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Abstract

Stockpile blending is widely accepted as an effective method to reduce the short-term quality
variations and optimise the homogeneity of bulk materials, such as iron ore. Currently, both
industry practice and academic research focus on planning, scheduling and optimisation
algorithms to stack a stockpile that meets the predefined quality requirements. Namely,
using ‘selective stacking’ algorithms to optimise the quality of a stockpile and improve the
operational efficiency. However, it has been identified that stockpiled products are currently
being reclaimed at approximately 50% of their potential engineering productive rates after
applying such ‘selective stacking’ methods at most iron ore loading ports in Australia. There
is an evident lack of solutions to this issue in the literature. This study focuses on stockpile
modelling techniques to estimate the quality of a stockpile in both stacking and reclaiming

operations for consistent and efficient product quality planning and control.

The main objective of this work is to build an up-to-date geometric model of a stockpile
using laser scanning data and apply this model to quality calculations throughout the stacking
and reclaiming operations. The significant elements of the proposed research are to: (1)
upgrade a stockyard machine used to stack or reclaim the stockpile (i.e. a Bucket Wheel
Reclaimer) into a mobile scanning device using Kalman filtering to measure the stockpile
surface continuously; (2) build a 3D stockpile model from the measurement data in real time
using polynomial and B-spline surface modelling techniques and use this model to calculate
the quality of a stockpile with a great degree of accuracy when the quality composition
is available; (3) associate the 3D model with the reclaiming machine model to achieve
autonomous operation and predict the quality of the reclaimed material through voxelization
techniques. In order to validate the developed techniques, several experimental tests were
conducted using simulation and real scenarios. It was verified that the proposed 3D stockpile
modelling algorithms are adequate to represent the real geometric shape with great accuracy.

The percentage error in volume is better than 0.2%. Therefore, the combination of stock-



xii

pile and BWR (Bucket Wheel Reclaimer) models enables the reclaiming to be conducted

automatically.

To the best of author’s knowledge, this is the first time that a stockpile is modelled au-
tomatically in real-time and the integration of the stockpile and BWR model generates a
novel stockpile management model allows true reclaiming automation. Thus, the quality
of material composition after every stacking/reclaiming operation is calculated from the

geometric shape/volume, density and quality assay results.

Through accomplishing this project, the quality of a stockpile and its distribution inside the
stockpile can be tracked continuously and the stacking/reclaiming trajectory of the machine
can be controlled precisely. By making available such information, it is then possible to
develop proactive stacking or reclaiming pattern strategies with more accurate product quality
grade planning and control. Therefore, the workload of current selectively stacking and
reactive reclaiming algorithms can be relieved, and the production rates can be improved

with good output product quality control.



Table of contents

List of figures
List of tables
List of acronyms

1 Introduction

1.1 TIron Ore Exportation . . . . . . .. ... ... ... .. ...,
1.2 Mining Operation and Quality Control . . . . . . .. .. ... ... ....
1.3 Motivation . . . . . . . . . oL e e e e
1.4 ODbjectives . . . . . . . o o i e e e
1.5 Thesis Structure . . . . . .. Lo

2 Literature Review

2.1 Stockpile Blending . . . . .. .. ... Lo
2.2 StockpileModelling . . . . . . .. ... Lo
2.2.1 Mathematical Model . . . . . ... ... ... ... ... ... .
222 GeometricModel . . . .. ... L Lo
2.3 Machine Operation Control . . . . . . .. ... ... ... ... ..., .
2.4 Stockyard Management . . . . . . . ... ..o
25 ResearchGap . . . . . .. .. . .
251 Summary . ... e e
252 Innovations . . . . . . . . . . ...

3 BWR Localization for Stockpile Scanning
3.1 Mobile Laser Scanning . . . . . . . .. .. ...
3.1.1 KalmanFilter . . . . . .. ...

xvii

xxi

xxiii

<N N AN =

O &

13
13
17
19
21
22
23
24



Xiv Table of contents
3.1.2 UKF . . 30

3.1.3 UKEF Sensor Data Fusion for BWR Localization . . ... ... .. 32

3.2 Simulation Framework . . . . . .. .. .. ... ... . L. 37
32.1 EncoderModule . .. ... .. ... ... ... .. .. ... 37

322 GPSModule . ... ... .. .. 38

3.3 SimulationResults . . . .. ... ... . 39
3.4 Indoor Laser Scanning System . . . . . . . ... ... ... ... ... .. 44
3.4.1 Mechanical and Electrical Aspects . . . . . .. ... ... ..... 44

3.4.2 Preliminary Experiment . . . ... ... ... ........... 46

3.5 Summary ... oL e e e e e 51
4 Stockpile Modelling from Point Cloud Data 53
4.1 Problem Statement . . . . . . ... ... 53
4.2  Wireframe Modelling from Raw Scanning Data . . . . . ... ... . ... 54
4.3 Point Cloud Segmentation . . . . . . .. .. .. ... .. ......... 58
4.4 Surface Modelling . . . ... ... ... ... .. .. 60
4.4.1 Polynomial Approximation. . . . . . .. ... ... ........ 60

4.4.2 B-Spline Interpretation . . . . . . . . ... ... oL 64

4.5 Experimentsand Results . . . . ... .. ... ... L. 68
45.1 DataPreparation . . . ... ... ... ... L. 68

45.2 ExperimentDesign . . . . . ... ... L oL 69

4.5.3 Blending Simulation . . . .. ... ... L L oL 71

454 ModellingResult . . . .. ... ... ... ... ... . ... ... 73

4.6 Summary . ..o ... e e e e e 97
5 Quality Estimation and BWR Automation 101
5.1 3D Stockpile Management Model . . . . . ... ... ... ........ 101
5.1.1 BWR Automation . . .. ... ... ... oo 102

5.1.2  Landing Point Estimation . . . . . ... ... ... ........ 104

5.1.3 Slewing Range Estimation and Model Updating . . . . . . ... .. 108

5.2 Quality Estimationin Blending . . . . . .. ... ... ... ... ... .. 109
5.2.1 Grade Variability Modelling . . . . ... ... ... ........ 110

5.2.2  Stockpile Voxelization for Quality Prediction . . . . .. ... ... 111

5.3 ExperimentandResult . . . . ... .. ... ... ... ... ... ... 123
5.3.1 Cubic Stockpile Voxelization . . . . . . .. ... ... ... .... 123

5.3.2  Quality Volume Calculation in Cubic Model . . . . . ... ... .. 125



Table of contents XV

5.3.3  Quality Predication from Cubic Voxel Models . . . . . . . ... .. 127

5.3.4  Sickle-shape Stockpile Voxelization . . . . .. ... .. ... ... 131

5S4 Summary ... e e e e 136

6 Conclusion and Future Work 139
6.1 Conclusions . . . . . . . . ... e 139

6.2 FutureWork . . . . . . .. 141
References 143

Appendix A 3DOF Laser Scanning System 149






List of figures

Fig
Fig

Fig
Fig

Fig
Fig

Fig
Fig
Fig
Fig
Fig
Fig
Fig

Fig.

Fig
Fig
Fig

Fig
Fig
Fig
Fig
Fig

L1
1.2

.21
.2.2

A normal iron ore exportation procedure . . . . . .. ... ... ...

A Stockpile with layers and a cutting geometry caused by a BWR . . .

The ideal cross sections of stockpiles after stacking . . . . . . . .. ..

A rail mounted BWR operated at the Brockman 4 mine in the Pilbara

region of Western Australia . . . . . . .. ... ... oo

.23
.24

.31
.32
.33
.34
.35
.3.6
.37

.39

The ideal cross sections of stockpiles after stacking . . . . . .. .. ..

3D stockpile management model for quality control . . . . . . . . ..

Upgrading a BWR into a mobile 3D laser scanner . . . . .. ... ..
The KF algorithm for a linear dynamic system . . . . ... ... ...
The UKF algorithm for a nonlinear dynamic system . . . . .. .. ..
The structure of a typical Kalman filter for data fusion . . . . . . . ..
BWR coordination system and motion axes definition . . . . .. . ..
Data flow in the encodermodule . . . . . . ... ... .. ... ....
Data flow inthe GPSmodule . . . . ... ... ... ... ......

Simulated GPS and encoder data against the true trajectory in the first

UKEF localization results for the 1% dataset . . . . .. ... ......

.3.10 UKEF localization results for the 6™ dataset . . . . .. ... ......

.3.11 A 3D drawing of the indoor laser scanning system used for laboratory

scale stockpile scanning . . . . . . .. ...

. 3.12 Coordinator definition for stockpile modelling . . . . . .. ... ...

. 3.13 Experiment setup and dimension of the discharge chute . . .. .. ..

.3.14 1%'layer of the cone stockpile . . . . ... ... .. ..........

.3.15 2" Jayer of the cone stockpile . . . . . . .. ... ... ... ... ..

.3.16 3" layer of the cone stockpile . . . . . ... ... ... ........



xviii List of figures

Fig. 3.17 Surface measured by the indoor 3DOF laser scanner . . . . . .. ... 50
Fig. 4.1 The fitted Fourier curve of asinglescan . . . . . . . ... ... .... 56
Fig. 4.2 Locating the global minimum using optimized iteration searching . . . 58
Fig. 4.3 Point segmentation and boundary detection using image processing . . 59
Fig. 4.4 Point segmentationresult . . . . . .. ... ... ... ........ 59

Fig. 4.5 Grid partitioning reduces the residuals and avoids Runge’s phenomenon 62

Fig. 4.6 Over-fitting is detected automatically through the comparison of the

surface normal vectors before and after modelling . . . . . . . ... .. .. 63
Fig. 47 A (6™, 1 x 1) B-spline surfacemodel . . . . ... ........... 67
Fig. 4.8 Stockpile modelling procedure from laser measurement data . . . . . . 67
Fig. 4.9 Experiment setup for the bench scaled stockpile in the laboratory . . . 70
Fig. 4.10 Variation in the layers of the stockpile during the experiment . . . . . . 73

Fig. 4.11 Systematic errors may occur at some positions when laser scans the
aluminium prism . . . ... L. L. 74

Fig. 4.12 Fit a single scan in the standard prism data using an 8" order Fourier series 75

Fig. 4.13 The triangular prism modelled by the Fourier and the universal Fourier
functions . . . . ... L 75

Fig. 4.14 R-squared and residuals when fitting a single scan obtained at the

stackingphase . . . . . . . ... 77
Fig. 4.15 R-squared and residuals when fitting a single scan obtained at the

reclaiming phase . . . . . .. ... L 77
Fig. 4.16 Large residuals always locate around sharp corners . . . . . . . .. .. 78

Fig. 4.17 The laboratory scaled stockpile modelled by the Fourier and the universal

Fourier functions . . . . . ... ... ... oL oo 78
Fig. 4.18 Fitting a profile from the full scale stockpile using a 8" Fourier series . 80
Fig. 4.19 Fitting a profile from the full scale, simulated stockpile using a 8

Fourierseries . . . . . . . . . . . L e 80

Fig. 4.20 A zoomed view of the imperfect boundary detection results for the 4
layer at the stacking phase . . . . . . . . ... ... L oL 81
Fig. 4.21 Detecting boundary from the simulated stockpile data . . . . . . . .. 82
Fig. 4.22 Laser measurement against the ideal prism surface. The point measure-
ments are plottedingrey . . . . . . . .. ... 83
Fig. 4.23 3™ polynomial model of the triangular prism created from 8 x 8 patches 83
Fig. 4.24 Polynomial surface models obtained using the grid partitioning method 85



List of figures

Xix

Fig. 4.25 Surface rending of the full scale stockpile . . . . . .. ... ... ...
Fig. 4.26 A polynomial surface model of the 4™ layer from the full scale data . .
Fig. 4.27 A polynomial surface model of the 13™ layer from the full scale data. .
Fig. 4.28 The (7", 15 x 15) surface model of the ideal stockpile . . .. ... ..
Fig. 4.29 The (71, 15 x 15) surface model created for the noise measurement data
Fig. 4.30 A comparison of two same degree B-spline models from different
wireframemodel . . . . .. ... ... o oo
Fig. 4.31 B-spline surfaces model of a partially reclaimed stockpile . . . . . ..
Fig. 4.32 B-spline and polynomial model comparisons of the partially reclaimed
stockpile after 1Scuts . . . . . . . ... L
Fig. 4.33 The B-spline surface model of the 15" cut . . . . .. ... ... ...

Fig. 4.34 The B-spline surface model of the noise measurement data . . . . . . .

Fig. 5.1 Ideal torus generated through superimposing the rotation motion of the

BW and the slewing motion of theboom . . . . . . . ... ... ... ...

87
88
88
91
91

103

Fig. 5.2 The maximum cutting depth (H) of the BW in regard to the bank surface 105

Fig. 5.3 Landing the bucket wheel on the stockpile . . . ... ... ... ...
Fig. 5.4 Evaluating the landing point set using a stockpile management model .
Fig. 5.5 Updating the shape of the stockpile after the BW cut out the stockpile
using the trajectory generated from the BWR kinematic model . . . . . ..
Fig. 5.6 A quality distribution model of a one-layer stockpile . . . . ... ...
Fig. 5.7 A cubic voxel model created for the bench scale stockpile . . . . . ..
Fig.5.8 QVOsinsideavoxel . . .. ... .. ... ... ... .. .......
Fig. 5.9 Table of the 2D region R used for automatic double integral calculation
Fig. 5.10 Identification of reclaimed voxel based on the trajectory of the bucket
wheel . . . . ..
Fig. 5.11 Calculating the volume of a QVO object using the QMC method . . . .
Fig. 5.12 Partitioning a voxel into octants and linking them with the quality
distributionmodel . . . . .. ... oL oo
Fig. 5.13 Quality calculation using the QMC method for the 2™ cut . . . . . . .
Fig. 5.14 A 40 mm-resolution voxel model superimposed onto the bench scale

stockpile . . . ...

106
107

124

Fig. 5.15 A 1 m-resolution voxel model superimposed onto the full scale stockpile 124

Fig. 5.16 Standard voxel models for quality calculation . . . . . . .. ... ...

Fig. 5.17 Material removed in the firstcut . . . . . . .. ... ... ... ...

126



XX List of figures
Fig. 5.18 Quantity of the material recovered in the 1% case . . . . ... ... .. 128
Fig. 5.19 Voxelsrecoveredineachcut . . . . . .. ... ... ... ....... 129
Fig. 5.20 Quantity of the material recovered in the 2™ case . . . . . .. ... .. 130
Fig. 5.21 Automatic landing and reclaiming simulation . . . . . . . .. ... .. 132
Fig. 5.22 The volume of the 2" cut calculated using QMC method . . . . . . . . 133
Fig. 5.23 Validate the potential landing point from the B-spline model . . . . . . 134
Fig. 5.24 Voxelization of the top bench based on the real cutting trajectory . . . . 134
Fig. 5.25 Stockpile after the reclaiming . . . . . . . . .. .. ... ... .... 135
Fig. A.1 Coordinator defined for kinematic analysis . . . . . .. ... .. ... 150



List of tables

Table 3.1 Parametersof the BWR . . . . .. ... ... ... .. ....... 39
Table 3.2 Noise characters used in the GPSmodule . . . . . .. ... .. ... 41
Table 3.3 Average RMSE of the UKF estimation . . . ... ... ....... 44
Table 3.4 Cone shape stockpile stacked using quartz aggregate. . . . . . . . . . 47
Table 4.1 Particles used to create stockpile layers . . . . ... ... ... ... 70
Table 4.2  Fitting accuracy versus computation time for a single scan . . . . . . 76
Table 4.3 Volume calculated from different wireframe models . . . . . . . .. 79
Table 4.4 Ground detected from the boundary detection algorithm . . . . . . . 81
Table 4.5 Polynomial surface modelling results . . . . . ... ... ...... 84
Table 4.6  Surface modelling accuracy versus calculation time when apply grid
partitioning to the 15" reclaimingdata . . . . . . .. ... ... ...... 84
Table 4.7 Volume calculated from the surface model . . . . . . . .. ... ... 86

Table 4.8 Surface modelling accuracy versus calculation time when apply grid

partitioning to a full scale stockpile . . . . . . .. ... ... . ....... 89
Table 4.9 Volume of polynomial models of the full scaledata . . . . . ... .. 90
Table 4.10 B-spline surface modelling results . . . . . . ... ... ... .... 93
Table 4.11 The volume calculated from the B-spline surface model . . . . . . . 94

Table 4.12 Surface modelling accuracy versus calculation time when apply grid

partitioning to a full scale stockpile . . . . . ... ... ... ... 96
Table 4.13 The volume of the full scale B-spline models . . . . ... ... ... 97
Table 5.1 Voxel modelling using different resolutions . . . . . . ... .. ... 124
Table 5.2 Volume calculation results for the standard prism . . . . . ... ... 126
Table 5.3 Volume of each layer calculated from the cubic voxel model . . . . . 126
Table 5.4 Quality data used in the simulation . . . . . . ... ... ... .... 127

Table 5.5 BWR Parametersusedincasestudy . . . . . ... ... .. ..... 127



xxii List of tables

Table 5.6  Quality of reclaimed material for the 1% case using cubic voxels . . . 129

Table 5.7 Quality of reclaimed material and their percentages in the 2" case

usingcubic voxels . . . . . ... L L 130
Table 5.8  Quality of reclaimed material for the 1% case using sickle-shape voxels 133
Table 5.9 Quality of reclaimed material for the 2™ case . . . . ... ... ... 136
Table A.1 LMS200 scanning configurations . . . . . ... ... ... ..... 149

Table A.2 Link analysis of the 3DOF laser scanning system . . . . .. .. ... 151



List of acronyms

BW Bucket Wheel

BWR Bucket Wheel Reclaimer
CAD Computer Aid Design
DCM Direction Cosine Matrix
DGPS Differential Global Positioning System
DOF Degree of Freedom

ECEF Earth Centred Earth Fixed
EKF Extended Kalman Filter
FIFO First in, First out

GA Genetic Algorithm

GP Goal Programming

GPS Global Positioning System
GPU Graphical Processing Unit
KF Kalman Filter

LiDAR Light Detection and Ranging



XXiv List of acronyms
LRF Laser Range Finder

LTP Local Tangent Plane

MSE Mean Squared Error

NED North East Down

PF Particle Filter

QMC Quasi-Monte Carlo

QVvVOo Quality Volume Object
RMSE Root Mean Square Errors
SSE Sum of the Squared Error
UKF Unscented Kalman Filter
uT Unscented Transformation
UWB Ultra-wide Band

VRR Variance Reduction Ratios



	TITLE: 3D Real-Time Stockpile Mapping and Modelling with Accurate Quality Calculation using Voxels
	Declaration
	Acknowledgements
	Publications
	Abstract
	Table of contents
	List of figures
	List of tables
	List of acronyms


