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Abstract 
Accurate prediction and understanding of the disorder 

microstructures in the porous media contribute to acquiring the 

macroscopic physical properties such as conductivity, 

permeability, formation factor, elastic moduli etc. Based on the 

rock serial sectioning images of Berea sandstone acquired by the 

core scanning system developed by our research group, the 

reconstructed rock model is established in the Mimics software 

and the extracted pore network of the porous rock is 

accomplished by the self-programming software in C++ 

programming language based on the revised Medial axis based 

algorithm and the Maximal ball algorithm. Using a lattice 

Boltzmann method, the single and two – phase flow are 

accomplished. Both of the pore-scale networks and the seepage 

mechanism of the single- and two –phase flow are identical with 

the benchmark experimental data.  

Keywords: Berea sandstone; serial sectioning; reconstructed 

porous media; extracted network; single - phase flow; two – 

phase flow. 

1. Introduction 

Accurate prediction and understanding of the disorder 

microstructures in the porous media, such as rocks [1], 

soils [2], biomedical field [3], ceramics [4], and 

composites [5], contribute to acquiring the macroscopic 

physical properties such as conductivity, permeability, 

formation factor, elastic moduli etc. [6 - 8]. Though those 

transport properties can be obtained by experiments, it is 

hard to gain the detailed information of the fluid flow in 

the pore and to conduct the three – phase flow experiment 

in the current conditions. 

The pore-scale network model describing the disorder 

system in the porous media is considered as a starting 

point emphasized by many scholars [9-12]. Fortunately, 

with the developing of electronic computer and the 

technology of porous media imaging in recent years, such 

as Scanning Electron Microscopy (SEM)[13,14], serial 

sectioning[15-17], confocal laser scanning microscopy[18], 

micro X-ray computerized tomography (micro-CT)[19]and 

reconstructed porous media by mathematical 

methods[1,20], it is applicable to acquire the pore space 

images mapping the real interior structure of its original 

sample, on basis of which the pore-scale numerical 

simulation can be carried on to make the above study 

complete. However, it is necessary to develop an effective 

algorithm to extract the pore network from these three 

dimensional porous media. In this paper, based on the rock 

serial sectioning images of Berea sandstone acquired by 

the core scanning system developed by our research group, 

the reconstructed rock model is established in the Mimics 

software and the extracted pore network of the porous rock 

is accomplished by the self-programming software in C++ 

programming language based on the revised Medial axis 

based algorithms [21-22] and the Maximal ball algorithm 

[23-24]. Using a lattice Boltzmann method, the single and 

two – phase flow are accomplished. Both of the pore-scale 

networks and the seepage mechanism of the single- and 

two –phase flow are identical with the benchmark 

experimental data. 

2. Reconstructed Berea Sandstone and the 

Extracted Pore Network Model 

2.1 Serial Sectioning Imaging of the Berea Sandstone 

and Reconstructed Model 

Serial sectioning provides a direct way to visualize 

3D microstructures when successive layers of materials are 

removed and exposed surfaces are imaged at high 

resolution. The 3D image of pore media can be obtained 

by stacking serial sections [25]. The workflow of the serial 

sectioning is illustrated in Fig.1. 

In this paper, the images of the Berea sandstone 

section are obtained by the self – developed core scanning 

system. The rock matrix and the pore space are identified 

using the optical properties of different minerals in the 

scanning system, the cell size is 3.45μm ×3.45 μm for 

the maximum resolution of 2454 Pixel × 2056 Pixel. For 

the sake of the storage space increasing sharply along with 

the resolution and the feasibility of the numerical 

simulation, the image resolution for this paper is 9 μm， 

in which case the storage space of the reconstructed 
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sandstone is 1.2GB and the extracted pore network is 526 

MB. Fig.2 shows two of the sandstone slice images using 

the scanning system.  

 

Figure 1. Flow chart of serial sectioning and 3D reconstruction process [25]. 

 
(a)                                                                                                (b) 

Figure 2. The sandstone slice images 

Berea sandstone is selected as the original sample, 

and a total of 97 sections are polished in this study. And 

the central part of the images for 300 Pixels × 300 Pixels 

is selected as the basic data to reconstruct the porous 

media. Due to being storage individually, as a result of 

which the image data is discrete, these images are 

imported into the ImageJ software by the National 

Institutes of Health in sequence. Then Binary images are 

obtained by utilize the information of shadow of stone and 

the gray image histogram of the origin SEM image, by 

which the rock matrix and the pore space can be resolved 

from the white part and the black, respectively. Followed 

that, the images are de-noised and smoothed and converted 

into the standard CT format(.raw) in ImageJ. Four of the 

processed images are shown in Fig.3. Finally, the images 

data with a .raw suffix is imported into Mimics software to 

accomplish the reconstructed Berea sandstone model, the 

size of which is 2700μm ×2700μm × 2700μm in Fig.4.  
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(a)                                                                                    (b) 

 

      
(c)                                                                                       (d) 

Figure 3. The processed sandstone images (300 Pixels × 300 Pixels). The white part is the rock matrix and the black part is the pore space.  (a) is the top 

image of the 97; (b) is the 19th; (c) is the forty-first; (d) is the 86th. 

 

Figure 4. The three view of the reconstructed Berea sandstone and the three – dimensional model in Mimics software. 
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2.2 Extracted Pore Network of the Reconstructed 

Berea Sandstone Model 

As established in the previous section, the three - 

dimensional porous media can be acquired in many ways. 

However, for further study on the transport properties in 

the porous media, it is essential to develop an effective 

algorithm to extract the pore network of the three – 

dimensional porous media images, which is considered as 

a breakthrough point by many scholars. The synthetical 

and revised pore network algorithm evaluated from the 

Medial axis based algorithm and the Maximal ball 

algorithm, the workflow of which is as follows: 

1. The three – dimensional porous media image is 

segmented and exported as the txt image, the maximum 

RGB value of which is limited as 1, that is 0 represents the 

pore space and 1represents the rock matrix. Each number 

represents a voxel in the image. Part of the txt image is 

shown in the Fig.5. 

2. Along the status “0” in the txt image the medial 

axis will be obtained and located accurately, that is, the 

center of the pore is known. Taking the central point as the 

center of sphere, the sphere is expanded until touching the 

rock matrix voxel. Then every sphere is numbered 

according with the radius of the sphere. 

3. The largest ball is defined as pore, then the second. 

The connected balls form pore chains, and the ball where 

the two different chains meets are defined as throat and 

replace by the cylinder with the same radius. 

4. The same sorting processes are applied for all the 

ball chains until reaching the minimum size set for a pore 

in our self-programming system. Below this threshold, the 

ball may provide connections (be throats) but cannot be 

pores. 

Based on the theory above, we develop the pore 

network extraction system and provide visualization model 

in Rhinoceros software, and complete the pore network 

and one of the cross sections of the model shown in the 

Fig.6. The geometrical parameters are listed in the table 1, 

by which we can find the algorithm is feasible.

 

 

Figure 5. The txt image of the porous media 

               
(a)                                                                                                               (b) 

Figure 6. The extracted pore network. (a) is model in Rhinoceros software; (b) is the one of the cross sections of the model.  
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Table 1. The geometrical parameters of the extracted pore network 

Geometrical Parameters Count or Size 

Porosity 14.06% 

Number of the Pores 1868 

Number of the throat 3053 

Average connection number 3.15685 

Minimum connection number 0 

Maximum connection number 12 

Number of connections to inlet 124 

Number of connections to outlet 138 

Average pore radius 19.04μm 

Average throat radius 7.29μm 

 

3. Numerical study on the extracted pore 

network based on lattice Boltzmann 

method 

To verify the feasibility of our pore network 

extraction algorithm, the single – and two – phase flow 

experiment and simulation study are conducted in this 

study. For the sake of the disconnection of different pore 

chains, it is impossible to be meshed in the commercial 

FEM software. Unlike conventional numerical schemes 

based on discretizations of macroscopic continuum 

equations, the lattice Boltzmann method is based on 

microscopic models and mesoscopic kinetic equations. 

The fundamental idea of the LBM is to construct 

simplified kinetic models that incorporate the essential 

physics of microscopic or mesoscopic processes so that the 

macroscopic averaged properties obey the desired 

macroscopic equations [26-29]. 

Single-phase flow is simulated across the extracted 

network and the absolute permeability is calculated on the 

network by the by the self-programming software in C++ 

programming language using Lattice Boltzmann and 

compared to the experimental absolute permeability results 

on the same rock sample. 

3.1 Mathematical model for flow in the pore network 

using lattice Boltzmann method 

The absolute permeability K of the network is derived 

from Darcy’s law [10]: 

( )

p tsp

inlet outlet

q L
K

A




 
                    （1） 

where the network is fully saturated with a single phase p 

of viscosity p ; qtsp is the total single phase flow rate 

through the pore network of length L with the potential 

drop ( )inlet outlet  . A is the cross-sectional area of the 

model. 

Then relative permeability is 

tmp

rp

tsp

q
k

q


                               （2） 

where qtmp is the total flow rate of phase p in multiphase 

conditions with the same imposed pressure drop. 

The conductance of the single phase gp is given by 

the Hagen-Poiseuille formula: 

 
2

p

p

A G
g k


                               （3） 

For a circular, an equilateral and a square tube, the 

constant k is 0.5, 0.6 and 0.5623 respectively. 

The conductance between two pore bodies (i, j) via 

throat (t) is given as: 

, , , ,

ij ji t

p ij p i p t p j

l ll l

g g g g
  

                 （4） 

where lij is the distance from pore i center to pore j center 

(throat total length); li and lj are the pore body lengths 

which are the lengths from the pore-throat interface to the 

pore centers, as illustrated in Fig. 7 

.

 

Figure 7. Conductance between two pores [30]. 

The lattice Boltzmann equation is: 

0

i i i i i

1
f ( x+e ,t +1)- f ( x,t)= (f - f )

t           （5） 

where if ( x,t)  is the particle distribution function at 

location x and time t along the ith direction (i=0,1,2…18) 
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using three-dimensional nineteen velocity model and 

where τ is the single time relaxation parameter and 
0

if  is 

the local equilibrium state depending on the local density 

and velocity [26]. 

3.2 Comparison between the experimental results 

and the simulation 

The comparison between the experimental results and 

the simulation can be seen in the table 2, by which we can 

find the porosity and the absolute permeability of the 

extracted pore network is quite close to the benchmark 

experimental data for the same Berea sandstone sample. In 

the same way, the relative permeability curve for the two –

phase flow in the extracted pore network and the 

experiment is shown in the Fig.8. These indicate that, even 

though the micro structure, which may be in  different 

geological shapes, is substituted by the balls and cylinder, 

the extracted network approaches to the microstructure in 

the origin sample for the size of 2.7 mm × 2.7 mm ×2.7 

mm, which verifies that the extraction algorithm and the 

simulation software developed by our group is feasible and 

applicable in the porous media study. 

Table 2. Single – phase flow result of the experiment and the simulation 

Method Porosity  Absolute permeability  

Experiment  14.53% 1633.52md 

Simulation  14.06% 1752.18md 

 

 

Figure 8. Relative permeability vs. water saturation; the splashes are experimental results while the curves are the simulation. 

4. Conclusion 

In this paper, an effective method of reconstructing 

the three - dimensional model from the serial sectioning 

image of Berea sandstone and an effective pore network 

extraction algorithm is presented. Using the lattice 

Boltzmann method, the single and two – phase flow are 

accomplished. Both of the pore-scale networks and the 

seepage mechanism of the single- and two –phase flow are 

identical with the benchmark experimental data. The study 

aims to provide an ideal pore network model describing 

the same microstructure of the origin sample, and apply 

the network to numerical simulation. In future, we will 

develop the visualized distribution cloud chart of the 

different fluid for the multi – phase flow to make the study 

more reliable and applicable.  
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