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ABSTRACT 

 

The recent technology enables one to obtain three-dimensional images of soils and to observe 
internal microstructure of pore space. However, the acquired images provide qualitative configuration 
that requires further effort to quantify random and heterogeneous pore structures. This study presents 
a series of image processing algorithms to quantitatively describe the microstructural pore space 
which is assumed to consist of the network of pore chambers and pore channels. The spherical glass 
beads are packed within a cylinder and three-dimensional images are gathered by the micro CT 
imaging. Images are first binarized to differentiate the solid and pore space and the Delaunay 
triangulation followed by merging criteria are applied to define the unit pore space. The 3D map of 
Euclidean distance transform is implemented to construct the pore structure morphology. The 
connectivity of pore chambers is then evaluated with the A-star algorithm to find out the shortest and 
optimal paths among pore chambers that are defined by pore channel. The size distribution of 
identified pore chambers and pore channels helps to understand the randomly inter-connected and 
heterogeneous network of pore space. 
 
Keywords: micro CT, pore structure, granular material, Delaunay tessellation, path of pore channel  

 
 
1 INTRODUCTION 
 
The morphology of microstructural pore space in soils plays an important role in physio-mechanical 
properties whereas the observation of internal structures has been hampered. The phenomenon 
relevant to fluid flows such as groundwater and contaminant flow and fine particle clogging is of 
interest (Reddi et al. 2000, Kress et al. 2012). The skeletal structures of particle packing as a 
representative of bulk soils provide the micro-scale observation of the geomechanical responses 
subjected to loading. The advances in computed tomography (CT) techniques now provides 2D and 
3D images allows one to optically perceive internal pore and skeletons in particulate materials. The 
geotechnical investigations related to the micro X-ray CT imaging have been reported to evaluate the 
acquisition of CT images often in conjunction with associated numerical studies for porous rocks, 
granular soils, and other construction materials (Ferreol and Rothman 1995, Al-Raoush and Willson 
2005, Thompson 2008). Due to the higher resolution and computational power than any other 
conventional non-destructive testing methods, CT images have been widely used to advance the 
unprecedented characterisation of granular soils. 
The finite element method (FEM) has been used to directly assess the fluid flow in pores whereas the 
computation is somewhat expensive (Bosl et al. 1998, Narsilio et al. 2009) and the network model as 
an alternative has to assume the heterogeneous pore structures as the web of tubes (Bernabé and 
Bruderer 1998). In any case, the original CT images have to be binarized to differentiate the pore 
structures and particles followed by the quantification of randomly and heterogeneously constructed 
pore morphology. This paper presents the characterisation of micro CT images of pore spaces in 
granular materials. The modified Delaunay tessellation and Euclidean distance transform methods are 
implemented with a path finding algorithms. Also, the series of image processing techniques and 
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quantified pore structures are presented. 
 
 
2 IMAGE PROCESSING  
 
2.1 3D pore structures and images   
 
Soils consist of particles and pore spaces are enclosed by particles. The pore space is often assumed 
to be comprised of ‘pore body or chamber’ and ‘pore channel’ (Doyen 1988, Man and Jing 2000, 
Prodanovic et al. 2006). The pore chamber becomes the largest and deepest location and the pore 
channel connects pore chambers in neighbourhood. The glass beads(0.5 mm to 2mm) are selected 
because of relatively homogeneous and round particle shapes and distributions. Dry particles are 
packed in a cylinder (diameter = 13.5 mm) and images are taken by the micro CT device (NFP-
POLARIS-G90MVC, 90kvP). Each image has a spatial resolution of 0.028 mm and sampling distance 
between each image is0.03 mm. The pixel values in an image indicate the phase of constituents 
depending on the attenuation (high value corresponds to the solid and low one does to pore space).  
 
2.2 Correction of grey scaled images 
 
2.2.1 Intensity correction 
 
Usually CT images include radial intensity artefact, called either cupping effect or beam hardening. It 
results from the absorption in that low-energy photons are easily absorbed than high-energy photons 
while x-ray energy penetrates. The pixel values thus tend to decrease towards the centre of samples. 
The cupping artefact can be reduced by several techniques such as Filtration and Calibration 
correction (Barrett and Keat 2004). In this study, we used intensity correction based on the coordinate 
transform technique. The sequence is as Figure 1.  
 

 
Figure 1. Intensity correction sequence 

 
2.2.2 Noise filtering 
 
The image of glass beads has blurred boundaries between pore and solid phases and includes 
unexpected noises within particle phase. Although Gaussian filtering is readily applicable to reduce 
the speckled noises, the boundary between pore and solid becomes more blurred. Thus, the 
anisotropic diffusion filter is chosen not only to remove noises but also enhance edges based on the 
gradient of the image intensity and edge stropping function.  
 

 
Figure 2. (a) Noise reduction image. (b) Reconstructed glass beads stack image 

 
2.3 Image thresholding 
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The image thresholding is the process to convert grey-scaled image to binary image. We used Otsu’s 
method considering the weighted probability of two classes divided by an arbitrary thresholding value. 
Note the background of object whose pixel value is zero badly affects the thresholding by 
deteriorating the distribution of pixel values. Thus, the inner region excluding background is defined as 
the ROI and the algorithm is successively applied to the enhanced images (e.g., Figure 2a). The 
thresholding is applied to the entire images and the stacking of 2D binary images leads to the 
construction of glass beads investigated in this study as shown in Figure 2b. Also, void ratio of this 
sample is 0.5420 from the 3D binary images.   
 
 
3 THREE DIMENSIONAL PORE STRUCTURE CHARACTERISATION 
 
3.1 Identification of particles  
 
The limited resolution of CT images hinders the separation of individual particles. Yet, it is critical to 
outline each particle location in order to define the unit pore space. The local maximum values in the 
EDT, Euclidian Distance Transform (EDT) calculates the shortest distance value between voxel of 
interests and nearest object, map help identifying the centre of each particle. Considering the several 
local maxima existing in each particle, the following steps are applied to merge to find out a single 
voxel that becomes a particle centre. 
 

1. Local maximum points exist near the centre of particle.  
2. If the distance among local maxima is less one of corresponding distance value, they 

belong to same particle. 
3. If a particle has several local maxima, the centre of the particle has maximum value 

among local maxima. 
4. If the number of maximum points is larger than two, the centre of the particle has nearest 

position of centroid of local maxima among maximum points.  
 
3.2 Modified Delaunay Tessellation (MDT) 
 
Delaunay Tessellation divides the space into triangles in 2D and tetrahedron in 3D connecting nearest 
points. The pore space is composed of tetrahedrons whose vertex is centres of particles. Delaunay 
Tessellation is insufficient to express unit pore space by two reasons. Firstly, one tetrahedron cannot 
cover entire region of complicated pore geometry. Secondly, the morphology of particles is not 
considered. As the Delaunay Tessellation tends to over-divide pore spaces with several abnormal unit 
pores, the merging tetrahedron is necessary.  
 
3.2.1 Merge criteria 
 
Al-Raoush et al.(2003) suggests to define merge criteria from inscribing sphere of pore. We used the 
maximum points in the EDT map because the maximum point is supposed to locate in corresponding 
tetrahedron. Figure 3 schematically illustrates the merging criteria (the algorithm is applied in 3D). 
 

             
Figure 3. Merge criteria 

 
1. If the distance of maxima points between adjacent tetrahedrons is less than sum of 

these maxima value, then these tetrahedrons belong to same pore chamber.  
2. If the pore chamber is constructed by one more tetrahedron, then centre of pore is a 

point which has maximum value among maxima of tetrahedrons.  
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The solid lines in Figure 3 indicate the boundary of triangle defined by the MDT and the dotted lines 
are removed once the merging happens. The inscribing spheres, hollow circles in Figure 3, drawn 
based on the local. If the sum of radii of overlapped spheres is less than the distance between centres 
of spheres, the boundary is removed and both tetrahedrons become merged. This process is applied 
to the entire set of tetrahedron to define unit pore space. 
 
3.3 Pore channel finding  
 
The axis of arbitrarily shaped pore chamber can be equivalent to the medial axis of corresponding 
object and the centre of pore chamber becomes the junction of those medial axes. The pore throat 
has a minimum distance value in pore channel and shares the face of adjacent tetrahedrons. While 
this approach guarantees to classify individual form of pore chamber, the limitation of the MDT is that 
the real path of pore channel is hard to obtain clearly. We suggest the A-star algorithm to quantify the 
pore channel in the aid of the weighted distance map.  
 
3.3.1 A-star algorithm  
 
Searching the path of pore channel, connecting adjacent centres of pore chamber, is related to 
minimum cost path problem in lattice grid network. This is similar problem as path searching via deep 
valleys. The path can be obtained by height map concept and path search algorithm (Ikonen and 
Toivanen 2005). A-star algorithm searches the minimum cost path using heuristic information as 
straight distance between current node and goal node in shortest path problem. This benefit saves 
computational time. In this study, the path should pass through voxels, having high distance value 
rather than near voxels, also it should be the shortest one. To obtain the optimal path, we use the cost 
function as follow:  
 
cost(n1,n2) = (distance between n1 and n2 nodes) / (distance transform value of n1)

5
          (1) 

 
3.3.2 Path searching 
 
The constrained condition is essential for searching path of pore channel between pore chambers. If a 
path allows through all nodes (e.g., Voxels of other pore chambers), then it does not ensure that the 
found path goes through the region of corresponding pore chamber. Therefore, pore channel path 
between two pore chambers must be constructed by internal nodes of the pore chamber. Defining the 
start and end points as the pore chamber nodes and applying the above algorithms, the appropriate 
pore channel can be found as illustrated in Figure 4. 
 

 
Figure 4. Path searching 

 
This figure schematically shows the 2D example. Once the EDT is applied, the pore space has a 
contour of distance map (Figure 4b) and the thinning algorithm constructs pore channels (Figure 4c). 
However, there are dead-end channel (not connected with pore chamber). Once the MDT is applied, 
the single point at the individual pore chamber(in Figure 4d), can be defined and the sequential 
application of A-star algorithm finds out the shortest distance between pore chambers (Figure 4e). 
 
 
4 RESULT 
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The application of the previous algorithm to the x-ray CT images can construct 3D pore network as 

illustrated in Figure 5. The dark coloured spheres indicate the inscribed spheres defined at the pore 

chamber centroid and bright coloured lines denote the pore channel identified by the A-star algorithm 

and the MDT. The 3D structure of pore spaces is well represented and its network is well developed.  

 

 
Figure 5. Pore chamber network  

 
Figure 6a shows the distribution of inscribing pore chamber size that is quasi-equivalent to the size of 
pore chamber. The mean value is 0.48mm. As the particles are well graded from 0.5 mm to 2 mm, the 
small size of pore chambers are well defined. This quantified information can be expanded to the pore 
size distribution, while the caution is desired because the sum of pore chamber volume is not 
analogous to the entire pore volume. Figure 6b is pore throat size distribution. The mean value is 
0.31mm. The identified pore channel length mainly ranges from 1 mm to 4 mm which is approximately 
twice as the particle size distribution, similar to the lognormal distribution (Figure 6c).  
 

 
Figure 6. Distribution of (a) inscribed pore chamber diameter. (b) Pore throat diameter. (c) Pore 

channel length. (d) Equivalent pore channel diameter. (e) Pore chamber connectivity 

 
The algorithm implemented in this study enables obtaining the curved pore channel path between 
pore chamber centres and the path looks a series of radii-varying discs. Thus, the diameter of pore 
channel is not uniquely defined by a single value. Instead, we compute the equivalent channel 
diameter considering the total volume of radii-varying discs, which is plotted in Figure 6d. Unlike the 
pore channel length, it is close to the normal distribution. Yet, the fitting of distribution may not be 
uniquely defined as the heterogeneity of pore structure varies. Both channel length and diameter are 
important input parameter to evaluate the hydraulic conductivity using the network model so that the 
quantification of randomly packed granular soils provides the critical input parameter for further 
numerical simulation. The connectivity is defined by the number of pore channels per pore chamber 
node (Figure 6e). Most chambers are connected by 4 neighbouring pore chambers. Values less than 
2~3 would be attributed to the pores near the cylinder boundaries and higher values greater than ~ 8 
should vary depending on the merging criteria. It happens that the coordination number and the 
connectivity can be extended to 20(Al-Kharusi and Blunt 2007). 
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5 CONCLUSION 
 
We present a series of image processing algorithm to quantify the x-ray CT images of granular soils. 
The original CT images are enhanced by the intensity correction and noise filtering. The solid and air 
phases are differentiated by Otsu’s thresholding method to make bases for pore characterisation. The 
EDT provides the farthest pixel location with respect to either pore and particles so that the particle 
centres and 3D pore distance map are constructed. The MDT defines the unit pore space by defining 
tetrahedrons followed by merging criteria. The pore chamber is then constructed by the A-star 
algorithm and the quantified pore space information is extracted. The pore chamber size and channel 
information directly hints the microstructural pore space and can be adapted for the further numerical 
simulation such as hydraulic network model. Comparing thinning method for pore characterisation, 
the method of this research identify individual pore chamber considering geometry of particles. And 
the pore channel is obtained using the pore chambers. The application of the micro CT images is 
emerging and requires interdisciplinary approach. The understanding of micro-scale phenomena in 
soils can be further expanded. 
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