
(e.g., particle density, size) and the experimental parameters (e.g., strain rate, normal
stress) are used for comparison and verification of the numerical SCPG model. The
calibrated numerical model is then used for development of a new numerical model
focused on non-spherical shapes and sizes which more closely represent caved rock

than that used for mono-sphere particles.

5.7 CONCLUSIONS

Despite the significant negative potential effects of fine particle percolation on ore
recovery in the block caves, very little is known about the percolation of rock
particles. Most existing work on percolation has emerged in chemical and/or powder

applications which are far removed from caving mines. Moreover efforts to
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understand percolation mechanisms are made more difficult, since most previous
studies considered only mono-size particles (i.e., glass sphere, sphere sand) or

narrow size distributions.

The results in this section show that percolation in both ideal and angular bed-
matrices is significantly influenced by the particle diameter ratio, particle shape, and
strain rate. These results for both ideal and angular bed-matrices have similar trends
with work by previous researchers on ideal materials. However, while these
previous studies show that the effect of particle shape is small, they cover a limited
range of shapes not relevant to block caving. In contrast, the results from this
chapter show that for crushed aggregate, particle shape significantly effects
percolation. This indicates that particle shape will also be significant for percolation

in gravity flow in caving mines.

The effect of particle density on percolation was found to be small in bed-matrices
of both ideal and crushed aggregate media. This finding is similar to previous work
on ideal media. The significantly higher percolation observed for plastic fines is
explained by its lower Young’s modulus (Cooke et al. 1978) and also the abrasion
and compaction induced by highly angular basalt aggregate during shearing.
Accordingly, Cooke et al. (1978) asserts that for lower Young’s modulus material
(plastic fines) these soft materials may slightly deformed by the normal stress and
may be squeezed through slightly smaller gaps than higher Young’s modulus

material.

It was also found that the cumulative percentage mass passing of fine particles
(CPF) increased with shear strain and influence by the bed-matrix properties
(i.e., particle shape and sizes). Alternatively, the fine percolation potential can be
explained by the interval, acceleration and attenuation phases. Therefore, based on
all the above findings it is concluded that since the results from ideal media do not
agree with crushed aggregate media, the results from ideal media are not applicable
to actual caved rock. In block caving, the caved rock consists of highly angular

shaped particles and wide size distributions. The assumption that ideal media with
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equivalent spherical diameters similar to caved rock has the same percolation

characteristics as caved rock appears to be incorrect.

Since the experimental parameters measured in this thesis are diverse, all data was
integrated into a relation called the dimensionless percolation rate (DPR).
Principally, DPR is defined as the measurement of the most probable distance in
coarse bed particle diameters that an isolated percolating particle is expected to drop

when subjected to shear strain at 100% or (=1.0).

It was clearly observed that when all parameters quantified through the experiments
(i.e., effect of strain rate, particle diameter ratio, shape, density) are used to plot the
DPR, a similar exponential relation to that of the Bridgwater et al. (1978) emerges.
Alternatively, the DPR was found to be 17 exp[-11(d,/d,)] which slightly lower
than the Bridgwater et al. (1978) (e.g., 20 exp[-8(d,/d,)]. This finding was
reflected by the lower strain rate used in the SCPG (7 =0.04 s!) compared to the
Bridgwater et al. (1978) (7 =0.4 s~1). On the other hand, the lower k,value indicates
that it takes an increasingly greater amount of shear strain for percolation to occur as
the size of the fine particles approaches that of the coarse particle. Accordingly, the
exponential DPR plot generated from the SCPG data is extended to calibrate and

validate a numerical simulation using PFC3D™ in Chapter 6.
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CHAPTER 6:

NUMERICAL SIMULATION:
VALIDATION AND ANALYSIS

6.1 INTRODUCTION

It has been shown in the SCPG physical experiments (Chapter 5) that angular rock
particles produce different percolation behaviour to smooth idealised particles.
However this work was undertaken at 1:30 scale because full scale REV percolation
test on caved rock are impractical. For instance, at 1:30 scale, the SCPG represents an

actual volume with dimensions 10.65 m (length) x 10.65 m (width) x 7.5 m (height).

In the present conceptual numerical modelling study, four particles types were
simulated resembling the fine percolating and bed-matrix of crushed basalt
aggregates used in SCPG physical experiments. Alternatively the crushed basalt is
represented by four different particle shapes as follows: spherical, cylindrical,
cuboid and bi-conical. Each of the particle shape effect tests were simulated across
four particle size ratios (0.21, 0.28, 0.36 and 0.42) for mono-size distributions.
Alternatively, the selection of mono-size distributions in this chapter was in order to

gain knowledge of the fundamental shape effects within the parameters range tested.

In regards to the limitations of full scale tests and physical models previously
discussed in Chapter 2, the use of numerical modelling is perhaps the best method to
explore fundamental mechanisms that are difficult or impossible to study at full

scale. If it can be proven that the percolation mechanisms and parameters recorded
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in the SCPG experiments can be recovered adequately by DEM, it will be a step
towards the numerical estimation of full scale REV problems in block caving.
Moreover, these results can then be used in other codes such as REBOP, PCBC or
CAVESIM to estimate mine scale dilution ingress. However, because of the lack of
experimental data, numerical methods on percolation have not be validated or

compared with actual experiments on rock particles.

The aim of this chapter therefore, is to firstly examine the scale effect on the
dimensionless percolation rate (DPR) and to validate the numerical model through
comparing and contrasting the DEM results to actual experiments. It is worth
highlighting that the DEM simulations in this thesis aim to examine fundamental
mechanisms across a wide range of parameters, rather than fully calibrated
simulations with complete geometric similitude. It should be emphasised that due to
the aims stated above, and the limitations of standard desktop computers, the DEM

models similarly utilised a 1:30 scale model used in the SCPG experiments.

Notably the particle shape and diameter ratio (d,/d») was found to be important
parameters in the physical experiments (Chapter 5). Therefore, both parameters as
stated above were simulated by the means of clump representations using the
Particle Flow Code in Three Dimensions (PFC3D™). Based on the above approach,
the second aim of this chapter is to test the hypothesis that clump representations of
angular particles provide a better representation of percolation than spherical mono-

size particles.

This chapter is divided into four sections. Section 6.2 discusses relevant applications
and key features of PFC3D™. Sections 6.3 and 6.4 discuss model preparation and
the simulation methods employed in the numerical study of percolation in caving
mines. Section 6.5 details the simulation results. Finally, the overall findings and

conclusions are presented in Section 6.6.
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6.2 PARTICLE FLOW CODE IN THREE DIMENSIONS

It is generally agreed that in addition to physical testing, numerical models provide a
powerful and versatile method for the investigation of granular flow (i.e., caved
rock) (Campbell 1989; Savage and Dai 1993; Rosato and Kim 1994; Pierce et al.
2003). The strengths and limitations of numerical methods (i.e., continuum,
discontinuum and hybrid continuum-discontinuum) for granular flow study were

previously presented in Section 2.3.3.

Discontinuum methods such as Discrete Element Method (DEM) have received
significant attention by previous researchers (Jing and Hudson 2002; Brown 2003;
Pierce 2004; Ng 2005; Clearly 2008; Hadjigeorgiou and Lessard 2007; Li et al.
2010). The DEM approach (Cundall and Strack 1979; Guest and Cundall 1994)
offers vast opportunities in visualizing and understanding the mechanisms of

percolation as it provides insight into the microstructure of the granular material.

On the other hand, Particle Flow Code in three dimensions (PFC3D™) (ltasca 1999,
2005a, 2008b) which employed an explicit time-stepping algorithm is one of the
finest examples of DEM models selected in this thesis due to several features as

follow:

e ability to simulate a wide variety of caved rock situations, inter-body
attraction laws and arbitrary geometries and allows a more detailed study of
the micro-mechanics of the granular assemblies (Jing and Hudson 2002; Ng
2005); and

o flexibility in writing algorithms (in FISH language) for modelling complex

geometries and problems (Itasca 2005b, 2008b).

It has been argued that modelling non-spherical shapes in DEM is essential for
better understanding of granular materials (Powrie et al. 2005; Fraige et al. 2008).
However, despite the fact that particle shape is known to affect the mechanical
properties of granular materials, most DEM studies still represent grain shapes as

discs in 2D or spheres in 3D (Sakakibara et al. 2008). The main reason for the

198



Numerical Simulation: Validation and Analysis

ongoing use of discs and spheres is reduced simulation time and larger simulations.
Run time is significantly shorter for discs and spherical particles, as compared to

non-uniform particles (Fraige et al. 2008; Campbell 1990).

However, it was anticipated that at a micro-mechanical level, particle shape has been
shown to have a very important effect on flow dynamics (Clearly 2008, Fu 2005). It
is therefore the aim of this chapter to take steps towards an improved understanding
of the impact of particle shape and size on percolation rate, through the application
of DEM using PFC3D™ (i.e., clump logic).

6.2.1 Principle of PFC3D™

PFC3D™ is based on an explicit time-stepping method of calculation to simulate the
dynamic behaviour of arbitrarily sized spherical particles (Itasca 2005b). By using
microscopic input parameters for particle geometries in PFC3D™, the macroscopic
behaviour of physical specimens can be represented. During the course of
simulation, contacts are formed and broken automatically while micromechanical
rules are repeatedly updated by a time-stepping algorithm. The force-displacement
law updates contact forces according to the relative motion between particles and the
contact constitutive model. Particle accelerations are computed according to the

resultant force and the moment acting on the particle.

Potyondy and Cundall (2004) noted some of the basic assumptions in PFC:
e the particles are circular (in 2D) or spherical (in 3D) rigid bodies with a finite
mass;
e the particles move independently of one another and can both translate and
rotate;
e the particles interact only at contacts (i.e., this feature significantly reduces
the calculation times). This is because the particles are circular or spherical

in which a contact is comprised of exactly two particles;
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e the particles are allowed to overlap one another and the force is given by this
overlap. This overlap is much smaller in relation to the sizes of the
interacting particles (i.e., at a point); and

e generalised force—displacement laws at each contact relate relative particle

motion to force and moment at the contact.

6.2.2 Clump Particles

In PFC, non-spherical particles can be simulated by two approaches: the cluster
(e.g., Jensen et al. 1999; Potyondy and Cundall 2004) and clump logic (e.g., Cho et
al. 2007).

A cluster is created by several bonded particles in which elastic and strength
properties are assigned to the intra-granular bonds and behave as one deformable
particle and can break during the simulation (i.e., weak bond) (Li and Holt 2001).
This method has been used to simulating particle crushing but limitations occur
particularly when modelling large differences between the stiffness of the inter-
granular and intra-granular bonds which results in numerical inefficiency (Li and
Holt 2001).

On the other hand, clump logic provides a means to create and modify groups of
slaved particles or clumps which behaves as a rigid body (i.e., the particles
comprising the clump remain at fixed distance from each other) (ltasca 2005b,
2008b). Accordingly, clumped-particles (with a deformable boundary) will not
break apart, regardless of the forces acting upon it (Itasca 2005b). Hence, clumped
particles act like a single particle that has an irregular shape but move as a rigid
body. This feature differed the clumped-particles from the clustered-particles. On
the other hand, exceptionally high bond strength needs to be imposed by the
clustered-particles for the particles to remain intact during the simulation (Lourel et
al. 2006).
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Alternatively, a clumped-particle can also be released and become several ordinary
particles again during the simulation (i.e., modelling granular crushing).
Accordingly, clump logic allows temporary or permanent rigid bonding between
several spheres without detecting contacts or calculating contact forces between
elements belonging to the same clump. Therefore, this approach is very efficient
from a computational standpoint (Ashmawy et al. 2003). Nevertheless, the breakage
of clumps has not been used in this thesis but may be taken into consideration for the

future work in modelling of actual caved mines.

Clump logic provides some advantages in such a way that the contacts internal to the
clump are skipped during the calculation cycle, resulting in reduced computational
time compared to a similar calculations in which all contacts are active
(i.e., clustered-particles) (Itasca 2008b). Some other advantages of clumped-particles
over clustered-particles related to the particle rotation mechanism (Cho et al. 2007).
Figure 6.1 shows that intra-cluster particles in clustered material have rotational
velocities that significantly differ from clumped-particles assembly. Accordingly, a
clump can have rotational velocity; hence reducing excessive particle rotation (Cho
et al. 2007).

Figure 6.1: Particle rotation mechanisms in clustered and clumped particles (after Cho et al. 2007).

It is worth highlighting that both clusters and clumps experienced some limitations
with regards to the execution difficulties as highlighted by Kazerani and Zhao
(2010) and Kazerani et al. (2011). For instance, in simulating dynamic problems,
clumps assume instantaneous action at a distance due to the lack of transmission of

moments between particles in the clump.
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Mass properties of a clump comprised of N balls, in which of it has mass (m[p]),
radius (R[p]) and centroid location (xi["]) can be expressed as Equation 6.1, 6.2 and
6.3 respectively (Itasca 2005b, 2008Db).

Np
m=Y3 ml" (Equation 6.1)
p=1
o] _ 1B el [0 -
X =—=> mPx"’ (Equation 6.2)
m p=1
\ ] [6lyyy o] [6]y, 2 -
l, = {m“’](xj xS = X )+gm[p]R“’]R[p]} (Equation 6.3)
p=1
Np
Iy = { [p](xi[p]—xi[G])(x,-“’]—x,-[G])} (j=1) (Equation 6.4)

4N

k=]

Where:
e m refers to the total mass;
o X I refers to the location of the centre of mass; and

e I;and I;refers to the moments and products of inertia respectively.

It worth noting that both I;and I; are defined with respect to a reference frame that
is attached to the clump at its centre of mass and aligned with the global axis system

while generally there will be a non-principal set of axes (i.e., I; #0).

On the other hand, the full equation of motion for a clump is determined by the
resultant force and moment vector acting upon it and can be expressed in matrix
form as Equation 6.4 (Itasca 2005b, 2008b):

[A] { xi[p]}:{ b } (Equation 6.5)
Where:
1 W, At12  —w,At]2
o [Al=]|-wAt/2 1 oAt/2 |;

o,At12  —wAt]2 1

Xl[G] + a)z(xs[pL - 73[(3]) - a)s(xz[p]o - X

¢ C L. oG L e
K+ (") — ) -, (4 — %)

[G])

o XHVM[G] refers to velocity of the translational motion of the centre of mass;
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o xi=1,2'3[p]° denotes the position vector of particles [p] before the update;

tAt) 0]

S T

® Xz = )
2

e w_,, refersto angular velocity of the rotational motion of the clump; and

e t and Atrefers to time and timestep respectively.

Alternatively, clumps used in this thesis were created in such way that clump
volume is automatically determined based on the positions and radii of its
component particles. However, automatic volume computation (provided in PFC) is
accurate only if all clump-overlap regions are defined by exactly two particles as
illustrated by Figure 6.2a. During the generation of clump-particles, the balls in the
range with arbitrary oriented clumps are replaced where clump particles have the

same volume and centroidal position as the ball that it replaces.

Clump overlap-region Clump overlap-region
with volume V A8 with volume V B¢

Subtracted three
times

V=NA+VE4vC]-[vae vEe v ac]

(a) (b)

Where V denoted as the volume of the clump

Figure 6.2: Illustration of when the automatic procedure to compute clump volume fails. Note that
computed clump volume is correct for (a) and incorrect in (b) (after Itasca 2008b).

6.3 SIMULATION METHOD, PARTICLE AND WALL
PARAMETERS

6.3.1 Simulation Method

The modelling philosophy was to undertake a numerical forward analysis based on

keeping all numerical modelling parameters as close as possible to the SCPG

203



Numerical Simulation: Validation and Analysis

physical and experimental parameters (e.g., SCPG length dimensions, strain rate,
particle parameters). Accordingly, a simplified model of the experimental apparatus
of SCPG physical experiment was constructed in PFC3D™. The modelling, was
implemented using the algorithms and clump logic developed by Itasca (2008b). All
algorithms written and clump logic templates for the numerical tests in this chapter

are provided in Appendix D.

The model packing procedure is described as follows. The particles are randomly
generated and oriented to 220 mm height in the SCPG, the initial porosity of the sample
was then adjusted to represent the actual measured porosity. Thereafter, gravity and
friction is applied. During this stage, the spheres are converted to clumps by replacing
each particle with a clump of equivalent volume. The ball density is adjusted to achieve
equal mass for both the single spherical particle and its equivalent clump. A rotational
velocity was then applied to two moving walls to achieve a shear rate at 0.04 s™. The
shearing direction is reversed after a shear strain of 50% from vertical (Figure 6.3). The

model is then sheared until 400% strain (a complete cycle).

Percolating fine

. particles
Bed-matrix

Moving
wall

== Base (fixed)
Figure 6.3: Vertical cross section through the shear cell showing coarse 4-particle clumps (blue) and
fine particles (yellow) at Jttal =200%. The remainder of bed-matrix particles near the wall have been
hidden to provide clear view of wall vicinity. The fine particle is 4.97 mm while the bed-matrix is
17.75 mm (d, /dy =0.28). Model is 355 mm (length) x 355 mm (width) x 250 mm (height).

It is worth mentioning that in most tests, after yww =400%, most of the fine particles
(i.e., dp,/d,=0.21) are recovered, hence there is no requirement to run the
experiment beyond this. Therefore, in order to provide a direct comparison of each

parameter tested, o Was Set to maximum of 400%. In addition, this method
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provides standardisation in all numerical tests in which the mean of 400% shear
strain was analysed and assessed. For that reason, the DPR of percolating fine
particles was defined as the measurement of the most probable distance in coarser
bed particle diameters that an isolated percolating particle is expected to drop when
subjected to 100% shear strain (Pierce 2004, 2010).

Table 6.1 describes the parameters and permutations for the SCPG physical
experiment and PFC3D™ numerical models. There are approximately 6,100
particles generated for the mono-sphere assemblies; 18,300 particles (cylindrical
shaped); 24,400 particle (cuboid) and 36,600 particles (bi-conical) respectively. The
use of a standard desktop computer employed in this thesis limited the ability to
simulate a higher number of clump particles and as a result required long runtimes to

simulate smaller particles.

Table 6.1: Parameters and model permutations for the PFC3D™ numerical model and SCPG physical

experiment.

Description

PFC3D™ numerical model

SCPG Physical Experiment

Cell dimensions
(length x width x
height)

355 x 355 x 250 mm

355 x 355 x 250 mm

Fine and bed-matrix
particle density

2540 kg/ms3 (Ideal media);
2760 kg/m3 (Crushed basalt)

2490 — 2540 kg/m3 (Glass sphere);
2730 — 2760 kg/m?3 (Crushed basalt)

Percolating fine
particle size
(equivalent spherical
diameter)

3.65, 4.97, 6.39, 7.46 mm

4.02, 5.03, 6.16 mm (Glass spheres);
2.41, 3.19, 4.08, 4.83 mm (Crushed basalts)

Coarse bed particle
size (equivalent
spherical diameter)

17.75 mm

15.78 mm (Glass sphere);
11.48 mm (Crushed basalt)

Fine-coarser particles
diameter ratio

0.21, 0.28, 0.36, 0.42

0.25, 0.32, 0.39 (Glass sphere);
0.21, 0.28, 0.36, 0.42 (Crushed basalts)

Shape

Spherical (Ideal media and crushed basalt);
Cylindrical (Crushed basalt);

Cuboid (Crushed basalt);

Bi-conical (Crushed basalt)

Spherical (Glass sphere);
Highly angular (Crushed basalt)

Size distribution

Mono-assemblies

Mono-assemblies (Glass sphere);
Wide range (Crushed basalt)

Strain rate

0.04s7!

004s!
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The simulations were performed in two phases:
o simplification of particle shapes and size distributions, and SCPG physical
experiment (Phase 1); and

o forward analysis of an ideal media and crushed basalt aggregates (Phase 2).

An attempt to test the scale effect was carried out by using fixed SCPG dimensions,
with different particle sizes but identical d,/d, as shown in Table 6.2. This is
considered necessary in order to look into the possibility of using a smaller scale
(i.e., larger particle size) which could be run at an appropriate simulation time. In
addition, application of larger particle sizes significantly reduce the computational

time required in Phase 1 and 2 respectively.

Table 6.2: Comparison of scale effect tests between 1:40, 1:35 and 1:30 scaled.

Description 1:40 scale 1:35 scale 1:30 scale

Percolating fine particle
size (equivalent spherical | 2.75,3.72,4.79, 5.60 mm | 3.19, 4.26, 5.48, 6.39 mm | 3.65, 4.97, 6.39, 7.46 mm
diameter)

Coarse bed particle size
(equivalent spherical 13.31 mm 15.21 mm 17.75 mm
diameter)

Fine- bed matrix particles
0.21, 0.28, 0.36, 0.42

diameter ratio

The results of the scale effect tests are plotted in as the dimensionless percolation
rate (DPR) illustrated in Figure 6.4. Over the range of parameters tested, it was
found that the effect of scale on the DPR was minimal suggesting that a smaller
scale (i.e., larger particle sizes) could be modelled using a standard desktop
computer with appropriate computational time and limitations factored into the test.
With regard to the above results, the 1:30 scaled model was chosen in the Phase 1
and 2 conceptual numerical studies. Simultaneously, at 1:30 scale, the numerical
shear cell dimensions (355 mm length x 355 mm width x 250 mm height) represents
10.65 m (length) x 10.65 m (width) x 7.5 m (height) of an actual REV of caved rock.
On the other hand, the coarse bed-matrix diameter was set to 17.75 mm to achieve a
minimum REV=20d, (0.53 m actual rock fragmentation size at 1:30 scaled).

Whilst, the d,/d, of simulated fine-bed matrix particles were similar to that of the
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equivalent spherical diameter (D,) (Nedderman 1992) of ideal and crushed

aggregates media used in Chapter 5 (Table 6.1).

2.0
1:30 led
18 \\ . scale

1.6 \\ m 1:35 scaled
1.4 \\% 1:40 scaled
|

1.0 \

0.8 \

0.6 Z\

0.4 \

0.2 \
0.0 : ‘ : ‘ ¥ _

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Dimensionless percolation rate
(bed particle diameter per 100% shear strain)

Diameter ratio (d,, /dy)

Figure 6.4: Comparison of diameter ratio versus dimensionless percolation rate (DPR) of PFC3D™
for various scale effect at y=0.04 s-. Note that the d,/d, are similar in each scaled factors and
define as a function of equivalent spherical diameter ( D, ).

6.3.2 Particle and Wall Parameters

Table 6.3 summarises the properties of particle and wall used in the PFC3D™
numerical model. It is worth highlighting that since the DEM is a fully dynamic
formulation, some form of damping is necessary to dissipate kinetic energy
(Potyondy and Cundall 2004). For this purpose a damping coefficients of basalt
aggregates (crushed aggregates media) was set to replicate the coefficient of
restitution (COR) of 0.2, obtained from a pendulum test of basalt aggregate against
rock (lverson et al. 2003). On the other hand, the COR=0.84 obtained from drop
tests carried out on glass (i.e., ideal media) (Bridgwater and Ingram 1971) was

chosen for the ideal media.
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Table 6.3: Particle and wall parameters used in PFC3D™ simulations.

Description ((ISC:ZE;IS lel)?liirae) Crushed Basalt
Single ball (1:1:1);
Shape (d : d : d aspect ratio) Single ball (1:1:1) jg:” g:ﬂmgz 81;2
6-ball clumps (1.5:1.5:2)
Normal and shear stiffness of particles 1.0x 10" N/m 1.0x 10" N/m
Normal and shear stiffness of walls 1.0x 10" N/m 1.0x 10" N/m
Coefficient of friction 0.25 0.40
Coefficient of local damping 0.84 0.20
Time step 1.0x 10 ° s/step 1.0x 10°° s/step
Particle contact modulus 50 GPa 50 GPa
Density 2540 kg/m? 2760 kg/m3
Initial porosity 0.40 0.36
Fine-bed matrix particles diameter ratio 0.21, 0.28, 0.36, 0.42 0.21, 0.28, 0.36, 0.42

The particle tracking procedure used in the PFC3D™ shear cell simulations differs
from that of Bridgwater’s physical tests (Bridgwater et al. 1978). One difference
relates to the position and tracking of the percolating fine particles. In the numerical
simulations, a total of thirty fine particles were placed at the top of the coarse
assembly (220 mm height) and the path travelled during shearing was tracked. An
identical approach was adapted in the SCPG physical experiments in which thirty
fine particles were simultaneously sheared in the DPR assessment as shown in
Section 5.4. By contrast Bridgwater et al. (1978) and his co-authors added a single

particle “one at a time” which passed through the entire bed.

The DPR for numerical tests is written as Equation 6.5 (Bridgwater et al. 1978).

Y _ k exp{— K, ﬂ} (Equation 6.6)

Where:
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y is defined as the mean percolation distance travelled by percolating

particles at a given strain (mm);

e kjand k, are two arbitrary constants that were found to be equal to 17 and
11 respectively from the SCPG physical experiment (Chapter 5);

e d,/d, is the ratio of percolating particle to coarser bed-matrix particle
diameter or a measure of the utilisation of holes in the deforming large
particles by small particles; and

e 7 is denoted as the strain rate while d, refers to diameter of coarser bed

particles; respectively.

It is noteworthy that interaction effects between wall and particles was identified in
early physical experiments by Bridgwater et al. (1978). This problem was
subsequently corrected through improvements to fine particle configuration during
loading employed in SCPG physical experiment. Accordingly, in order to overcome
interaction effects (i.e., particle-particle and wall-particle) during the simulation,
particles were placed far enough apart not to interfere with one another (Pierce 2004,
2010; Hashim and Sharrock 2009).

In addition, only particles in the upper half of the shear cell at distances of
approximately 100 mm from the wall edge were used for calculation of percolation
distance. Since these simulations employ a higher number of clump particles than
Pierce (2004, 2010) (i.e., two clump-particles) and Hashim and Sharrock (2009)
(i.e., up to four clump-particles), it provided a better representation of angular rock

particles compared to earlier models.

6.3.3 Simplification of Particle Shapes and Size Distributions, and SCPG

Due to the complex particle shapes and size distributions, model simplification is
essential prior to forward analysis. As a result, a two stage process was adopted. The
purpose of the first phase was to replicate and validate numerical SCPG model for

the use in the forward analysis (second phase). The particle size distribution, shape
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and density are kept constant in each test (i.e., mono-size distribution of an ideal

media).

The numerical model had identical dimensions as the SCPG model (355 mm length
x 355 mm width x 250 mm height) employed in physical testing in Chapter 5.
Simultaneously, the material properties of glass sphere (ideal media) were selected
to closely represent the mono-sphere particles used in PFC3D™. Accordingly, the
accuracy of the PFC3D™ model was verified through comparison of the DPR
pattern with the SCPG physical experiment (Section 5.4). The calibrated PFC3D™
model was then used in the forward analysis of non-spherical shape and particle

sizes distribution of basalt aggregates.

6.3.4 Simplification of Basalt Aggregate Tests

In order to investigate the effect of the shape of angular rock particle, the micro-
properties of simulated particles were set to have similar properties to basalt
aggregates used in the SCPG physical experiment (Table 6.1). Particularly, the
validated PFC3D™ models in Section 6.3.3 were extended to more complex non-
spherical particles with the use of clump logic. Three types of clump particles were
generated and tested: cylinders (three-particle clumps), cuboids (four-particle
clumps) and bi-cones (six-particle clumps). In addition, the spherical particles were

also simulated to provide comparison between the sphere ball and clump particles.

Figure 6.5 illustrates the four shapes applied in the forward analysis of numerical
SCPG model. Aspect ratios of 1:1:1, 1:1:1.5, 1:1.5:2 and 1.5:1.5:2 were selected to

represents spherical, cylindrical, cuboidal and bi-conical shapes respectively.
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d)

©)

b)

a)

Figure 6.5: Non-spherical clump particles representing angular rock particles used in the PFC3D™
(drawn to scale) [top] and aspect ratio [bottom]. Note (a) Cylindrical (b) Cuboid (c) Bi-conical
(d) Spherical.

The following parameters were kept constant in all tests on the effect of particle

shape and size:

6.4

6.4.1

particle diameter ratio(d, /d,) =0.21, 0.28, 0.36 and 0.42 respectively,
normal stress (o,) =0.9 kPa;

shear strain (7, ) =400%;

percolating fine and bed-matrix particle density (o) =2760 kg/m3; and
strain rate () =0.04 s*.

RESULTS AND DISCUSSION

Ideal Media — Glass Sphere

Tests on ideal media (Il series) were carried out on four different particle diameter

ratios as follows: 0.21, 0.28, 0.36 and 0.42. Figure 6.6 illustrates the comparison of

DPR plots against d, /d, as a function of equivalent diameter (D, ) for PFC3D™
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idealised (sphere particle), generalisation of SCPG physical experiment and

Bridgwater et al. (1978) physical tests respectively.

5.0
\\ \ — — Bridgwater et al. (1978)
4.5 \\ SCPG physical experiment
40 \\ \ 15* exp (_9* d P /db) —— Simplication of PFC3D ideal media

N \\ \ / R?2=0.9982
N A

05 20* exp (-8*dp /db)
' / R2=0.9876
2.0

1.5 A

Dimensionless percolation rate
(bed particle diameter per 100% shear strain)

17* exp (-11*dp /db)
Lo R2=0.5229 \\\
0.5

0.0 T T T T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Diameter ratio (d, /dy)

Figure 6.6: Comparison of diameter ratio versus dimensionless percolation rate (DPR) of PFC3D™
for ideal media and crushed basalt aggregates at 7 =0.04 s-1. Note that for Bridgwater et al. (1978)
DPR plot at = 0.4 s-* while generalisation of SCPG physical experiment and PFC3D™ ideal
media at y = 0.04 s-* respectively. Diameter ratio is a function of equivalent spherical diameter ( D, ).

The DPR simulation results for ideal media (glass spheres) generally has a similar
exponential plot pattern with the SCPG physical experiments. However, Figure 6.6
shows that the PFC3D™ ideal media plot was slightly lower (k, =15, k,=9) than the
SCPG physical experiment (k, =17, k,=11). One plausible reason for this difference
relates to the parameters used in both tests. The SCPG plot was generated via a
combination of various test parameters (i.e., 7, d,/d,, density and shape effect) and
represents a generalisation of the DPR plot while for the PFC3D™ idea media plot,
it only considers spherical particles. In addition, the combination of test parameters
used in the DPR plot of SCPG physical experiments explains the significantly lower
R2 value (R2~0.53) compare to the PFC3D™ ideal media (R2>0.98).

Apart from this, it is also postulated that the slightly higher k; and k, shown by the

PFC3D™ ideal media than SCPG is related to the micro-properties of particles used
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in the simulation. For instance, the PFC3D™ applied ideal media properties
(i.e., glass sphere) while the DPR plot of SCPG was generated by combining the
data of both ideal (i.e., glass spheres) and crushed aggregates media (crushed basalt

aggregates).

Conversely, the greater DPR plot shown by Bridgwater et al. (1978) compared to the
PFC3D™ ideal media is related to the variation of strain rate employed in both tests.
Bridgwater et al. (1978) carried out the percolation tests at y=0.4 s while a
significantly lower strain rate of 0.04 s was used in the PFC3D™ ideal media.
Nevertheless, it is concluded that the potential of DEM percolation simulations is
demonstrated by the similarity of the DPR pattern with Bridgwater et al. (1978)
work. In overview, the PFC3D™ ideal media tests indicates that PFC3D™ is
capable of capturing key mechanisms involved in percolation studies on rock

particles.

Following the validation studies on ideal media the forward analysis tests were
undertaken to investigate the affect of angular particles using clump logic. Since the
purpose of this chapter is to evaluate the DPR for non-spherical particle shapes, the
grain size distribution and particle density are kept constant in all simulations
(i.e., mono-size distribution). The tests were undertaken for four different mono-size
assemblies of particles with the following shapes: spherical, bi-conical (six-particle
clumps), cuboids (four-particle clumps) and cylinders (three-particle clumps) as

presented in Section 6.4.2.

6.4.2 Forward Analysis — Crushed Basalt Aggregates

6.4.2.1 Comparison of simplified particle shapes

Following the exploration of the validity of PFC3D™ to recover the result of the
SCPG physical experiments on ideal media (Section 6.4.1), an analysis of non-
spherical shapes and particle sizes of basalt aggregates were undertaken. The
complexity of particle shape was incrementally increased by changing the shape of

the percolating particles from spheres to three-particle clumps (cylindrical shape),
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four-particle clumps (cuboids shape) and six-particle clumps (bi-conical shape).
Overall, a total of 16 tests were performed (four tests for each particle shape at
d,/d,=0.21, 0.28, 0.36 and 0.42 respectively).

The individual cylindrical, cuboids and bi-conical particles were modelled as
clumps. The degree of particle rotation was observed to decrease significantly, with
increasing aspect ratio. As a result, particles with high aspect ratio have lower DPR.
Figure 6.7 illustrates that the DPR for bi-conical particles is the lowest compared to
other shapes; this is related to the aspect ratio. For instance, the bi-conical particle
has the highest aspect ratio (1.5:1.5:2) compared to cylinders (1:1:2), cuboids
(1:1.5:2) and spheres (1:1:1). With regards to this, Abbaspour-Fard (2005)
numerically investigated the role of particle shape in a silo and found that more
arching occurred as the aspect ratio of particles increased thus verified the

significant of aspect ratio in non-spherical particles.
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8* EXp ('8* d p /db ) —— PFC3D basalt cylindrical (3-particle clumps)
2=
4.0 / R?=0.9973 PFC3D basalt cuboids (4-particle clumps) i

7% EXp (-8* d . /db) —— PFC3D basalt bi-conical (6-particle clumps)

R2=0.9926 —— PFC3D ideal media (mono-sphere)
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Figure 6.7: Comparison of diameter ratio versus dimensionless percolation rate (DPR) of PFC3D™
for ideal media and crushed basalt aggregates at  =0.04 s-*. Note that the diameter ratio is a function
of equivalent spherical diameter (D).

The high aspect ratio of the six-particle clumps relative to the other bulk particle
shapes also promotes greater interlocking and this significantly reduces the

percolation rate. In addition, the particles with higher aspect ratios generally have
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greater resistance to shear or frictional forces. Jensen et al. (2001) used DEM to
study the effect of particle shape on the interface behaviour of granular materials and
found that as particles become more angular, they tend to interlock more and

provide more resistance to shearing.

It was also found that the DPR of non-spherical shape particles decreased by up to
10% for the cylinders, 25% for the cuboids, and 40% for the bi-cones relative to
spheres as illustrated in Figure 6.8. This finding broadly agrees with Cleary (1999)
and Clearly and Sawley (2002) who reported that elongated particles can reduce
percolation by up to 30% as compared to circular (in 2D) and spherical particles (in
3D). In addition, Cleary (1999) also found that the flow rates of particles decrease
by up to 28% in highly blocky or highly angular particles and also have flow

patterns that are quite different from the spherical particles.

Diameter ratio (d, /dy)

0.21 0.28 0.36 0.42
0 -

-5 4
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215 -
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-35 (. I_
-40

-45 4— mCylindrical (3-particle clumps)  m Cuboids (4-particle clumps) O Bi-cones (6-particle clumps) =

-50

Figure 6.8: DPR reduction in clump particles against the mono-size spherical assemblies at
7=0.04s1,

Hashim and Sharrock (2009) numerically replicated and validated Bridgwater et al.
(1978) physical shear cell. Accordingly, the simulation works were extended using
twice the shear cell dimensions and introduced non-spherical shape particle
(i.e., three-particle clumps represent cylindrical shape and four-particle clumps
represent cuboids shape). It was reported that the DPR of simulated shear cell is

significantly affected by particle shape. In particular, percolation rates were most
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affected by the cuboid shape of bulk particles compared to the cylindrical and
spheres. This suggests that for these assemblies and shear strain rates, the

percolation rate is predominantly controlled by the shape factor.

Fraige et al. (2008) noted that compared to the rounded shapes, angular polygons
potentially affect the mechanisms of packing and flow. As granular materials result
from crushing or mining operations are generally highly angular (Campbell 1990),
shape effects are significant and need to be considered in numerical and physical
models. It is also noteworthy that compared to spheres the packing density of highly
angular aggregates generated during crushing, minimizes void space. Changes in
void space significantly affect the percolation rate especially to the lower diameter
ratio of particles (i.e., d,/d,=0.21 and 0.28) where the void space is significantly

lower, thus limiting the ability of fine particles to percolate through the bed-matrix.

The increased friction between the granular material (resulting from increased
particle shape) and the bed comprised of highly non-spherical particles may also
lead to a reduction in the percolation velocity and significantly affect the percolation
rate. In contrast, spherical/circular particles (in 3D) or disk (in 2D) percolating in
spherical/circular assemblies have lower friction and higher percolation velocities.
As a result, the dimensionless percolation rate of mono-sphere particles was
significantly higher compared to more complex shapes, in-terms of percolation

velocity and percolation rate.

6.4.2.2 Comparison of simplified particle shapes and physical experiments

The DPR of the numerical analysis of basalt aggregates was compared to the SCPG
physical experiments (Figure 6.9). It is observed that none of the mono-assemblies
of spherical, cylindrical, cuboids or bi-conical particles used in the simulations could
satisfactory reproduce the DPR plot of shape effect in SCPG physical experiment.
One plausible reason relates to the type of coarse bed-matrix used in both the
PFC3D™ and SCPG physical experiments. For instance, PFC3D™ simulated
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mono-sized assemblies while the SCPG physical experiment used wide size

distributions (previously discussed in Section 4.4.1) as the coarse bed-matrix.

5.0
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8* exp (-8*dp/db)
—— PFC3D basalt (mono-sphere)
/ R?=0.9973
4.0 —— PFC3D basalt cylindrical (3-particle clumps)

/ PFC3D basalt cuboids (4-particle clumps)
7*exp (-8*dp/db)
R?=0.9926

—— PFC3D basalt bi-conical (6-particle clumps)

3.0 1§

5% exp (-7.6*dp/db)
R2=0.9887
2.0

4* exp (-5.4*dp /dpb)
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1.0
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Dimensionless percolation rate
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Figure 6.9: Comparison of diameter ratio versus dimensionless percolation rate (DPR) of shape effect
for the PFC3D™ (basalt aggregates) and SCPG physical experiment at» =0.04 s-*. Note that the
diameter ratio is a function of equivalent spherical diameter (D, ).

With regard to the above argument, Pierce (2010) numerically demonstrated a series
of size distribution in percolation which resulted in significantly lower percolation
rates compared to the mono-sized assemblies. Pierce (2010) postulated that the
much lower percolation rates of fines particles was due to the wide size distribution
(i.e., mixture of fines to coarser particles) used in his study that restrict the ability of
fines to percolate down though the column. Nevertheless, it can be argued that the
use of non-spherical clump particles provides more reliable results than spherical
particles. For instance, Figure 6.9 demonstrates that the DPR and SCPG physical
experiments on angular rock are more closely represented by bi-cones (six-particle

clumps) and cuboids (four-particle clumps) than spherical particles.

Accordingly, such findings suggest that in order to closely represent actual caved
rock percolation, wider distributions of clumps than mono-size distributions are
necessary. For example, mixtures of spherical, cylindrical, cuboids, bi-conical and

others shapes should be created to closely resemble actual caved rock which is
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composed by highly angular shapes and a wide range of fragment sizes.
Nonetheless, the effect of such mixtures requires extensive work in order to
determine the appropriate proportion of non-spherical particles clumps is beyond the

scope of this thesis.

6.5 CONCLUSIONS AND DISCUSSION

The used of DEM simulations in this chapter was aimed to examine fundamental
mechanisms across a wide range of parameters, rather than fully calibrated
simulations with complete geometric similitude. PFC3D™ ideal media tests were
undertaken by the means of four particle size ratio as follows: 0.21, 0.28, 0.36 and
0.42. The accuracy of the model was compared to the DPR plots from the SCPG
physical experiments. The results demonstrate the ability of PFC3D™ to model

percolation in coarser bed-matrix particles during shearing.

The PFC3D™ model was extended to investigate the impact of particle shape which
closely represents angular rock micro-properties (basalt aggregates). Four mono-size
assemblies were tested with the following shapes: spheres, cylinders, cuboids and
bi-cones. Accordingly, each of the particle shape effect tests were simulated on four
different particle size ratio of 0.21, 0.28, 0.36 and 0.42 on mono-assemblies size

distribution.

Over the range of particle sizes and shapes tested, it was found that dimensionless
percolation rate (DPR) is predominantly affected by particle shape and size ratio of
the fine and bed-matrix particles. It was also found that as the bed-matrix particle
shape was varied from spheres to cylinders to cuboids to bi-cones, the DPR
decreased. Accordingly, significant reduces of DPR by up to 10% for the cylinders,
25% for the cuboids, and 40% for the bi-cones relative to spheres were recorded.
The implication for mining operations is that highly flaky or angular caved rock will

have lower percolation rates than rounded boulders.
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For experiments on mono-size assemblies of clumps representing angular rock
fragments, it was observed that none of the mono-assemblies of spherical,
cylindrical, cuboids or bi-conical particles used in the simulations could satisfactory
reproduce the DPR plot of shape effect in SCPG physical experiment. Alternatively,
the exponential plot of DPR was found to varies between 8*exp[-8(d,/d,)] for the
mono-sphere basalt to 5*exp[-8.3(d,/d,)] for the six-particle clumps basalt. The
results show that over the range of parameters tested, the numerical model still
largely inadequate to replicate the SCPG physical model of 17*exp[-11(d,/d,)].
Hence, it was demonstrated that more complex clump particles closely representing
caved rock may be required before the numerical model could be carry out with
confident. However, due to the limitations of standard desktop computer used in this
thesis, the highly angular shaped of crushed basalt were only resembled by up to six-

clump particles. This needs to be improved in future work.

Nevertheless, this conceptual study demonstrates the potential of DEM models of
non-spherical particles to simulate percolation in block caving mines. Alternatively,
the above study also proves that the hypothesis on discrete element models
incorporating clump representations of angular particles provide better percolation

estimates than spherical mono-size particles is true.

Further study is required to examine the range of strain rates, particle sizes
distribution and shapes. Future models should consider more complex clump shapes
hence better representing angular rock particles with more realistic size distributions

(i.e., real caved rock fragmentation).
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CHAPTER 7:

CONCLUSIONS AND RECOMMENDATIONS
FOR FUTURE RESEARCH

7.1 AN OVERVIEW OF FINDINGS

This thesis has investigated the percolation of fine particles in a matrix of highly
angular large/coarser aggregates under shearing and gravitation loading. Two
approaches were adopted to study percolation: physical modelling and discrete

element numerical simulation.

In the physical modelling, a Shear Cell for Percolation of Geomaterials (SCPG) was
designed and fabricated while a Kvapil Type-A scaled models was used to access

the magnitude of shear strain required for the percolation tests.

DEM simulations (using PFC3D™) were conducted in which particle shapes and
size distributions were simplified, and numerical results were compared to the SCPG
physical experiments. This was followed by a sensitivity analysis using clumps of
various sizes to explore the impact of increasing the particle shape complexity for

crushed basalt aggregate.
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7.1.1 Physical Experiments

7.1.1.1 Shear Cell for Percolation of Geomaterials (SCPG)

Over the range of parameters tested, it is shown that percolation is significantly
affected by the particle diameter ratio (d,/d,) and strain rate (). By contrast, it
was observed that the effect of particle density was small. Subsequently, these
findings agree with the work of Bridgwater et al (1978), Cooke et al. (1978),
Bridgwater et al. (1985a, 1985b) and Duffy and Puri (2002) on idealised media

consisting of glass spheres and steel spheres.

On the other hand, although the effect of particle shape is generally postulated to be
insignificant by many researchers for curved non-spherical media like
pharmaceutical pills, this does not appear to be the case for angular rock fragments.
The work presented in this thesis shows that for highly angular particles, particle

shape influences percolation.

Since the experimental variables (i.e., effect of strain rate, particle diameter ratio,
shape, density) in this thesis differed broadly, an attempt to take into account the
similarity of all experimental parameters were taken by the mean of dimensionless
percolation rate (DPR). Accordingly, the exponential plot of DPR was found to be
17*exp[-11(d,/d,)] in which the lower k, value indicates that it takes an
increasingly greater amount of shear strain for percolation to occur as the size of the
fine particles approaches that of the coarse particle. Comparison between the SCPG
physical experiments and Bridgwater et al. (1978) exponential plot of DPR shows a

similar pattern.

7.1.1.2 Shear strains assessment in a 1:100 scaled Kvapil Type-A model

Research was conducted in a 1:100 scaled Kvapil Type-A physical model to assess
the shear strain magnitude of a single isolated drawpoint in a block caving mine,

using 13.20 mm basalt aggregate, identical to that used in the SCPG experiments.
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The shear strains recorded were used for estimation of total shear strain and strain

rate required in Chapter 5 and 6 respectively.

Apparently, there is no test documented or published with regards to the shear strain
assessment on the block caving mines particularly due to several restrictions such as
experimental difficulty and cost of construction for large scale models (i.e., 1:30 3D
physical modelling). On the other hand, efforts to run full scale tests are even harder
due to the nature of block caving mine relative to the time constraints, appropriate

instrument apparatus and suitable markers.

Nevertheless, this assessment is significant in understanding and assessing the
magnitude of shear strain in an isolated single drawpoint of block caving mine in
which the results were used as the SCPG parameter. In order to describe the shape
and magnitude of shear strain in a systematic way, each marker set was painted and
numbered according to its initial position and digital images were taken after each
draw and analysed using the Rhinoseros® computer aided drawing program.
Typically, the markers were randomly selected in an attempt to minimise any bias in
their flow. The results show a zone of high incremental shear strain on the edge of
the movement zone, and indicate that the magnitude of shear strain along the central
axis of the movement zone was lower compared to that of recorded within the IMZ

and IEZ respectively.

7.1.2 Numerical Simulations with PFC3D™

Numerical modelling was conducted using a standard desktop computer in which
the modelling philosophy was to keep all numerical modelling parameters as close
as possible to the SCPG physical and experimental parameters. Subsequently, the
DEM simulations in this thesis were aimed to examine fundamental mechanisms
across a wide range of parameters, rather than fully calibrated simulations with
complete geometric similitude. The numerical modelling comprised of two phases.
The first phase involved the simplification of particle shapes and size distributions

used in the SCPG physical experiment, by the means of mono-sized spherical
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particles resembling ideal media. To validate the effectiveness of the numerical
model, a comparison between the DPR parameters for the numerical and
experimental values was performed. The results show that PFC3D™ was able to
capture the essential mechanisms involved in percolation of fine particles and gives

a similar pattern to that of the generalised SCPG physical DPR plot.

The numerical models of the SCPG physical experiments were extended in the
second phase, to explore more complex non-spherical shapes of crushed basalt
aggregate. This was conducted using clump logic where up to six sphere balls were
clumped together and behaved as a single bonding clumped particle. The micro-
parameters for the clump-particles were similar to the measured properties used in

the SCPG physical experiments.

The key findings are that percolation rates are predominantly affected by particle
shape and size ratio (or diameter ratio) of the percolating and bed-matrix particles. It
was also found that as the bed-matrix particle shape was varied from spheres to
cylinders to cuboids to bi-cones, the DPR decreased by up to 10% for the cylinders,

25% for the cuboids, and 40% for the bi-cones relative to spheres.

However, the use of clumped-particles (up to six-clumped particles) employed in the
numerical models still do not closely represent highly angular caved rock. Over the
range of parameters tested, the exponential plot of DPR was found to varies between
8*exp[-8(d,/d,)] for the mono-sphere basalt to 5*exp[-8.3(d,/d,)] for the six-
particle clumps basalt. Alternatively, these values were found to be lower than the
DPR exponential plot of SCPG physical experiment. This finding is attributed to
limitations on number of clump-particles used and computational limitations.
Nevertheless, this study demonstrates that DEM models of non-spherical particles
are different to the mono-spheres employed in previous studies and hence need to be

considered in future percolation studies on caved rock.
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7.2 A DISCUSSION ON HYPHOTHESES

An analysis of the hypotheses stated in the beginning of this thesis (Section 1.2) is
presented in the following sections. Alternatively, both hypotheses were

consolidated and evaluated according to the overall findings from Chapters 2-6.

7.2.1 Hypothesis One

The first hypothesis is restated as follows:

“Particle shape and size significantly influence the percolation of fine particles in

bed matrices of highly angular aggregates.”

It is clearly demonstrated in the physical experiments in Chapter 5 that the effect of
particle shape in both the percolating fine and coarser bed-matrix aggregates is
significant. For example, under controlled experimental conditions, the comparison
between the Il and Bl series evidently shows that the CPF of fine basalt aggregates
was higher than the fine ideal media particles. Subsequently, for the ideal media, the
effect of particle shape was significant as the shape varied from spheres to bi-cones
to cylinders to cuboids in which the CPF decreased accordingly. Similar
observations were found in the IB and BB series. These observations clearly confirm
that the particle shape of fine and bed-matrix significantly impacts on the

percolation rate of highly angular rock particles, similar to caved rock.

On the other hand, the effect of particle size was examined across fourteen different
particle diameter ratios in the Il, Bl, IB and BB series. It was statistically verified
that the larger the particle diameter ratio of the fine and bed-matrix particles, the
lower the percolation rate. Considering the above findings, it is argued that, for the

range of parameters tested in this thesis, hypothesis one is true.
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7.2.2 Hypothesis Two

The second hypothesis is restated as follows:

“Discrete element models incorporating clump representations of angular particles

provide different percolation estimates than spherical mono-size particles.”

The above hypothesis is verified by the taking into consideration the numerical
study presented in Chapter 6. The effect of clump particles was investigated in four
different mono-size assemblies with the following shapes: spheres, bi-cones,
cylinders and cuboids. Accordingly, each particle shape was simulated across four
different particle diameter ratio: 0.21, 0.28, 0.36 and 0.42 respectively (Section
6.4.2).

Over the range of particle sizes and shapes tested, it was found that the DPR is
predominantly affected by particle shape, and the size ratio of the percolating fine
and bed-matrix particles. Additionally, the effect of particle size and shape were
prominent as the matrix particle shape varied from spheres to cylinders to cuboids to
bi-cones in which the DPR decreased accordingly. The implication for mining
operations is that highly flaky or angular caved rock will have lower percolation
rates than rounded boulders. For these reasons it is argued that, for the parametric

ranges tested in this thesis, hypothesis two is true.

7.3 CONCLUSIONS

Although percolation studies have been undertaken for more than 50 years (mostly
in chemical and powder applications), it was found that these studies focused only
on the percolation of single particles and mono-size distributions (i.e., ideal media).
The use of ideal media limits is far removed from the actual real world applications
especially for the caving mining, civil engineering and mineral processing

applications.
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The shape effect has been shown to significantly influence percolation in both
physical experiments and numerical simulations. Although crushed aggregate media
is difficult to measure and characterise, the results offer a closer representation to

caved rock.

Physical modelling of percolation is still relevant and the works in this thesis show
that changes to industry assumptions, which are based on spherical particles are
needed. Nevertheless, experience gained with the SCPG apparatus proves that it is
reliable, reproducible and suitable for the study of angular rock fragments similar to

caved rock.

Evidently, more complex distributions of non-spherical particles are required to
confidently simulate highly angular particles representing caved rock. Given the
computational limitations of standard desk-top computers used in this thesis, a
greater and more powerful system (e.g., cluster processor) is necessary in order to
simulate higher degree of clump-particles number. Nevertheless, it has been shown
that the use of non-spherical particles provides closer agreement with the results of
physical experiments than mono-spherical particles, but this came at the cost of
longer run times and a reduction in the total number of particles. Significantly, the
work in this thesis shows the potential of DEM in percolation studies on REV

models of caved rock.

Whilst the results presented in this thesis are encouraging and added significantly to
the understanding of percolation of fine particles in granular assemblies of angular
rock, it is apparent that a number of key questions remain unanswered, and
opportunities exist for further studies in appropriate scaled physical models, fully
calibrated and validated numerical models and/or at full scale in block caving mines.
Full scale tests are necessary to substantiate the results from physical modelling
and/or calibrated numerical simulations in order to provide a meaningful and

comprehensive knowledge of percolation in caving mines.

In conclusion, an improved knowledge of gravity flow of angular rock particles,

especially percolation mechanisms, has general application in the caving mines
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(e.g., block caving, sub-level caving, back-fill method), minerals processing,
geology, civil engineering and other fields such as chemical engineering

(i.e., powder and pharmaceuticals).

7.4 RECOMMENDATIONS FOR FUTURE RESEARCH

It is shown in this thesis that the knowledge of percolation in angular rock
assemblies is at an early stage of understanding. With regard to this statement, an

outline of recommended future research is presented in following sections.

7.4.1 Physical Models

7.4.1.1 Shear Cell for Percolation of Geomaterials (SCPG)

In this present thesis, percolation of fine particles was studied for binary mixtures of
fine and coarser bed-matrix particles (i.e., I, Bl, IB and BB series). In order to more
closely represent actual caved rock, it is recommended that more complex size
distribution models such as tertiary or quaternary series should be tested.
Nevertheless, it is worth highlighting that higher order mixtures may lead to
experimental complexities and be extremely time consuming. However, it is
suggested that the use of real caved rock fragmentation distributions should be taken

into consideration in the future percolation studies.

Additionally, the development of cost-effective, reusable and individually
identifiable “smart” markers for use as fine particles would provide insight of the
fine percolating mechanisms. Ideally, the markers should be identically matched to

the particle properties used in the test (e.g., density, size).

Finally, given that the SCPG apparatus designed for this thesis is believed to be the
first apparatus that was designed and fabricated specially for the study of percolation
on angular rock fragments, it is recommended that future research should focus on

extending the following experimental parameters and apparatus designs:
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o effect of sieve aperture size and shape;

o effect of moisture;

o effect of filling method in which the continuous fine particle filling is tested;

o effect of wall friction (or particle-wall friction);

o effect of the coarser bed-matrix height;

o effect of normal stress (o, );

e extension of larger particle diameter ratio (i.e., d,/d,>0.5);

e SCPG measurement system improvement in the way that the rock dust
generated can be remove automatically thus provide better measurement
control and significantly reduce experimental time;

e SCPG dimension upgrade in which larger volume, scale and particles size
can be tested; and

e improvements in the timer setting system in which the fine marker residence
time can be evaluate and recorded automatically thus increase the accuracy

of the results.

7.4.1.2 Shear strain assessment in a 1:100 scaled Kvapil Type-A model

The preliminary shear strain assessments in this thesis are solely based on two
dimensional modelling, and a three dimensional scaled model is recommended for
future work. Although many physical modelling attempts have focused on the
gravity flow of caved rock, no published work was discovered on the assessment of
actual shear strains. Subsequently, it is also a prerequisite for scale modelling to be

conducted in future work.

In addition, a better representation of particle size distributions more closely
representing actual caved rock is required. Finally, similar to the application of cost-
effective, reusable and individually identifiable marker in SCPG, the developments
of cost effective and re-usable marker is strongly recommended. This is especially in
3D scaled model where the measurement and observation of the marker

identification and coordination is difficult and time consuming.
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7.4.2 Numerical Simulations

The discrete element method has proven to be a powerful and versatile method in
the investigation of granular flows but for percolation studies is restricted by
computational limits. Accordingly, the representation of large numbers of complex
non-spherical shapes (and size distributions) of actual caved rock particularly
restricts 3D modelling. One practical recommendation for future research to
overcome this limitation may lie within the development of hybrid/coupled

continuum-discontinuum.

The development of such hybrid/couple continuum-discontinuum provides
complementary features for both input parameter of the particles, and continua. An
accurately calibrated and validated hybrid/coupled codes is probably the best
alternative to simulate percolation of fine and coarser aggregates of complex non-
spherical shape and sizes at large scale of block caving mine. Alternatively, hybrid
codes will run as a stand-alone computer codes with the possibility and flexibility of
element transformation of granular (or continuum method) into discontinua (or

discontinuum method) and vice versa.
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APPENDIX A: SIGNIFICANT MODELLING STUDIES ON THE
ISOLATED EXTRACTION ZONE

Table Al: Significant modelling studies on the IEZ (after Sharrock 2008)

Authors/Year/Model description

Remarks and conclusions

Lehman (1916)
Scale: 1:60

Model Size: (w:d:h):
(0.76:0.51:64) m

Prototype Size (w:d:h):
(46:31:38) m

Medium: Crusher ore and waste

Mine: Inspiration (BC)

Aim: Investigate the rate of dilution entry for waste rock placed above
ore.

Method: 16 experiments were run, and results reported for a range of size
fractions.

Results: (1) The less distance between chute centres, the greater the
extraction; (2) The higher the ore column, the greater the extraction; (3)
The less the amount draw at a time from each chute, uniformly, the great
the extraction of clean ore before the capping(waste) appeared; (4) The
coarser the ore and capping without fines, the greater the extraction;
(5) The higher the grade of ore, the greater the extract, when a uniform
limit of grade is allowed at the end of the chute drawing.

McNicholas et al. (1946)

No markers placed in model

Aim: Studied ore recovery in Miami copper, and Climax Molybdenum
mines (USA).

Results: Commented on higher potential for arching at drawpoints for
coarse fragmentation, as compared to fine fragmentation.

Redaelli (1963)
Scale: 1:50
Medium: Sand

Scale modelling was used to help design the layout for Koskullskulle
sub-level cave.

Kvapil (1965a)
Medium: Sand

Mine/Context: Flow in Bins

First quantitative attempt to understand mechanisms controlling gravity
flow. Developed ellipsoidal theory, postulated IEZ width increases with
particle size. Marker system proposed. Commented that exact shape of
extraction zone could only be found using full scale tests.

Kvapil (1965b)

Extension of Kvapil (1965a) to coarse materials. Mentions particle
rotation and translation.

Airey (1965)
Scale: 1:50
Mine: Mufalira (SLC)

Two models were presented for the design of Mufulira mine: (1) SLC:
determined angle of draw and ore recovery from dead zone between
drawpoints; (2) Section through SLC “trial” mining area on a ring by
ring basis.

Janelid and Kvapil (1966)

Applied Kvapil (1965a; 1965b) to sub-level caving. Noted importance of
particle size of ore relative to waste. Proposed design rules for the
planning of sub-level caving layouts.

McCormick (1968)

Commented that an ellipse does not accurately represent the shape of the
IEZ for broken rock.

Results: at high values of draw height, the extraction is approximated by
a cylinder with a conical base, and hemispherical top, rather than an
ellipse.

Haglund (1968)

Reported Ahlin’s work on experiments at 1:10, 1:50 and 1:100 scale.

Results: each scale were not convertible. According to Halim (2006)
results were based on limited data set.
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Gardner (1966)

2D experimental work on flow in bins and hoppers.

Results: (1) Mathematical model forecasting shape of dead zones as
function of angle of internal friction. (2) considered density changes in
model resulting from loading procedure. (3) walls of model had layer of
granular media. Level of media in model kept constant.

Free (1970); Just and Free (1971)
Scale: 1:60

Model size (w:d:h):
(0.76:0.51:64) m

Prototype size (w:d:h):
(46:31:38) m

Found ellipse theory is a good fit for a range of material types using a 2D
Model.

Found that for glass beads IEZ width increases with particle diameter
(three sizes considered) which supports Kvapil (1965a).

Mine: 2D Longitudinal and Transverse SLC Layout.
Medium: Glass Beads (3, 5, 8) Gravel (1.6, 7.9) mm

Janelid (1972)

Compared Grangesberg full scale SLC experiments with 1:20 model, and
found good agreement.

Results: scale model tests give a higher and narrower drawzone, since
the model material is less packed and has higher mobility than the
prototype. Friction angle has an effect on draw width — greater friction
angle results in greater draw width.

Sandstrom (1972)

SLC Model examining 3D modelling and similitude requirements such
as media mass, consolidation and friction. Tests with crushed ore give
qualitative quantitative results that are useful. Recommended wall of
model be roughened to represent particle internal friction angle.

Janelid (1972)

Commented that an ellipse does not accurately represent the shape of the
IEZ or IMZ for broken rock at high values of IEZ height.

McMurray (1976)

Model size (w:d:h):
(0.76:0.76:2.4) m

Documents modelling work at Shabanie SLC asbestos mine. Heslop and
Laubscher (1981) report some details on model.

Panczakiewicz (1977)

1:50 scale 2D and 3D experiments on SLC layout. Investigated effect of
vertical compaction of media though the use of a custom designed
compactor. Did not relate modelled compaction to prototype. Presented
description of mechanisms influencing gravity flow.

Marano (1980)

Scale: 1:80

Model size (w:d:h):
(0.76:0.76:2.40) m
Prototype size (w:d:h):
(60:60:192) m

Used a 1:80 scale sand model to examine interactive draw in block
caving. Commented that at high values of draw height, the extraction
zone is approximated by a cylinder with a conical base, and
hemispherical top. This supports McCormick (1968). Commented on
interaction theory, and that in multiple drawpoint scenarios, application
of ellipse theory was incorrect.

Medium: Sand (psp = 0.7 mm).

Chen and Boshkov (1981)

Full scale SLC test at He-Pei (China). Markers used to determine IEZ.

Yenge (1980; 1981)

2D models at Colorado School of Mines, examined the influence of
selected parameters on the gravity flow of gravel. Used marker system,
and repeated experiments 7 to 14 times. Refilled model. Based on
Gardner (1966) and Sandstrom (1972) used nails through glass panel to
roughen the model wall to represent particle internal friction angle.
Found that for small column heights ellipse theory is a good
representation of IEZ (i.e. SLC mines).
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Heslop and Laubscher (1981)
Scale: 1:80

Model size (w:d:h):
(0.76:0.76:2.40) m

Prototype size (w:d:h):
(60:60:192) m

Medium: Sand (pse=0.7 mm)

Interpreted and documents McMurray (1976). Used scale modelling and
observations to establish basic mechanics of gravity flow for block
caving mines. Commented on interaction theory, and that in multiple
drawpoint scenarios, application of ellipse theory was incorrect.
Measured IDZ width as 108 mm.

Mine/Context: (BC).

Peters (1984)

Scale: 1:50

Model size (w:d:h):

(0.5:3.6:4.5) m

Prototype size (w:d:h): n/a
Medium: Gravel (12, 25, 38) mm

Investigated the effect of particle size and drawpoint width on the
extraction zone size and shape. layers of markers. Concluded that size
has minimal influence on drawzone width. Power (2004) notes that the
model width was restricted relative to height, hence results cannot be
applied in 3D. For small column heights ellipse theory is a good
representation of IEZ (i.e. SLC mines). Found no interaction at
drawpoint spacing of 1.14 times the width of the IEZ. Markers used.

Alvial (1992)

Full scale BC tests at El Teniente mine Chile. A single layer of “tyres”
used as markers. 19 were recovered over a 10 years period. Data could
not be used to define the IEZ geometry.

McNearny and Abel (1993)
Model size (w:d:h):
(0.9:4.6:6.1) m

Prototype size (w:d:h):
(60:60:192) m

Medium: Bricks (w:d:h):
(53:95:95) mm

Large scale 2D tests using bricks
Aim: to measure and compare movement zones with UDEC simulations.

Results: shape of drawzone (inverted cone) is substantially different to
the draw envelope produced by 1 inch nominal gravel (ellipse). The
distribution of stress controls drawing behaviour.

Gustafsson (1998)

Full scale SLC tests at Kiruna (Sweden).

Sharrock (1999)

Developed 3D cellular automata for granular flow, which was later used
to recover IEZ width data.

Hollins and Tucker (2004);
Szwedzicki and Cooper (2007)

Full scale SLC tests at Perseverence mine Leinster (Australia).
Developed IEZ geometric parameters for a range of blasting and
recovery scenarios. Results linked to mass drawn, each bucket load was
“laid out”.

Lowther (pers. comm., 2008)

Full scale SLC marker trial at Ridgway mine (Australia). Over 50 rings
were tested, and results continue to be compiled to 2008. Key results
included quantification of IEZ width, and height, and associated ore
recovery.

Pierce et al. (2003)

PFC3D numerical models of particle friction, size and shape for isolated
draw column, approximately 30 m high. Models were developed for the
ICS and were used in conjunction with Power (2004) scale physical
model, to calibrate REBOP.

Sharrock (2003)
Scale: 1:100
Medium: Gravel (5, 15) mm

2D scaled physical model for investigation of particle micro-mechanics.

Aim: to exam shear banding in granular media, through a simple glass
sided window.

Mine: Perseverance — Leinster
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Pierce and Hakan (2004)

Development of REBOP (Rapid Emulator based on PFC3D). Encodes
algorithms describing erosion and collapse, and in particular the relation
between particle size and IEZ transient geometry, derived from Power
(2004).

Power (2004) Found a weak correlation between particle size and IEZ width for 5, 7
Scale: 1:30 and 14 mm gravel based on one repetition of experiments. Found no
Model size (w:d:h): similar relation between 14 and 20 mm gravel.

(21:2.2:33)m Marker Pattern: 100 mm spacing (actual 3 m).

. . Mine: drawbell based on Palabora. Concluded that an ellipsoid is a good

Prototype size m (W-d:h): model for the IEZ up to draw height of 100 m

(63:66:99) m P g :

Halim (2004) Compared results from Power (2004), Chen and Boshkov (1981) and
JKMRC (2003), against Kvapil (1965a). Concluded that the curves
provided in Kvapil (1965a) give poor estimates of IEZ width for a given
IEZ height for three brief case studies.

Pretorius (2006) Key aim was to determine dilution entry point. Waste was introduced

Scale: 1:100 into the top of the model as glass beads. Percolation was tracked. Ore

flow tracked by position markers. More details are required to fully
understand this model, but it appears to represent a slice through the
orebody, with a window to observe flow.

Mine: Palabora (BC).

Castro et al. (2006)
Scale: 1:100
Model size (w:d:h):
(2.1:2.2:3.3) m

Actual size (w:d:h):
(210:220:330) m

Medium: Gravel (8,18) mm

Examined the effect of particle size and height of draw has on the
isolated extraction and movement zone geometries. Results: main
variables affecting IEZ are mass drawn and the height of draw. Particle
size has minimal influence on IEZ and IMZ width. Contradicts previous
study by Power (2004) undertaken with the same model, (but at 1:30
scale). Also found no significant distortion between 1:30 and 1:100
scale. Implies it is possible to extrapolate results from model scale to full
scale.

Brunton (2008)

Aim: Study blasting effects in sub level caving at Ridgeway mine,
Australia.

Trueman et al. (2008)

Model: Same as Castro et al.

(2006)

Medium: Gravel (8) mm

Aim: to study interaction of MZ’s, for a large number of drawpoints.
Four experiments were undertaken. The first two assessed the IMZ
dimensions for isolated draw: found similar results to Castro et al.
(2006). The other experiments studied MZ’s associated with nine
drawpoints spaced 780 mm apart. Results showed no interaction at 1.2
times the IDZ width or greater. By contrast Heslop and Laubscher (1981)
recorded interaction at values less than 1.5 times the IDZ width.

Sharrock et al. (2008)
Scale: 1:100

Model size (w:d:h):
(1.5:1.5:25) m

Actual size m (w:d:h):
(150:150:250) m

Medium: Gravel (5) mm

Detailed investigation of IEZ for three interrelated parameters: stress on
major, minor apex, and IEZ/IMZ boundaries. Detailed particle scale
examination of the isolated extraction zone geometry, and movement
zone. Experiments were repeated size times at high resolution. Variance
in IEZ geometry was categorised.

Marker Pattern: 10 mm spacing (actual 1 m).
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Hashim and Sharrock (2009)
Scale: 1:100

Model size (w:d:h):
(1.0:1.0:0.13) m

Actual size (w:d:h):

(100:100:13) m

Medium: Gravel (ps,=13.20) mm

A 1:100 scaled 2D Kvapil’s Type-A Model using gravel aggregate as a
medium was employed to assess the shear strain experienced in an
isolated drawpoint, representing a block caving mine. Shear strain ()
was found to have magnitude of y < 0.05 per draw event along the
central axis of the movement zone. By contrast, a significantly higher
magnitude of 0.01 < » < 0.10 per draw event was recorded off-axis, in
the IMZ and IEZ respectively.

Marker Pattern: A set of four markers in a rectangle pattern at
approximately 50 mm spacing (actual 5 m). Each set were divided into
six horizontal levels and were positioned at approximately at a row
spacing of 150 mm and column spacing of 100 mm respectively
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APPENDIX B: PHYSICAL MODELLING - MATERIAL PROPERTIES AND CHARACTERISATION

Table B1: Particle shape test, density, volume, porosity and voids ratio for the 13.20 mm basalt aggregates.

. Length, | Width, W Depth, d dn Ds |[Weightinair| Weightin | Volume DOs b Porosity Void ratio
Particle ) (mm) ) (mm) I/w | I/d |d/d, Iy (mm) (gram) water (gram) (cm?) (glem?) (glem?) (n) (&)
1 15.41 13.24 9.24 1263 | 116 | 167 | 073 [ 070 | 11.20 2.04 1.30 0.74 2.77 1.77 0.36 0.56
2 14.32 10.12 8.42 10.95 | 142 [ 170 | 077 | 069 | 9.69 1.31 0.83 0.48 2.75 1.75 0.36 0.57
3 15.57 12.58 10.38 1284 | 124 | 150 | 0.81 | 068 | 11.29 2.06 1.31 0.75 2.74 1.74 0.37 0.58
4 16.57 14.04 10.58 1373 | 118 [ 157 | 077 | 064 | 11.86 2.43 1.56 0.87 2.79 1.79 0.36 0.56
5 19.02 15.56 11.56 1538 | 122 | 165 | 075 | 083 | 14.44 4.36 2.78 1.58 2.76 1.76 0.36 0.57
6 15.25 12.65 9.59 1250 | 121 [ 159 [ 077 | 072 [ 1122 2.05 1.32 0.74 2.78 1.78 0.36 0.56
7 14.28 12.03 10.21 1217 | 119 | 140 | 084 | 071 | 10.84 1.87 1.20 0.67 2.79 1.79 0.36 0.56
8 13.05 10.90 6.98 1031 | 120 [ 187 | 0.68 | 081 [ 9.60 1.28 0.82 0.46 2.76 1.76 0.36 0.57
9 16.12 14.85 9.32 1343 | 109 | 1.73 | 069 | 069 | 11.85 2.41 1.54 0.87 2.76 1.76 0.36 0.57
10 14.01 12.36 8.54 1164 | 113 [ 164 | 073 | 068 | 10.23 1.56 1.00 0.56 2.78 1.78 0.36 0.56
11 11.46 10.23 8.89 1019 | 112 [ 1.29 | 0.87 [ 085 | 9.66 1.27 0.80 0.47 2.70 1.70 0.37 0.59
12 13.56 11.42 9.98 11.65 | 119 | 1.36 | 0.86 | 0.70 | 10.35 1.60 1.02 0.58 2.76 1.76 0.36 0.57
13 11.58 8.91 6.02 8.84 130 | 192 [ 068 | 0.81 | 8.23 0.80 0.51 0.29 2.74 1.74 0.36 0.57
14 15.04 12.35 9.23 1221 | 122 [ 163 | 076 | 080 | 11.35 2.08 1.32 0.76 2.72 1.72 0.37 0.58
15 12.78 10.01 5.98 9.59 1.28 | 214 [ 062 | 0.82 | 8.99 1.05 0.67 0.38 2.77 1.77 0.36 0.56
16 10.03 8.65 6.87 8.52 116 | 146 | 081 | 0.82 | 7.97 0.72 0.46 0.27 2.73 1.73 0.37 0.58
17 14.33 12.65 8.65 11.88 | 113 | 166 | 0.73 | 0.67 | 10.39 1.59 1.00 0.59 2.71 1.71 0.37 0.58
18 19.03 15.23 12.55 1560 | 125 | 152 | 0.80 | 0.78 | 14.38 4.27 2.71 1.56 2.74 1.74 0.36 0.57
19 17.56 15.21 12.86 1521 | 115 [ 137 | 0.85 | 0.80 | 14.11 4.09 2.62 1.47 2.78 1.78 0.36 0.56
20 15.68 13.84 10.50 1334 | 113 | 149 | 079 [ 082 | 12.48 2.80 1.79 1.02 2.76 1.76 0.36 0.57
21 13.47 12.56 9.51 11.85 | 107 | 142 [ 0.80 | 0.80 | 10.98 1.87 1.18 0.69 2.71 1.71 0.37 0.59
22 14.00 12.32 8.98 11.77 | 114 [ 156 | 0.76 | 0.74 | 10.66 1.73 1.09 0.64 2.72 1.72 0.37 0.58
23 18.98 15.83 10.64 1515 | 120 | 178 | 070 [ 0.82 | 14.18 4.05 2.56 1.49 2.71 171 0.37 0.58
24 12.56 11.24 8.33 1071 | 112 [ 151 | 078 | 0.84 | 10.10 1.45 0.91 0.54 2.70 1.70 0.37 0.59
25 13.02 10.65 6.95 1021 | 122 [ 187 | 068 | 085 | 9.65 1.29 0.82 0.47 2.74 1.74 0.37 0.57
26 13.56 11.02 8.65 11.08 | 123 [ 157 | 0.78 | 0.74 | 10.03 1.48 0.95 0.53 2.79 1.79 0.36 0.56
27 18.75 15.54 12.12 1547 | 121 | 155 | 078 [ 077 [ 1417 4.14 2.65 1.49 2.78 1.78 0.36 0.56
28 17.69 15.23 11.69 1487 | 116 | 151 | 079 | 0.76 | 1355 3.60 2.30 1.30 2.76 1.76 0.36 0.57
29 14.59 12.10 5.97 1089 | 121 | 244 | 055 | 074 | 9.84 1.38 0.89 0.50 2.77 1.77 0.36 0.56
30 19.98 17.87 10.14 16.00 | 112 [ 197 [ 063 | 0.81 | 14.01 4.84 3.10 1.74 2.79 1.79 0.36 0.56
31 11.85 9.24 7.24 9.44 1.28 | 164 [ 077 | 075 | 8.60 0.90 0.57 0.33 2.71 171 0.37 0.59
32 15.06 12.20 9.61 1229 | 123 [ 157 [ 078 | 0.78 | 11.30 2.08 1.32 0.76 2.75 1.75 0.36 0.57
33 18.54 15.42 13.63 15.86 | 120 | 1.36 | 0.86 | 0.79 | 14.68 452 2.86 1.66 2.73 173 0.37 0.58
34 17.55 14.37 11.45 1446 | 122 | 153 | 079 [ 078 | 13.32 3.45 2.21 1.24 2.79 1.79 0.36 0.56
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35 18.26 15.03 12.60 15.30 1.21 1.45 0.82 0.82 [ 14.32 4.18 2.64 1.54 2.72 1.72 0.37 0.58
36 14.38 11.09 8.02 11.16 1.30 1.79 0.72 0.75 | 10.16 1.52 0.97 0.55 2.77 1.77 0.36 0.57
37 16.50 13.89 11.25 13.88 1.19 1.47 0.81 0.76 | 12.65 2.93 1.87 1.06 2.77 1.77 0.36 0.57
38 19.06 15.15 10.56 14.92 1.26 1.80 0.71 0.75 | 13.56 3.55 2.24 1.31 2.72 1.72 0.37 0.58
39 18.05 15.13 12.09 15.09 1.19 1.49 0.80 0.84 | 14.26 4.10 2.58 1.52 2.70 1.70 0.37 0.59
40 16.98 14.02 11.37 14.12 1.21 1.49 0.81 0.81 | 13.16 3.28 2.09 1.19 2.75 1.75 0.36 0.57
41 17.23 14.21 12.51 14.65 1.21 1.38 0.85 0.75 | 13.28 3.41 2.19 1.23 2.78 1.78 0.36 0.56
42 19.86 17.65 12.16 16.56 1.13 1.63 0.73 0.81 | 15.42 5.24 3.32 1.92 2.73 1.73 0.37 0.58
43 18.54 15.42 11.38 15.11 1.20 1.63 0.75 0.81 | 14.09 4.01 2.55 1.46 2.74 1.74 0.37 0.57
44 17.22 13.29 12.65 14.39 1.30 1.36 0.88 0.78 [ 13.25 3.39 2.17 1.22 2.78 1.78 0.36 0.56
45 17.68 13.58 12.76 14.67 1.30 1.39 0.87 0.76 | 13.39 3.43 2.18 1.26 2.73 1.73 0.37 0.58
46 14.90 12.50 8.03 11.81 1.19 1.86 0.68 0.70 [ 10.48 1.65 1.05 0.60 2.75 1.75 0.36 0.57
47 15.45 10.42 8.01 11.29 1.48 1.93 0.71 0.76 | 10.31 1.58 1.01 0.57 2.75 1.75 0.36 0.57
48 16.58 15.69 11.23 14.50 1.06 1.48 0.77 0.76 [ 13.25 3.39 2.17 1.22 2.78 1.78 0.36 0.56
49 17.59 16.01 10.25 14.62 1.10 1.72 0.70 0.75 | 13.26 3.39 2.17 1.22 2.78 1.78 0.36 0.56
50 20.51 17.51 13.66 17.23 1.17 1.50 0.79 0.78 | 15.83 5.69 3.61 2.08 2.74 1.74 0.37 0.58
51 17.55 16.22 11.61 15.13 1.08 1.51 0.77 0.84 | 14.30 4.13 2.60 1.53 2.70 1.70 0.37 0.59
52 19.27 15.08 10.15 14.83 1.28 1.90 0.68 0.73 | 13.34 3.37 2.13 1.24 2.71 1.71 0.37 0.58
53 13.61 11.13 8.87 11.20 1.22 1.53 0.79 0.75 | 10.20 1.54 0.98 0.56 2.77 1.77 0.36 0.56
54 15.34 13.26 10.26 12.95 1.16 1.50 0.79 0.70 | 11.50 2.20 1.41 0.80 2.77 1.77 0.36 0.57
55 14.88 10.84 8.54 11.42 1.37 1.74 0.75 0.74 | 10.33 1.61 1.03 0.58 2.78 1.78 0.36 0.56
56 14.68 10.45 8.35 11.16 1.40 1.76 0.75 0.75 | 10.13 1.52 0.97 0.54 2.78 1.78 0.36 0.56
57 12.12 9.20 7.99 9.77 1.32 1.52 0.82 0.83 9.19 1.12 0.71 0.41 2.75 1.75 0.36 0.57
58 16.55 14.32 12.21 14.36 1.16 1.36 0.85 0.81 | 13.36 3.37 2.12 1.25 2.70 1.70 0.37 0.59
59 14.36 12.84 10.41 12.54 1.12 1.38 0.83 0.76 [ 11.47 2.17 1.39 0.79 2.76 1.76 0.36 0.57
60 18.56 15.61 11.81 15.33 1.19 1.57 0.77 0.84 | 14.47 441 2.83 1.59 2.78 1.78 0.36 0.56
mean 15.51 13.25 10.18 12.90 1.20 1.56 0.79 0.77 | 11.48 2.19 1.40 0.79 2.76 1.76 0.36 0.57
st. dev 2.46 2.30 1.98 2.14 0.08 0.21 0.93 0.05 2.02 1.27 0.81 0.47 0.03 0.03 0.00 0.01
max 20.51 17.87 13.66 17.23 1.48 2.44 0.79 0.85 | 15.83 5.68 3.61 2.08 2.80 1.79 0.37 0.59
min 10.03 8.65 5.97 8.52 1.06 1.29 0.70 0.64 7.97 0.72 0.46 0.27 2.70 1.70 0.36 0.56
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Table B2: Particle shape test

density, volume, porosity and voids ratio for the 6.18 mm basalt aggregates.

. Length, | Width, W Depth, d dn Ds |[Weightinair| Weightin | Volume DOs b Porosity Void ratio
Particle ) (mm) ) (mm) I/w I/d |d/dy Iy (mm) (gram) water (gram) (cm?) (glem?) (glem?) (n) (&)
1 5.86 4.45 4.15 4.82 132 | 141 [ 086 | 0.84 | 455 0.14 0.09 0.05 2.75 1.75 0.36 0.57
2 6.01 4.82 417 5.00 1.25 | 144 [ 083 | 084 [ 472 0.15 0.10 0.06 2.74 1.74 0.36 0.57
3 6.01 4.84 4.62 5.16 1.24 | 130 [ 090 | 0.83 | 484 0.16 0.10 0.06 2.71 171 0.37 0.58
4 6.34 5.22 3.99 5.18 1.21 | 159 [ 077 | 0.84 [ 489 0.17 0.11 0.06 2.75 1.75 0.36 0.57
5 6.36 4.35 3.67 4.79 146 | 173 [ 077 | 083 | 451 0.13 0.08 0.05 2.71 171 0.37 0.58
6 5.94 4.92 3.85 4.90 121 | 154 [ 079 [ 084 | 462 0.14 0.09 0.05 2.75 1.75 0.36 0.57
7 6.98 5.65 4.94 5.86 1.24 | 141 [ 084 | 085 | 554 0.24 0.15 0.09 2.73 1.73 0.37 0.58
8 5.91 476 433 5.00 124 | 136 | 087 | 084 | 472 0.15 0.10 0.06 2.74 1.74 0.36 0.57
9 6.32 5.81 5.03 5.72 1.09 | 126 | 088 | 0.84 | 5.39 0.23 0.14 0.08 2.75 1.75 0.36 0.57
10 5.75 4.93 4.35 5.01 117 [ 132 [ 087 [ 083 [ 471 0.15 0.09 0.05 2.73 1.73 0.37 0.58
11 6.12 5.34 4.25 5.24 115 | 144 [ 081 | 084 [ 493 0.17 0.11 0.06 2.76 1.76 0.36 0.57
12 6.05 5.63 4.54 5.41 107 | 133 [ 084 | 0.84 [ 5.10 0.19 0.12 0.07 2.75 1.75 0.36 0.57
13 6.34 4.77 4.01 5.04 1.33 | 158 | 080 | 0.85 | 478 0.15 0.10 0.06 2.70 1.70 0.37 0.59
14 6.02 4.85 3.89 4.92 1.24 | 155 [ 079 | 0.85 [ 465 0.14 0.09 0.05 2.72 1.72 0.37 0.58
15 5.11 4.81 4.37 4.76 1.06 | 117 [ 092 | 0.84 [ 4.49 0.13 0.08 0.05 2.75 1.75 0.36 0.57
16 6.45 5.91 4.86 5.74 109 | 133 [ 085 | 084 [ 541 0.23 0.15 0.08 2.75 1.75 0.36 0.57
17 6.13 4.97 3.73 4.94 1.23 | 164 | 075 | 0.83 | 4.65 0.15 0.09 0.05 2.76 1.76 0.36 0.57
18 7.49 6.08 4.92 6.16 1.23 | 152 [ 080 | 0.84 | 581 0.28 0.18 0.10 2.74 1.74 0.36 0.57
19 6.78 5.95 5.37 6.03 114 [ 126 | 089 [ 0.84 | 5.69 0.26 0.17 0.10 2.75 1.75 0.36 0.57
20 6.55 5.29 4.79 5.54 1.24 | 137 [ 086 | 0.85 | 5.25 0.21 0.13 0.08 2.72 1.72 0.37 0.58
21 6.43 5.93 5.09 5.82 1.08 | 1.26 | 0.88 | 0.84 [ 549 0.24 0.15 0.09 2.74 1.74 0.36 0.57
22 7.12 5.87 4.61 5.87 1.21 | 154 [ 079 | 0.82 | 5.49 0.24 0.15 0.09 2.79 1.79 0.36 0.56
23 5.89 5.14 4.41 5.15 115 | 134 [ 086 | 0.84 | 485 0.16 0.10 0.06 2.74 1.74 0.36 0.57
24 6.35 5.32 4.02 5.23 119 | 158 [ 077 | 0.84 [ 4.93 0.17 0.11 0.06 2.75 1.75 0.36 0.57
25 6.73 4.96 3.83 5.17 136 | 1.76 | 074 | 0.85 [ 4.89 0.17 0.11 0.06 2.73 1.73 0.37 0.58
26 6.63 493 3.57 5.04 134 | 186 | 071 | 0.85 | 478 0.16 0.10 0.06 2.72 1.72 0.37 0.58
27 5.99 4.62 3.89 4.83 130 | 154 [ 080 | 0.84 | 456 0.14 0.09 0.05 2.75 1.75 0.36 0.57
28 6.70 5.94 4.87 5.84 113 [ 1.38 | 0.83 | 0.81 | 544 0.23 0.15 0.08 2.72 1.72 0.37 0.58
29 6.13 5.35 3.93 5.14 115 | 156 | 077 | 0.83 | 482 0.16 0.10 0.06 2.76 1.76 0.36 0.57
30 5.89 4.84 3.98 4.90 1.22 | 148 [ 081 [ 084 | 462 0.14 0.09 0.05 2.75 1.75 0.36 0.57
31 6.57 5.64 4.14 5.45 116 | 159 [ 076 | 0.85 | 5.16 0.20 0.12 0.07 2.71 171 0.37 0.59
32 5.59 4.49 4.15 4.74 1.24 | 135 | 087 [ 0.89 | 456 0.14 0.09 0.05 2.79 1.79 0.36 0.56
33 6.56 5.21 4.51 5.43 1.26 | 145 | 083 | 0.84 [ 512 0.19 0.12 0.07 2.75 1.75 0.36 0.57
34 6.75 5.43 4.69 5.62 1.24 | 144 [ 083 | 0.84 [ 530 0.21 0.14 0.08 2.74 1.74 0.36 0.57
35 6.14 5.14 3.91 5.06 119 | 157 [ 077 | 085 [ 481 0.16 0.10 0.06 2.70 1.70 0.37 0.59
36 6.41 4.32 3.54 4.76 148 | 181 [ 074 | 084 [ 449 0.13 0.08 0.05 2.74 1.74 0.36 0.57
37 6.11 3.99 2.86 4.32 153 | 2.14 | 066 | 0.81 [ 4.03 0.10 0.06 0.03 2.77 1.77 0.36 0.57
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38 6.23 4.95 3.98 5.05 1.26 1.57 0.79 0.81 4.71 0.15 0.10 0.05 2.77 1.77 0.36 0.56
39 5.67 4.61 3.83 4.70 1.23 1.48 0.81 0.84 4.43 0.13 0.08 0.05 2.75 1.75 0.36 0.57
40 6.23 5.88 5.31 5.81 1.06 1.17 0.91 0.85 5.50 0.24 0.15 0.09 2.73 1.73 0.37 0.58
41 6.78 4.75 4.65 5.39 1.43 1.46 0.86 0.84 5.09 0.19 0.12 0.07 2.75 1.75 0.36 0.57
42 6.23 531 4.67 5.40 1.17 1.33 0.86 0.85 5.12 0.19 0.12 0.07 2.77 1.77 0.36 0.57
43 7.21 6.69 5.89 6.60 1.08 1.22 0.89 0.84 6.22 0.35 0.22 0.13 2.75 1.75 0.36 0.57
44 6.43 4.53 4.84 5.27 1.42 1.33 0.92 0.84 4.97 0.18 0.11 0.06 2.74 1.74 0.36 0.57
45 5.17 4.12 3.87 4.39 1.25 1.34 0.88 0.88 421 0.11 0.07 0.04 2.71 1.71 0.37 0.59
46 6.67 4.47 3.67 4.94 1.49 1.82 0.74 0.84 4.66 0.15 0.09 0.05 2.74 1.74 0.36 0.57
47 6.42 5.11 3.65 5.06 1.26 1.76 0.72 0.85 4.80 0.16 0.10 0.06 2.71 1.71 0.37 0.58
48 6.11 5.66 4.89 5.55 1.08 1.25 0.88 0.81 5.17 0.20 0.12 0.07 2.72 1.72 0.37 0.58
49 6.03 4.72 4.23 4.99 1.28 1.43 0.85 0.84 4.71 0.15 0.10 0.05 2.75 1.75 0.36 0.57
50 6.28 4.96 4.37 5.20 1.27 1.44 0.84 0.80 4.82 0.16 0.10 0.06 2.70 1.70 0.37 0.59
mean 6.26 4.97 4.24 5N 1.23 1.44 0.83 0.84 0.06 2.74 1.74 6.26 4.97 4.24 0.36 0.57
st. dev 0.46 0.57 0.56 0.45 0.12 0.19 0.06 0.02 0.02 0.02 0.02 0.46 0.57 0.56 0.00 0.01
max 7.49 6.69 5.89 6.60 1.53 2.14 0.92 0.89 0.13 2.79 1.79 7.49 6.69 5.89 0.37 0.59
min 511 3.99 2.86 4.32 1.06 1.17 0.66 0.80 0.03 2.70 1.70 511 3.99 2.86 0.36 0.56
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Table B3: Particle shape test

density, volume, porosity and voids ratio for the 5.21 mm basalt aggregates.

. Length, | Width, W Depth, d dn Ds |[Weightinair| Weightin | Volume DOs b Porosity Void ratio
Particle ) (mm) ) (mm) I/w I/d |d/dy Iy (mm) (gram) water (gram) (cm?) (glem?) (glem?) (n) (&)
1 1 5.79 4.38 3.85 467 | 132 | 150 | 0.82 | 082 4.38 0.12 0.08 0.04 2.70 1.72 0.57
2 2 6.08 4.02 3.88 466 | 151 | 157 | 0.83 | 0.82 4.36 0.12 0.07 0.04 2.71 1.71 0.59
3 3 5.06 4.75 4.23 468 | 107 [ 120 | 090 [ 081 4.36 0.12 0.08 0.04 2.74 1.74 0.57
4 4 5.94 4.36 3.47 459 | 136 [ 1.71 | 076 | 0.82 4.30 0.11 0.07 0.04 2.71 1.71 0.59
5 5 4.13 3.16 2.45 325 | 131 | 1.69 | 075 | 0.95 3.19 0.05 0.03 0.02 2.71 1.71 0.58
6 6 5.26 3.51 3.01 393 [ 150 [ 175 | 077 | 0.79 3.64 0.07 0.05 0.03 2.79 1.79 0.56
7 7 4.99 3.86 3.44 410 | 129 [ 145 | 084 [ 081 3.82 0.08 0.05 0.03 2.73 173 0.58
8 8 5.69 3.98 3.29 432 | 143 [ 173 ] 076 | 081 4.03 0.09 0.06 0.03 2.74 1.74 0.58
9 9 5.42 4.66 3.81 463 | 116 | 142 | 082 | 081 4.32 0.12 0.07 0.04 2.74 1.74 0.58
10 10 5.44 4.76 3.62 461 | 114 [ 150 | 079 | 079 4.27 0.11 0.07 0.04 2.79 1.79 0.56
11 11 5.13 4.61 2.71 415 | 111 [ 189 | 065 [ 081 3.87 0.08 0.05 0.03 2.73 173 0.58
12 12 4.93 4.56 3.61 437 | 108 [ 137 | 083 [ 081 4.07 0.10 0.06 0.04 2.74 1.74 0.57
13 13 5.84 4.49 3.25 453 | 130 [ 1.80 | 072 | 0.82 4.23 0.11 0.07 0.04 2.72 1.72 0.58
14 14 5.39 3.82 2.21 381 | 141 | 244 | 058 [ 082 3.56 0.06 0.04 0.02 2.70 1.70 0.59
15 15 5.32 4.43 3.39 438 | 120 | 157 | 077 [ 081 4.08 0.10 0.06 0.04 2.75 1.75 0.57
16 16 5.58 4.54 3.14 442 | 123 [ 178 | 071 [ 081 4.12 0.10 0.06 0.04 2.73 1.73 0.58
17 17 5.30 4.39 3.46 438 | 121 [ 153 ] 079 | 0.82 4.10 0.10 0.06 0.04 2.71 171 0.58
18 18 450 3.66 3.17 378 | 123 | 142 | 084 [ 081 3.51 0.06 0.04 0.02 2.75 1.75 0.57
19 19 5.68 4.95 3.81 481 | 115 [ 149 | 079 | 081 4.48 0.13 0.08 0.05 2.74 1.74 0.57
20 20 5.39 4.25 3.42 435 | 127 | 158 | 079 | 0.80 4.03 0.10 0.06 0.03 2.79 1.79 0.56
21 21 6.59 491 3.68 506 | 134 [ 179 | 073 | 081 472 0.15 0.1