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Summary: The spatial distribution of pore size in sandy soil obtained from 3D granulometric method 
(3DGM) is deduced from Young–Laplace’s law and a water retention test for the drainage process. The 
perforated-pore diameter originally proposed in this study, called the voxel-percolation method (VPM), 
are compared and then, the effectiveness of the VPM are discussed.  

 
 

1. INTRODUCTION 
 

This research proposed an evaluation method for pore structure of sand from micro-focused computed 
tomography (CT) scan data [1]. The authors distinguish the pore structure using 3D granulometric method 
(3DGM). On the basis of the fundamental examination of treating CT data, the authors propose a voxel-
percolation method (VPM) to evaluate the pore structure of sand. The estimated results are compared with a 
water retention curve (WRC) test, and the effectiveness of proposed method is described. It is concluded that 
the resolution required for evaluating the pore structure is almost equivalent to that for a pore.  

 
2. IMAGE ANALYSIS [1] 
The 3DGM can recreate the complicated pore space in granular materials by overlapping spherical elements having 
several different diameters. Initially, an one voxel as the smallest spherical element should be applied to the 
analysis area, which is a pore space, and the entire pore space should be filled with its element. Then, the next 
larger spherical element with a diameter of three voxels, is applied to the same area of pore space, but the next 
larger spherical element cannot occupy the entire pore space. Likewise, the entire pore space is scanned by each 
spherical element with different size. For a more complicated pore shape, more spherical elements having different 
diameters will be required. In the 3DGM, a spherical element will be partially overlapped; hence, the distribution 
of the pore diameter indicates that the nonoverlapping part of a spherical element is evaluated. In addition, the sum 
of the ratios of overlap of spherical elements at each step can be used to evaluate the pore volume and degree of 
saturation by the voxel-percolation method (VPM). It is important to consider the three-dimensional continuity of 
the pore when analyzing the pore structure. In this study, a pore-structure analysis method that performs a vertical 
air-entry simulation with the imaged pore from the X-ray CT data is proposed. All detailed algorithm can be 
referred by Mukunoki et al. 2016[1].  

 

3. RESULTS 
Figure 1(a) shows spatial distribution of pore size as the final analysis by 3DGM. Visually, each color element is 
uniquely distributed. Two neighboring elements from the 3D map are found to have neighboring colors in the 
color bar. That is, the pore size has a continuous distribution. Figures 1 (b) show X-ray CT images simulated from 
the VPM analysis in dimensions of 300 voxel at the near entry pressure head. This result in Figures 1 (b) is not 
obtained from numerical simulation but the concept of voxel percolation. 3DGM has given the pore size and its 
spatial information. As long as cluster labeling is applied to each spherical element, the percolation concept can 
be applied. In case of water drainage, it can be assumed that air goes into from large pore space with the greatest 
number of clusters labeling. VPM just scan the pore size with the order of cluster number until the pore space was 
recognized discontinuity by checking cluster number. And then, next cluster numbers should be scanned. 
Moreover, the occupation ratio of the cumulative volume of the spherical element countervails the volume ratio 
of air in the pore structure; therefore, the degree of saturation can be evaluated by subtracting the cumulative 



volume of the spherical elements from the entire pore volume. To multiply the number of voxels counted and 
porosity produces the volumetric water contents ( ); hence, the WRC for drainage can be obtained as an image-
analyzed curve. In the end, all results obtained here should validated by check of pore size obtained from 3DGM. 
In order to validate the pore diameter obtained from 3DGM, WRC of subjected sand can be used. As long as 
surface tension between air and water, contact angle and fluid density are known, the representative pore diameter 
at each level of capillary pressure head van be deduced by Young-Laplace’s equation. 

The experimental WRC for sandy soil is presented in Figure 1(c) along with the image-based water retention curve 
based on voxel counting, and the WRC predicted by the VPM. The variability of the VPM data with contact angle 
measured decreases with suction and, thus, with the increase of water content. Experimental and image-based 
WRC have good fit to global behavior, the VPM simulated curves mostly on all sides of these data. Since the 
capillary pressure is not recalculated from the image, water content between imaged WRC and experimental WRC 
could be compared at each drainage step. The VPM data tend to deviate from experimental data at low water 
content. Indeed, in such conditions, air is invading the smaller pores, making the VPM much more sensitive to the 
image resolution, potentially leading to a larger calculation error. Some other type of granular material were also 
evaluated by Shiota et al. 2019[2]. 

 

4. CONCLUSIONS 
Based on spatial distribution of pore size obtained from 3DGM, VPM was applied to simulate air intrusion using 
X-ray CT image of pore in sand. Then experimental, imaged and simulated results were compared from the global 
to the local scale. The VPM model can demonstrate a good capacity to reproduce air intrusion for the sandy soil 
at the macro-scale even though it is based on a simplified quasi-static approach. This study proposes an original 
comparison of local phase field at the pore scale between direct imaging and VPM. A good agreement is observed 
as well. As a conclusion, VPM can clarify the main features of drainage experiment for sandy soils with well-
connected pores.  
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(a) Pore size distribution by 3DGM (c) WRC predicted by VPM for validation
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Figure 1 Pore size distribution, two phase flow by VPM and WRC predicted by VPM

(b) Two phase flow for 
water drainage


