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Abstract: Methods and procedures of three-dimensional (3D) characterization of the pore structure features in the packed ore
particle bed are focused. X-ray computed tomography was applied to deriving the cross-sectional images of specimens with single
particle size of 1-2, 2—3, 3—4, 4-5, 5-6, 6—7, 7-8, 8—9, 9—10 mm. Based on the in-house developed 3D image analysis programs
using Matlab, the volume porosity, pore size distribution and degree of connectivity were calculated and analyzed in detail. The
results indicate that the volume porosity, the mean diameter of pores and the effective pore size (dso) increase with the increasing of
particle size. Lognormal distribution or Gauss distribution is mostly suitable to model the pore size distribution. The degree of
connectivity investigated on the basis of cluster-labeling algorithm also increases with increasing the particle size approximately.
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1 Introduction

Heap leaching is an effective and economical way
for treating poor ore, tailings and waste ore to extract
metals, such as uranium, copper, gold and silver. The
packed ore particle bed for leaching, that is ore heap, is
an unconsolidated porous media. Permeability is the
most important performance characteristic that affects
the recovery ratio and leaching rate of valuable metals.
As with any other porous media, transport properties are
inherently dependent on the pore structure feature. The
porosity, pore size distribution and degree of pore
connectivity are three of the most important parameters
used for mathematical model development to achieve
fundamental relationships between pore structure and
transport coefficients. In this regard, it is of importance
to characterize the three-dimensional (3D) pore space in
packed ore particles bed. However, since ore particle bed
is packed randomly, it is unconsolidated. Furthermore,
the shapes of the ore particles are irregular, so the pore
structure becomes very complex. Therefore, those

experimental techniques used widely in the study of
many porous media, such as optical microscopy,
scanning electron microscopy (SEM) and mercury
intrusion porosimetry (MIP), are invalid to characterize
the 3D pore structure. As a non-destructive imaging
technique, X-ray computed tomography has been widely
used to detect 3D geometry of the specimen in many
areas in the past few decades [1—8]. This technique is
very suitable for studying packed ore particles beds. It
does not destroy the inner structure of the material and
can directly acquire the spatial distribution of the solid
phase and pores. Moreover, since ore particle beds used
for heap leaching are macro porous media and the
difference between the attenuation coefficients of ore
particle and pore is large, the spatial and density
resolutions of the selected X-ray computed tomography
(CT) scanner would be sufficient.

The key purpose of this study is to obtain crucial
information about pore structure in the packed ore
particles beds with X-ray computed tomography and 3D
image analysis. This research mainly focuses on the
procedures of quantification of volume porosity, pore
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size distribution and degree of connectivity with Matlab.
Moreover, the properties of the ore beds packed with
single-sized ore particles are also analyzed.

2 Experimental

2.1 Specimen preparation

The ore particles used in this study were copper
sulfide ores after screening. There were nine specimens
for analysis. Each specimen was composed of
single-sized particles. The particle sizes were 1-2, 2—3,
3—4, 4-5, 5-6, 67, 7-8, 8-9, 9—10 mm, respectively.
The specimens were packed in a 60 mm (diameter)x
540 mm (length) cylindrical organic glass column
successively according to their particle size, the finest

one was at the bottom and the coarsest one was at the top.

The length of each specimen was about 60 mm. In order
to locate the top and bottom of each specimen, a short
thin copper wire was attached on the outside wall of the
column at each interface between two specimens.

2.2 CT scanning

The specimens were scanned using a medical CT
scanner, model SOMATOM Sensation 16. During
scanning, the CT scanner was operated at 120 kV and
330 mA. The three-dimensional reconstructed image of
the specimens in the column and its longitudinal profile
obtained by the image processing system of the CT
scanner itself is shown in Fig. 1. Each specimen included
about 80 cross-sectional images.

2.3 Image pre-processing

In order to ensure accurate quantification of the
internal structure of the tested specimens, it is necessary
to conduct image pre-processing for all of the cross-
sectional images, including cropping and segmentation.
In this study, the image processing issues were addressed
by programming based on the Matlab Image Processing
Toolbox. Firstly, all the raw gray scale images were
cropped into 236 pixelx236 pixel square images for
further evaluation of pore structures. Once all images
were properly cropped, the next critical task was to

Fig. 1 Three-dimensional reconstructed image of granular ore
sample and its longitudinal profile

develop and implement an appropriate segmentation
algorithm for the datasets to accurately confirm whether
each pixel was occupied by the solid or the pore phase.
Since the difference between the densities of ore
particles and pores is large, the solid phase and pore
phase can be distinguished by thresholding based on the
gray level histograms of the images. However, this
manual thresholding method based on visual inspection
of the histogram may make some mistakes, namely, the
pore phase may be counted as solid phase, and vice
versa. To overcome the limitation of manual
thresholding, Otsu’s method was used in this study
[9,10], which is one of automatic threshold selection
techniques. Once segmentation was complete, the serial
binary images were combined in 3D for each specimen.
A schematic of the raw image pre-processing procedure
and volumetric reconstruction of the measured pore
structure is shown in Fig. 2. The 3D binary volume was
then used to calculate the volume porosity, pore size
distribution, and degree of pore connectivity.

2.4 Pore structure analysis

Volume porosity was defined as the ratio of the
number of pore voxels to the total number of voxels in
the 3D volume. Pore size distribution can be obtained by
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Fig. 2 Image pre-processing procedure and 3D volumetric reconstruction (particle size is 7-8 mm)
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applying successively morphological opening with 3D
structural elements (SE) of increasing size on the tested
3D volume [11-13]. Morphological opening means
erosion first, then dilation. The SE used is ‘ball’ with
increasing radius. If a SE of 1 pixel radius is used to
“open” the 3D binary volume, the resultant 3D volume
will have only pores larger than 1 pixel in radius. The
opening operation will continue until there are no pores
existing in the 3D volume. For each opening, the
accumulated volume fraction of the pores larger than one
certain radius-r SE can be calculated. It is defined as the
ratio of the sum of the voxels occupied by pore phase in
the opened 3D volume and in the original 3D volume.
The accumulated volume fraction of the pores smaller
than radius-r SE is given by

_1-50
R =1-= (1)

where S is the total number of voxels occupied by pore
phase in the original 3D volume, S(r) is the total number
of voxels occupied by pore phase in the 3D volume after
the opening operation with a radius-r ball. Furthermore,
the volume fraction of pores with one certain radius can
be obtained by the difference of two successively
accumulated volume fractions. This radius is called
equivalent radius. It is equivalent to the radius of the
maximal inscribed sphere in the pore.

Pore connectivity is one of the most important
features for pore structure of ore particles beds. For heap
leaching, pore connectivity has the most significant
contribution to the transport of solutions. Many
researchers have investigated the pore connectivity of
porous media by different calculation methods [14—17],
such as coordination number. In this study, a program
was developed by using Matlab on the basis of
cluster-labeling algorithm, which was proposed by
HOSHEN and KOPELMAN [18] and then applied by
AL-RAOUSH and WILLSON [19] and ZHANG et al
[20] to analyze the connectivity of pore voxels in 3D
binary volume. In this algorithm only those adjacent
voxels that share a common surface are identified as
connected voxels. If a pore voxel makes face-to-face
contact with the neighboring voxels, they are labeled
with a same cluster. The main task of our program is to
label all of the connected paths in the 3D binary volume
with different clusters and identify which clusters are
connected to both top and bottom surfaces of the
specimen. The degree of pore connectivity is defined as
the volume fraction of labeled pore voxels belonging to
the clusters that connected to both top and bottom
surfaces to the total pore voxels. The degree of pore
connectivity equals one when all the pore voxels are
interconnected to each other and equals zero when all of
the pore clusters are isolated.

3 Results and discussion

3.1 Volumetric porosity

Figure 3 illustrates the relationship between
volumetric porosity and ore particle size of the
specimens. It can be seen clearly that the volumetric
porosity increases with increasing the ore particle size of
the aggregates. They are linearly and positively related to
each other. The porosities of aggregates with coarse
particles are relatively higher than those for the
aggregates with fine particles. These could be a result of
packing of ore particles and their irregular shape. The
single-sized coarser particles were packed more loosely,
thus increasing the porosity.
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Fig. 3 Relationship between ore particle size of specimens and
volumetric porosity

Figure 4 shows the comparison between the
volumetric porosities and the pore area fractions obtained
from image analysis of cross sections. It is noted that the
average pore area fractions obtained from cross sections
are in reasonable agreement with the volumetric
porosities for the specimens. The correlation coefficient
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Fig. 4 Comparison of volumetric porosities and pore area
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of them is 0.9878. It is the reason that the statistically
significant number of cross-section images for each
specimen is used to get its average pore area fraction.

3.2 Pore size distribution

Figure 5 shows the pore size distributions of the
nine samples. It can be noticed that the size of the largest
pores increases with increasing the ore particles size for
the tested samples, indicating that the pore size
distribution ranges more and more widely. The pores in
those samples composed of smaller particles
(samples1—5) present narrower distribution. It can be
found for these five samples that the pore size
distribution is skewed to the left. For an instance, more
than 90% of the pores volume corresponds to pores
smaller than 1.08 mm for sample 1. Few pores (less than
2%) are larger than 2 mm. Such skewed distributions
often closely fit the log-normal distribution. For the other
four samples, pore size distribution ranges wider since
the ore particles in these samples are coarser and the pore
shapes are more irregular. Compared with other models,
the Gauss distribution is mostly suitable to model these
processes. From the fitting data, the mean diameter can
be obtained, as shown in Fig. 6. It indicates that the mean
diameter of the pores increases with increasing the ore
particles size for the nine samples.
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Fig. 5 Pore size distribution of samples

Figure 7 shows the cumulative frequency
distribution curves of pore sizes for the nine samples.
From the cumulative frequency distributions, the
effective pore size (dsq), which is defined as the pore size
corresponding to 50% of the cumulative frequency
distribution, can be obtained. It is found that the effective
pore size is linearly related to the ore particle size for the
tested samples and increases with the increasing of the

particle size.
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Fig. 6 Relationship between mean pore diameter and particle

size of samples
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Fig. 7 Cumulative frequency distribution of pore sizes of nine
samples

3.3 Pore connectivity

By means of cluster-labeling algorithm described in
detail in Section 2.4, the number of pore voxels that
interconnect between one surface and the opposite
surface of the sample can be detected. Considering the
spatial variations in the pore structure, 22 random
volumes with cross-section size of 110 pixelx110 pixel
were extracted from the full binary dataset to calculate
the average degree of connectivity for each sample. The
22 volumes were obtained by moving the start coordinate
for cropping to the center of the image from two
perpendicular directions. For each random volume, it is
able to estimate the degree of connectivity by dividing
the number of interconnected pore voxels by the total
number of pore voxels, then the average degree of
connectivity can be obtained, and is shown in Fig. 8. It
can be found that the connectivity of the nine samples is
good, with the degree of connectivity over 99%. The
degree of pore connectivity increases with the increase of
ore particle size of the sample approximately.
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Fig. 8 Relationship between degree of pore connectivity and
particle size

4 Conclusions

1) As a non-destructive experimental technique,
X-ray computed tomography was successfully applied to
obtaining the cross-sectional images of the pore space of
packed ore particle beds. The reconstructed 3D dataset
from preprocessed 2D images can be applied to
characterizing the pore structure.

2) The porosity, pore size distribution and degree of
pore connectivity are three of the most important
parameters used for mathematical model development to
achieve inherent relationships between pore structure and
transport coefficients. They were successfully calculated
using the in-house developed 3D
programs based on Matlab.

3) For the tested nine specimens, the volume
porosity, mean pore diameter, effective pore size and the
degree of pore connectivity increase with increasing the
ore particle size. Lognormal distribution and Gauss
distribution are mostly suitable to model the pore size
distribution. Cluster-labeling algorithm is significantly
effective for investigating pore connectivity.

image analysis
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