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Abstract 

The structure of porous media is complex yet fundamental to the understanding of 

transport processes including single and multi-phase fluid flow. Pore network modelling 

is a valuable tool for studying these processes in many diverse porous media. This paper 

presents a new method of discretizing the pore space into connected pore elements 

which capture the pore geometry and topology. This method discards the difference 

between pore bodies and throats, instead treats them equally as pore elements which 

captures the features of pore structure from the widest to the narrowest part of the pore 

space (pore body to pore throat), honours the topology and does not over-segment the 

pore space. The method is a higher level discretization of the pore space compared to 

other traditional methods which construct pore throats explicitly. Pore networks were 

extracted from three test images using the method and the computed flow properties 

are compared with finite element simulation in terms of absolute permeability. A 

reasonable agreement with finite element simulation is achieved, demonstrating the 

value and functionality of the new pore structure quantification method. 
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Nomenclature 

Acronyms 

 
FEM Finite element method 

PNM Pore network model 

PSD Pore size distribution 

 
SEM Scanning electron microscopy 

 
Greek Symbols 

 
µ Fluid viscosity, Pa · s 

σ Standard deviation of pore elements radius, µm 

 
Φ(r) Cumulative probability for a certain pore element radius r > rmin, % 

 
Latin Symbols 

 
A Cross-sectional area, mD 

 
D, dist Euclidean distance between the centre of two maximal balls, m 

 
F Formation factor 

 
g Hydraulic conductance for the pore elements, m4/(Pa · s) 

 

G, Ĝ Shape factor 

 

gij Harmonic mean conductance between two connected pore elements, m4/(Pa · s) 

k Absolute permeability, m2 

 
kcalc Calculated absolute permeability, mD 

 
kmeas Measured absolute permeability, mD 
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L Length of pore element, m 

 
N Coordination number 

 
p Perimeter, m 

 
P Fluid pressure, Pa 

 
R Image resolution, µm/pixel 

R2 Correlation coefficient 

r0 Cut-off pore element radius used in cumulative PSD curve fitting, µm 

rc Characteristic pore element radius, µm 

rmb Radius of maximal ball, m 

 
rmean Geometric mean pore elements radius, µm 

rpCurr Radius of the current pore element, m 

rpNext Radius of the pore element to be found next, m 

 
a, b, c The fitting parameters for the cumulative PSD curve 

 
Subscripts 

 
fn Final nodes 

 
i, j Pore element i and j, or pore element coordinates 

 
min, max Minimum, maximum 

 
n, b Nodes and bonds 

 
pn Potential nodes 
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Introduction 

Over the past two decades, pore-scale modelling has developed rapidly as a predictive tool of 

multiphase flow which has been applied in petroleum engineering to deal with the assessment 

of conventional and unconventional hydrocarbon resources and in environmental engineering 

such as carbon dioxide capture and storage.1–11 With advances in computation and imaging 

technologies, pore scale models are increasingly being used in the oil industry to predict 

transport properties such as relative permeability and capillary pressure from micro scale 

rock images.12 Pore structures of reservoir rocks are complex and their understanding is 

fundamental to model fluid flow in porous media. Gaining a better understanding of single 

and multi-phase flow relies largely on quantifying the pore structures from 2D and 3D images, 

e.g. SEM and micro computed tomography (micro-CT). 

Pore network modelling is an efficient way to simplify the computational procedures to 

simulate multiphase flow at the pore scale.13–17 A pore network model replaces the complex 

pore structures with a representative network of pore bodies connected by narrower restric- 

tions called pore throats. Pore bodies and throats are assigned the corresponding geometrical 

properties, such as pore volume, length, inscribed radius, shape factor, etc. Thus the pore 

space can be segmented and the computational efficiency of fluid flow can be improved 

significantly. 

Three main approaches8,10,18–23 have been proposed to extract the geometrical and topo- 

logical properties of pore bodies and throats from 2D and 3D images. The first is the medial 

axis method which starts by constructing the medial axis or skeleton of the pore space.8,18 

Junctions in the medial axis are then identified as nodes and the residual parts of the medial 

axis are identified as bonds. The second method is the maximal ball method, 10,24 which 

represents the pore space by clusters of maximal balls, the largest spheres represent pores 

and the smaller connecting spheres define throats. The third method applies a watershed 

algorithm to the distance map of the pore space. 22,23 The watershed basins define the pore 

bodies and the ridgelines or boundaries between basins define the pore throats. 
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Basically, these three methods are able to capture the widest and narrowest parts of 

the pore space and thus multiphase flow simulation results can be in good agreement with 

experiments.25 A more detailed discussions on these three methods will be given in next sub- 

section. However, pore network simulators treat pore bodies and throats slightly differently 

and most network extraction methods have a somewhat arbitrary distinction between pore 

bodies and throats. In the later section, a new method is proposed to address this issue 

In the methodology section, the procedures to improve the pore structure quantification 

and pore network extraction are presented and the issues concerning pore bodies and throats 

are discussed. In the results section, a set of 2D SEM images are analysed to demonstrate 

the value and functionality of the pore structure quantification method. A finite element 

method was also used to validate the pore network constructed by our method. Finally, the 

conclusions and future work of this project are summarized. 

 
Medial axis method 

The medial axis method was developed to characterize the topology of pore space images.18,26 

Jiang et al.8 developed a method to extract a pore network model based on the medial axis. 

They employed a thinning algorithm by scanning foreground pixels in ascending distance 

order and deleting as many pixels as possible to improve the thinning speed. The main 

advantage of the medial axis method is that it strictly preserves the topology of the pore 

structure. However, the distinction between pore bodies and throats is ambiguous. As 

shown in Figure 1(a), Jiang et al.8 regarded the pores as centering at junctions of the medial 

axis and the radius of a pore is the distance from the junction to the nearest boundary. 

However, this approach underestimates the size of pores and results in the identified pores 

not coinciding with the wider geometrical space of pores.25 In addition, there is a problem 

if there is a second medial axis junction within the node radius. To address this, they 

introduced empirical node merging criteria, however, the overlapping problems of nodes still 

cannot be avoided. 
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Maximal ball method 

The concept of maximal balls was firstly proposed by Silin and Patzek24 to find the dimen- 

sionless capillary pressure in a drainage process rather than for extracting pore networks. 

The maximal balls are clustered into pore throat chains according to their size, rank and 

the other maximal balls they overlap with. This concept was extended by Al-Kharusi and 

Blunt27 to extract pore networks by introducing a more comprehensive set of criteria. Subse- 

quently, Dong and Blunt10 developed a two-step searching algorithm and clustering processes 

to build pore network model. The main advantage of maximal ball method is that it can 

capture the wider pore space region corresponding to the geometrical pores and the concept 

is easy to understand. 

However, there are still some minor problems related to the maximal ball method.10 

This method tends to find too many small pores and throats which are down to the image 

resolution.1,25 In addition, this method is likely to underestimate the length of pores and 

throats when the pore throat chain is tortuous, see Figure 1(b) . The reason is because the 

maximal ball method10 uses Euclidean distance between the centre of pores and throat to 

define the lengths. Again, the other problem is the distinction between pores and throats 

where some arbitrary criterion are used to partition the pore space.10
 

 

 

 

 

 

 

 

 

 

 

(a) (b) 

Figure 1: (a) Illustration of the medial axis method,8 the grey thick line is pore space 
boundary and the black dash line is the medial axis. (b) Schematic of the lengths of pores 

defined by maximal ball method.10
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Watershed segmentation method 

Watershed segmentation of pore space was firstly studied by Thompson et al.21 and Sheppard 

et al.28 over ten years ago. Recently, this method has received more attention. 22,23 Watershed 

segmentation utilizes the distance map of the pore space, which is defined as the distance 

from the centre of each pixel in pore space to the nearest pixel on the pore wall. Watershed 

segmentation transforms the pore space based on the distance map into catchment basins 

which comprises all points whose path of steepest descent terminates at the local minimum. 

The identified watersheds or surfaces of minimum distance represent the throats and the 

catchment basins are the pore bodies. All of the pore volume is assigned to pore bodies and 

throats are surfaces that define the boundary between two pores. 

Recently, Gostick23 employed the marker-based watershed segmentation to extract pore 

networks. This method applies several improvements to eliminate the spurious or erroneous 

peaks (local maxima in the distance map) which cause the over-segmentation problem par- 

ticularly in high-porosity materials. The main advantage of the watershed segmentation 

method is its efficiency in constructing pore networks. However, it is less reliable when deal- 

ing with sheet-like pores where the distance map is not a good representation of the pore 

space.29 In addition, watershed segmentation is sensitive to surface roughness which creates 

spurious local maxima. Although some spurious local maxima can be removed by filters, the 

method needs user-supervision and is hard to apply in automatic pore space segmentation. 

 

Methodology of pore space quantification 

In the current study, we propose a general method to quantify pore structures and construct 

pore network based on micro-CT or SEM images. The method, which involves discretiz- 

ing the pore space into a set of connected pore elements to capture the pore geometry and 

topology, combines the strengths of maximal ball method10 and medial axis method8 but 

overcomes their problems. The resultant pore network of this method is applicable to sin- 
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gle phase and multi phase transport properties, e.g., calculation of absolute permeability, 

capillary pressure curves and relative permeability. 

Work-flow of pore structure quantification and pore network extraction method 
 

Input: SEM or Micro-CT rock images 
Output: Geometrical and topological properties of pore elements and pore element network 

Step 1: Preliminary processes for the grey scale rock images, including thresholding, open 
and close processes and median filtering. 
Step 2: Calculate the Euclidean distance map of void space, i.e., the distance of each pixel 
inside the pore space to the nearest boundary pixel of pore space and solids. 
Step 3: Obtain the medial axis of the pore structure by the modified Zhang-Suen thinning 

algorithm,30,31 and make sure the generated medial axis has single pixel width and is centred 
inside the pore space. 
Step 4: Apply the novel criteria to deal with the junctions of medial axis to define effective 
pores coinciding with wider geometrical pore bodies. The details of the procedures are shown 
in Algorithm 1. 
Step 5: Topologically track the residual medial axis chains, determine the pore element 
positions and deal with the final pore elements on type-I medial axis chains to avoid overlap. 
Step 6: Partition the pore space based on common strings of the two connected pore 
elements. 
Step 7: Compute the geometrical and topological properties of the partitioned pores, in- 
cluding inscribed radius, length, area, coordination number, etc. 
Step 8: Employ the connected pore elements to construct a pore network. 

 
 
 

Preliminary processes 

The first step is to apply a threshold to convert the greyscale SEM image to a binary image. 

The threshold value is selected subjectively to retain most of the features of the pore 

structure. Figure 2(a) shows an example SEM image and Figure 2(b) is the segmented 

binary image where black regions are pore space and white regions are rock matrix. We 

did not investigate the sensitivity of the results to the threshold value because this issue 

has been addressed by several previous studies.32,33 The resulting image after thresholding 

still has significant noise, hence the opening and closing digital morphology processes are 

employed to remove the noise and fill small holes on the binary image. We use a mask size 

of 3 pixels for both opening and closing processes. In addition, a median filter with a size of 
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3 pixels is employed to smooth the pore surface because the thinning algorithm used later is 

sensitive to the surface roughness. We use functions from OpenCV34 to conduct preliminary 

processes. Figure 2(c) shows the image after preliminary processes and the pore structures 

are maintained. 

length = 728 um 
 

Figure 2: Core sample 210: (a) SEM image with resolution of 0.52 µm/pixel was obtained 
from a North Sea sandstone reservoir. (b) Binary image after applying threshold of 140, 
where black zones are pores and white are grains. (c) Binary image after applying preliminary 
processes mentioned above, and the corresponding medial axis generated by the modified 
Zhang-Suen thinning algorithm. 

 
 

Distance map calculation and medial axis transformation 

The distance map is the Euclidean distance from the centre of each pixel in pore space to 

the nearest pixel between boundary of pore space and solids. We use the function “distance- 

Transform” of OpenCV34 to compute distance map. 

In this work, the Zhang-Suen thinning algorithm30 is employed to obtain the medial 

axis. The single pixel width of the medial axis is achieved by applying deleting templates 

summarized from the redundant pixels on the medial axis.31 The generated medial axis 

satisfies a single pixel width criterion which is necessary for the topological determination of 

pore elements locations. 

 
Pore structures quantification by pore element 

We introduce the pore element as the maximal inscribed circle in 2D, which can be clustered 

into nodes and bonds for the convenience of the pore network concept. However, it may not 
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actually be necessary to make a distinction between nodes and bonds and we will discuss this 

issue later on. Firstly, we focus on the junctions of the medial axis and set several criteria 

on the one hand to capture the wider geometrical pores and on the other hand to avoid 

the overlap with other pore elements. Secondly, we topologically track the residual medial 

axis chains to determine the position of residual pore elements. The details of the algorithm 

involved in step 4 and 5 are shown in Algorithm 1 and 2 respectively. 

We label all of the pixels on the medial axis with more than three neighbouring pixels 

(known as junctions of the medial axis) based on the 8-connected neighbour scheme for 2D 

image. These pixels are sorted by their radius and saved into the potential nodes vector. We 

search the 2×rmb radial range pore space for each element in the potential nodes vector. The 

objective is to ensure the identified nodes coincide with the wider geometric pore space and 

avoid the overlap of nodes. To achieve this objective, we need to satisfy three constraints. 

The first constraint is to avoid the overlap with the final node (fn) elements. This is 

achieved by  searching the pixel (i, j) whose maximal ball radius satisfy rmb(i,j) + rfn < dist 

(i, j), (fn.x, fn.y) . The second criterion is to ensure the junction pixels are included in the 

node element to be found, which is necessary for the following steps and ensures the 

residual medial axis chain can be tracked without duplication. The third constraint is to 

identify the element that has the maximal radius inside the search range. By applying the 

above criteria, the identified nodes coincide with the wider region of geometrical pore bodies 

without overlapping. Figure 3 shows the results of four identified nodes. Instead of the 

overlapped potential nodes, the final nodes identified by these criteria do not overlap and 

can capture the wider pore space. 

In addition, we assign each node a unique index and record pixels beside each node on 

the medial axis to determine the topology of the pore structure, which is shown as the blue 

dots in Figure 3. The identification of nodes ensures all branch points or junctions of the 

medial axis are contained within nodes. Therefore, the residual medial axis can be tracked 

recursively without duplication to determine the pore elements position. 
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· 

1 1 second criterion:  rmb(i,j) + rfn < dist  (i, j), (fn.x, fn.y) for each element 

in the neighbour vector of current potential node; 

 
 
 
 
 

 

Algorithm 1: Identification of effective pore bodies (nodes) 

Input: the medial axis and distance map of the pore space 

Output: the identified final nodes vector 
1 label all of the pixels on the medial axis with more than three neighbouring pixels 

and save them into potential nodes vector; 
2 sort the potential nodes vector in descending order by the maximal ball radius; 
3 delete one of the two close potential nodes if their distance is smaller than 2 pixels 

to improve the efficiency; 

4 for each element in potential nodes vector do 
5 compute the distance between the current potential node (pn) and all of nodes 

in the final nodes (fn) vector (that is empty initially); 
6 if 0.5 D < rpn + rfn then 
7 save the final node into the neighbour vector of current node; 
8 end 

9 if neighbour vector is empty then 
10 search the 2 rpn radial range pore space of current node to find the largest 

maximal ball; 
11 save this maximal ball into final nodes vector; 

12 else 
13 /* three constraints are applied here which are discussed in details in text*/ 

14 for each pixel inside the 2 rpn radial range of current node do 
15 judge if it is satisfied the following criteria, if yes, save the information 

(i, j, rmb(i,j)) into a new vector A; 

16 first criterion: dist1(i, j), (pn.x, pn.y)1
1 < rmb(i,j); 1 

18 end 
19 third criterion: sort vector A in descending order and save the first value (the 

largest) into final nodes vector; 
20 end 
21 delete the pixels on the medial axis inside the found final node for later usage; 
22 search the pixels on the medial axis around the final node to find and save its 

neighbouring pixels (the blue dots shown in Figure 3); 
23 end 

17 
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Figure 3: Illustration of nodes identified to capture the wider geometric pore space, proce- 
dures to track medial axis chains and determination of the pore elements positions, where 
green circles with dash dot outline and red dot centres represent the potential nodes, blue 
dots are the neighbouring pixels of the final nodes, and black dots are the centre of final 
nodes, which are exaggerated for vision. 

 
Basically, there are three kinds of residual medial axis chains. Chain type I connects 

two nodes, chain type II connects one node and extends to dead end and chain type III 

connects zero node. To determine the pore elements position on these three kinds of medial 

axis chains, we start from the chain end that has larger radius for chain type I and III, but 

always start from the chain end that is close to the connected node for chain type II. Pore 

elements on the medial axis chains can be determined recursively, and the procedures are 

shown in Algorithm 2. 

By examining each pixel on the medial axis chain, the pore element position is identified 

without overlap if it satisfies D − rpCurr − rpNext ⊆ [−1, 1]. The comparison range can be set 

wider, for example, [0, 2] to avoid overlap between the two neighbouring pore elements. The 

red circle shown in Figure 3 is the identified pore element on the medial axis chain. We 

apply this procedure until all of the residual medial axis pixels are processed. Figure 4 

shows an example of the pore elements identified to characterize the pore structure. Due 

to the nature of discretization and because the new method deals with the larger junction 

pores first and then fills the connecting throat pores, there are some pore elements which 

Original medial 
axis Node 4 Neighbors of 

node 1 

Medial axis 
chain type I 
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chain type III 

Medial axis 
chain type II 

 

Deleted medial 

 

Node 2 
 Pore space 

boundary 

Potential 
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Algorithm 2: Topological determination of throats (bonds) on medial axis chain 

Input: the residual medial axis and distance map of pore space 
Output: vector of bond elements residing on the medial axis chains 

1 topologically track and save the residual medial axis chains; 
2 classify them into three categories; 

3 for each medial axis chain do 
4 set the starting point for different type of medial axis chain; 

5 for each pixel on current medial axis chain do 
6 if D rpCurr rpNext [ 1, 1] then 
7 save the information (i, j, rmb(i,j)) into the bond elements vector; 
8 end 
9 replace the current pore element with the next one; 

10 end 
11 save all of the pore elements on the medial axis chain into the connecting nodes; 

12 end 

 

are not touching the pore space and solid boundary as shown in Figure 4 and some figures 

below. However, we record two radii for each pore element, one for plotting and the other 

for calculation. The former one, showing in the figures, is used to partition the pore space 

and compute the geometric properties of pore elements, while the latter one is the radius 

of maximal ball and is used to assign conductance and compute the permeability discussed 

later. 

Figure 4: Illustration of the fitted pore elements by the new pore quantification method, 
where the circles represent the pore elements to characterize pore space, orange circles per- 
form as junctions of fluid path, red arrows show the hierarchy of the subsets of pore element 
chains. 

 
The connectivity of the pore structure is represented by the nodes connecting their neigh- 

bouring pore elements chains sets. All pore elements are quantified by the geometrical prop- 
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erties, including maximal ball radius, radius for plotting, area and the connectivity with 

neighbouring pore elements, etc. These properties are obtained by partitioning the pore 

space with the radical axis (or power line) between two neighbouring connected pore ele- 

ments. The radical axis is a line perpendicular to the line connecting the centres of two 

non-concentric circles, which is obtained by subtracting the equations of the two circles. Al- 

gorithm 3 shows the procedures to partition the pore space. At the end of this process, the 

pore space is partitioned into a sequence of segments bounded by the radical axes. Figure 5 

shows an example of the segmented pore space. 

   Algorithm 3: Partition the pore space based on radical axes of pore elements  

Input: all pore elements, original binary rock image and an integer matrix 
initialized with zero value 

Output: labelled integer matrix and computed geometric properties 

1 for each pore element do 
2 record its neighbouring pore elements based on the previously found pore 

elements chain sets; 
3 compute all of the radical axes between current pore element and its neighbours 

by subtracting the equations of each two connecting circles; 

4 search the 3 rmb radial range pore space of the current pore element on a new 
binary rock image (pore is 0 and solid is 255); 

5 label the pixels that fall on the radical axes with a new value, here 180 is used; 
6 /*now, the pore space for current element is split out*/ 
7 employ the seeded region growing algorithm to label the pore space (here 100 is 

used as the label), the initial seed is set as the center pixel of current element; 
8 label the same place of the integer matrix with the value of the pore element 

index; 
9 compute the corresponding geometric properties. 

10 end 

 

We note that our pore space partition method is different from that were used by Liang 

et al.35 and Jiang et al.8 Our method can avoid the problem of discretization error present in 

the method of Liang et al.35 who use the line perpendicular to the medial axis. In addition, 

our method can reduce the computational demands compared with the method of Jiang 

et al.,8 since they checked 13 discrete directions for every pore element to determine the 

plane to partition the pore space. Moreover, the idea of radical axes can be easily extended 
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to 3D case where the radical planes can be obtained by subtracting the equations of two 

neighbouring spheres. 

 

Figure 5: Example of pore space segmentation results. (a) Binary rock image, where black 
are pores and white are solids. (b) The pore elements found by the new method. (c) The 
segmented pore space based on radical axes method. 

 

 
Pore networks construction 

Having segmented the pore space into a set of pore elements, pore networks can be con- 

structed to simulate fluid flow. The first issue is how to divide the pore space into pore 

bodies and throats. Although the pore network method has been successful in predicting 

transport properties, the question of how to set the boundary between pores and throats is 

still ambiguous. In the work of Dong and Blunt,10 they used a segmentation coefficient of 

0.6 to partition the generated pore throat maximal ball chains while Øren and Bakke36 used 

a coefficient of 0.5 in their process based method. 

Two critical questions to address in pore networks constructions are: (i) how does one 

chooses the segmentation coefficient and (ii) if it is important to differentiate the pore bodies 

and throats. As Bultreys et al.25 pointed out, pore network models are more sensitive to pore 

and throat geometrical properties determination rather than how the pore space is initially 

split up. This indicates that what matters in the pore network fluid flow simulation is whether 

the exact pore geometry features can be captured and assigned to pore elements rather than 

the differentiation between pores and throats. Therefore, we discard the difference between 

pore bodies and throats and treat them equally as pore elements. 
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The pore elements determined by this new method are close-packed non-overlapping max- 

imal circles. In fact, this method is a higher discretization of the pore space compared to the 

watershed method22 and the maximal ball method.10 For example, the watershed segmen- 

tation method partitions the pore space with the local minima, but our method continues 

partitioning the pore space within the pore bodies, which is a higher level discretization. 

We do not need to define the throats, because our method uses chains of pore elements to 

capture the changes of pore size, hence the wider and narrower geometric pore space features 

can be represented. This honours the topology and does not over-segment the pore space. 

Therefore, we use the pore elements directly to construct a pore network. 

 
Transport properties calculation 

Here, we show how to compute the absolute permeability from the pore element network. 

We consider the single phase incompressible flow of water in a porous medium. Constant 

pressure boundary condition is adopted for the inlet and outlet, and the other boundaries 

are assumed as no-flow boundaries. In addition, we assume the fluid flow is parallel to image 

plane rather than perpendicular to it as per a capillary tube bundle model. The latter only 

honours the pore size of porous media while our approach honours both the pore size and 

connectivity, which is known to be important.39 The Stokes equation (1) and mass balance 

equation (2) are solved. 

µ∇2u⃗ − ∇P  = 0 (1) 

ρ∇u = 0 (2) 

There is a slight difference between the calculation of our pore element network and 

the traditional pore network, because we use the pore elements and discard the difference 

between pore bodies and throats. In our model, each pore element is a single calculation 

unit. As shown in Figure 6 (d), fluid pressures are defined at the centre of the pore elements 

and pressure drop occurs between the connected pore elements. The flow rate Qij and the 
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harmonic mean conductance gij between two connected pores elements i and j are given by: 
 
 
 
 

 

Qij 

 gij  
= (Pi 

Lij 
− Pj) (3) 

 
gij 

    Lij  
= Li + Lj 

 
(4) 

gi gj 

Mass conservation is imposed for each pore element i: 

 
Ni 

Qij = 0 (5) 
j 

 
 

where j runs over all the pore elements connecting to pore element i. Combining the equation 

(3) and (5), a linear set of equations can be defined and solved for the pore pressures. The 

number of equations and the number of unknowns is equal to the number of elements. The 

system of equations is solved using the algebraic solver in OpenCV.34
 

With the pressure known at the centre of each pore elements,  the total flow rate Qt  is 

found by calculating the average flow rate along the inlet and outlet, and the absolute 

permeability k of the network is found from Darcy’s law: 

 

 QtµL 
k = 

A∆P 
(6) 

 
 

 

Assigning the hydraulic conductance for each pore element of the pore network in 2D 

images is different from that in 3D images. For the 2D case, the fluid velocity along the 

direction perpendicular to 2D image (z coordinate) is a constant value. Therefore, we assume 

each pore element is a pseudo-3D-rectangular-duct with a larger width (z coordinate). While 

for the 3D case, it depends on the real cross-sectional area and shape of each pore element 
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perpendicular to the flow direction. 
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Figure 6: Illustrations of transformation of pore element to pseudo-3D-rectangular-duct and 
assignment of conductivity factor, where the arrows show the flow direction. (a) Three pore 
elements. (b) The partitioned pore space of the middle pore element, (c) The corresponding 
pseudo-3D-rectangular-duct of the middle pore element which is assumed as “two parallel 
planes” for a cubic law conductance to be assigned for 2D case, and rectangular cross- 
sectional conductance to be assigned for pseudo 3D case, where fluid flows along the x axis. 
(d) The illustration of how the linear set of equations to be defined for each pore element. 

For the 2D case, Figure 6 illustrates how the pore element is transformed into pseudo-3D- 

rectangular-duct first and then modelled as “two parallel planes” to assign the conductance. 

The pore space of each pore element is partitioned by the radical axes with the neigh- 

bouring elements, which is a line perpendicular to the line connecting the centres of two 

non-concentric circles. Corresponding to the constant z-direction velocity used in 2D case, 

we assume each pore element is “two infinite parallel planes”, with aperture and length equal 

to 2 · rmb. We adopt the cubic law equation for parallel planes to assign the conductance for 

each pore element: 

width · (2 · 
rmb)3 

 
 

12µ 

(7) 

 

The choice of width has no influence on the permeability calculation for 2D case because 

the width will be cancelled when Darcy’s law is applied to find permeability. We use an 

arbitrary value of width = 1000 µm. 

g = 
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µ 36 

16µ 

µ 36 16 

µ 

For the 3D case, the hydraulic conductance of each pore element is generally correlated 

with its cross-sectional area and shape factor; the analytical expressions were derived by 

Patzek and Silin. 37 Table 1 shows the conductance equations used for pore elements with 

different shape factors.  The shape factor is defined as G = A/p2 and Ĝ = 16G; the latter is 

for the simplification of the conductance equation of a rectangular shape. Each pore element 

has a length of 2 · rmb, while its cross-sectional area and shape factor depend on its geometry. 

We note that existing pore network models only use triangular-square-circle as the equivalent 

shapes of pores or throats. Hence when assigning the conductance, the shape factor of the 

pores or throats is first computed before using it in the appropriate conductance equation. 

In the current study, however, we use the conductance equation of a rectangular shape as 

explained in the section of “Validation of pore network results”. 

Table 1: The hydraulic conductance equations used to assign to the pore elements 
 

Equivalent shape hydraulic conductance shape factor range 

triangular g = 0.6 · A
2G

 

square g = 0.5623 · A
2G

 

 
 

G ⊆ 
(
0, 

√
3 
]
 

G ⊆ 
(√

3 , 1 
]

 

circular    g = 0.5 · A
2G

 G ⊆ 
( 1 , 1 

] 

rectangular g = 0.5623A
2 (

0.3214Ĝ3  + 0.063Ĝ2  + 0.6109Ĝ
)

 Ĝ ⊆ (0, 1] 

 
 

 
 
 

Results and discussions 

In this section, we demonstrate that the pore structures quantified by the new method can be 

used to provide a qualitatively reasonable estimate of the permeability of rock samples for a 

North Sea sandstone reservoir. We firstly analyse the geometrical and topological properties 

computed from SEM images of several rock samples using our quantification method. We 

also show the image resolution effect on the quantified pore structure properties. Then, we 

16 4π 
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simulate the single phase flow in the pore elements network extracted from different but 
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interconnected test images and compare the results with that of finite element method. 

 

Analysis of geometrical properties 

The rock samples studied in this paper were obtained from a North Sea sandstone reservoir 

which has a long diagenetic history and accordingly a complex pore structure. The online 

supplement materials contain the high resolution SEM images of the ten core plugs and a 

complete list of results including the core plug properties from laboratory. Table 2 shows 

the experimentally measured porosity and absolute permeability for the samples used in 

this paper. The sandstone samples were impregnated with resin under vacuum and then 

polished until optically flat. The polished samples were imaged by SEM at the University 

of Aberdeen Centre for Electron Microscopy, Analysis and Characterisation (ACEMAC). 

All recorded images were obtained at multi-scale from the backscattered electron (BSE) 

detector. 

Table 2: Rock sample properties, the Helium porosity and measured air permeability 

Core plugs Identifier ϕlab (%) klab (mD) 

 
 
 
 
 

Three core plugs, 93, 130 and 124, are first selected to study the geometrical properties 

in terms of pore size distributions (PSD). The pore element quantification results and SEM 

images are shown in Figure 7. The corresponding pore size and cumulative PSD curves 

are shown in Figure 8, respectively. Plug 93 has the bigger pores visually from its rock 

image compared to the other two samples, and this trend can also be easily inferred from 

their cumulative PSD curves. PSD curves show a characteristically log-normal distribution, 

therefore the cumulative distribution function is a kind of complementary error function. The 

44 28.3 557 
93 17.6 100 
124 18.2 1.2 
130 24.5 23 
167 24.5 270 

367 16.2 44.5 
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length = 728 um 

Figure 7: SEM images of three core plugs are analysed by the new method. The top are 
SEM images and bottom are the corresponding pore elements quantification results shown 
in binary images after preliminary processes. (a) and (a’). Plug 93, (b) and (b’). plug 130, 
(c) and (c’) plug 124. 

 
geometric mean pore radius and standard deviation for plug 93, 130 and 124 are given in 

Table 3. It shows that the larger pore size is, the higher the absolute permeability. However, 

bigger pore size does not guarantee higher permeability since permeability is also affected 

by pore structure connectivity. 

(a) (b) 

 

Figure 8: (a) Pore size distribution (PSD) curves quantified from SEM rock images of core 
samples 93, 130 and 124. (b) Corresponding cumulative PSD curves. The geometric mean ra- 

dius, standard deviation(σ) and average coordination number (N) from the current method, 

absolute permeability (k) from laboratory measurement are reported. 

 
In addition, Figure 9 shows the size distributions between the smallest pore elements 

on the medial axis chains and the local minima (pore throats). The relative differences 

100 um (a) 100 um (b) 100 um (c) 

(a’) (b’) (c’) 
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(a) (b) (c) 

 

Figure 9: The comparisons of size distributions between the smallest pore elements on the 
medial axis chains and the local minima (pore throats) for core samples (a) plug 93, (b) plug 
130, and (c) plug 124. 

 
between them are low, showing that the current method provides a good approximation of 

pore throats. 

Another three core samples, 44, 167 and 367, combining with plug 130, are selected to find 

the correlation of Φ(r) as a function of pore radius r. Figure 10 shows the complementary 

cumulative probability distribution curves for these samples. We chose such samples because 

their Helium porosity and measured air permeability cover wider range of properties. 

 
1 
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Figure 10: Cumulative PSD curves of core plugs 44, 167, 367 and 130 used to determine the 
cumulative probability Φ(r) as a function of pore radius r. 

 
We observe a quadratic relationship between log(Φ(r)) and r with an exponential cut-off 

at larger pore radii. The selection of the cut-off radius is based on the criterion that the 

correlation coefficient satisfies R2 > 0.99 in all cases when fitting the cumulative PSD curves. 

We have 
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r0 

fitted the data to an empirical correlation and the parameters are given in Tables 3. 

 

Φ(r) = a · e−b(
 r +c)2 

(8) 

 
Table 3: The geometric mean radius, standard deviation and average coordination number 
from core sample SEM images and the fitted parameters for cumulative pore size distribution 

 

Core plugs rmean (µm) σ (µm) N R2 r0 (µm) a b c 
 

44 8.246 5.150 3.38 0.9982 12.21 2.55 0.61 1.18 
93 8.234 5.173 3.11 0.9974 13.60 8.09 0.38 2.29 
124 1.734 1.734 3.12 0.9952 4.62 9.35 0.50 1.96 
130 5.098 2.948 3.08 0.9962 6.88 1.22 1.32 0.29 
167 6.878 4.064 3.26 0.9976 10.80 2.11 0.81 0.87 

367 5.722 3.354 3.30 0.9986 8.65 1.80 0.92 0.70 

 
In addition, we calculate the characteristic pore element radius from the cumulative PSD 

curves to predict the absolute permeability based on an empirical correlation:38
 

 

 

kcalc = 
(2 · rc)2 

 
 

226 · F 
(9) 

 

Here, we obtain the characteristic pore element radius from the cumulative PSD curves 

where the cumulative probability is 80 %, i.e., only 20 %of pore elements are larger than 

this radius. The cumulative probability and corresponding characteristic radius are given 

in Table 4. We use the laboratory measured special core analysis (SCAL) formation factors 

from 3D samples. 

Table 4: The parameters used to predict the permeability from rock sample images 

Core plugs Φ(r) (%) rc (µm) F kcalc (mD) kmeas (mD) 

44 79.35 10.43 8.3 232.13 557 
93 79.49 11.84 19.17 129.48 100 
124 79.07 3.67 18.18 13.12 1.2 
130 79.52 6.21 10.92 62.41 23 
167 80.11 8.88 10.23 136.28 270 

367 79.92 7.32 21.46 44.19 44.5 
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The only parameter used from 2D images is the characteristic pore size. As the research 

of Rabbani et al.39 shows, the pore sizes between 2D and 3D rock samples are similar. Hence 

the predicted permeability can be compared with the measured air permeability. 

Figure 11 shows a plot of the calculated permeability against the measured air permeabil- 

ity. With the exception of core plug 124, there is in general a reasonable agreement between 

the predicted and measured permeability. The major discrepancy for core plug 124 is likely 

due to the heterogeneity within the core which is not captured by the SEM imaging. 

1000 

 
 
 
 

100 

 
 
 
 

10 

 
 
 
 

1 
1 10 100 1000 

Calculated permeability / mD 

Figure 11: Calculated permeability from core sample SEM images against measured air 
permeability 

 
This analysis shows that the characteristic pore radius calculated from this method, 

combined with a simple empirical correlation, can provide an approximate estimate of the 

permeability. However, we expect that a 3D pore network simulation will give a more reliable 

estimate of permeability. 

 
Analysis of topological properties 

Topological properties of pore structure are of vital importance to the transport properties 

because they affect the connectivity of the fluid flow. Average coordination number (N) is 

used to quantify pore structure connectivity,1 which represents the average number of bonds 

connected with nodes, namely, N = 2 · Nb/Nn. The plot of average coordination number 

and permeability is shown in Figure 12(a). Generally speaking, it is expected that higher 
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− 

coordination number has better connectivity and result in higher permeability. This can be 

seen from the trend in Figure 12(a) where the coordination number and permeability (red 

triangular dots) have a good positive relationship. In addition, as shown in Figure 12(b), 

cumulative PSD curves for plug 44 and 93 are close and almost overlapped, and geometric 

pore radius for plug 44 and 93 are 8.246 µm and 8.234 µm respectively, but coordination 

number of plug 44 (N = 3.38) is larger than plug 93 (N = 3.11), thus the permeability of 

plug 44 is higher than for plug 93. 

   
(a) (b) (c) 

Figure 12: (a) Relationship between the coordination number (N) and the measured air 

absolute permeability (k), plug 93 and 367 are chosen as an example to explain the reasons 

of abnormal trend of N k plot. (b) and (c) Cumulative PSD curves and corresponding SEM 
images for plugs 44 and 93 (b) and plugs 93 and 367 (c), where the red ellipses emphasize 
the grains filling pores. 

 
However, larger coordination number does not always guarantee higher permeability, for 

instance, the sample 367 and 93. Figure 12(c) shows that the pore size of plug 93 is larger 

than plug 367 as well as its permeability. However, the coordination number of plug 93 

(N = 3.11) is lower than plug 367 (N = 3.30). The reason is plug 367 has many small grains 

filling the larger pores, which are likely caused by clay filling or secondary diagenesis. This 

yields the abnormally high coordination number of plug 367 but reduces the pore size and 

lowers the permeability. This result shows the higher coordination number alone does not 

guarantee higher permeability as it might be due to micro-pores. 

Figure 13 shows the quantitative analysis on the connectivity over pore sizes of plug 

93 and 367. We observe that the frequency distribution of coordination number of plug 

N=3.30 

N=3.11 

Plug 44 
k=557 mD, N=3.38 
Mean: 8.246 um 

Plug 93 
k=100 mD, N=3.11 
Mean: 8.234 um 

Plug 93 
k=100 mD, N=3.11 
Mean: 8.234 um 

Plug 367 
k=44.5 mD, N=3.30 

Mean: 5.722 um 
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93 is shifted to the left compared to plug 367, indicating plug 93 has smaller coordination 

number consistent with the average coordination number. The mean and standard deviation 

of coordination number versus pore sizes are plotted in Figure 13 (b) and (c). The mean and 

standard deviation of the coordination number increase with pore radius. We also observe 

a linear trend for both samples when the pore size is less than 15 µm in the log-log plot. 

Figure 13: The connectivity analysis of the pore structures for plug 93 and 367. (a) Co- 
ordination number frequency distribution. (b) Mean coordination number vs. pore radius. 
(c) Standard deviation of coordination number vs. pore radius. (d) Aspect ratio frequency 
distribution. (e) Mean aspect ratio vs. pore radius. (f) Standard deviation of aspect ratio 
vs. pore radius 

 
In addition, the connectivity of larger junction pores and smaller throat pores is important 

to the fluid flow, which can be quantifies by aspect ratio, i.e., the ratio of pore radius to 

throat radius. Figure 13 (d) to (f) give the results that  are related to aspect ratio and  pore 

sizes. Plug 367 has a bit higher aspect ratio than plug 93 since it has more smaller throats 

radii except for some larger pores. Both samples show that the mean and standard 

deviation of the aspect ratio increase with the pore sizes, as shown in Figure 13 (e) and (f). 

However, there is no much difference between the mean aspect ratio and pore sizes for these 

two samples. 
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Effects of image resolution 

Figure 14 shows the three different resolutions of the SEM images for plug 5, which are used 

to explore the resolution effect on quantified pore structure properties, the results are given 

in Table 5 . The high resolution image has a better spatial resolution and the identified 

minimum pore size is smaller and therefore we see the pore size distributions shifted to 

the left. The number of smaller pores (r < 1.0 µm) recognised by the higher resolution 

image is approximate 8.7 % more than that of lower resolution image. The largest pore 

identified by different resolution images does not change too much. However, the average 

coordination number of high resolution image (N = 2.97) is higher than that of the low 

resolution image (N = 1.85). This is because smaller resolved grains filling in the larger 

pores can be recognized by high resolution images and this introduces more medial axis 

branches. This conclusion is different from Liang et al.35 whose result shows that resolution 

of images does not affect the topology of medial axis. 
 

length = 378 um 
 
 
 
 
 
 
 
 

(d) 
 

Figure 14: SEM images (top) for plug 5 at same position but with different resolutions and 
the corresponding binary images with medial axis after preliminary processes (bottom), (a) 

and (a’) resolution is 1.05 µm/pixel, (b) and (b’) resolution is 0.52 µm/pixel, (c) and (c’) 

resolution is 0.27 µm/pixel; and (d) the cumulative PSD curves. 

 

 
Validation of pore network results 

Figure 15 shows three test images used to validate our pore element network model. Image 

A is a SEM image of a real micro model that was used to study the transport of colloids in 

   (c) (b) (a) 

(c’) (b’) (a’) 
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Table 5: Results of the different resolution images for plug 5 
 

R (µm/pixel) rmean (µm) rmax (µm) rmin (µm) N 
 

1.05 9.5 17.9 1.05 1.85 
0.53 6.5 17.9 0.53 2.67 

0.27 4.4 16.3 0.27 2.97 

porous medium,40 while B and C are synthetic images. Using the methodology described 

above, these images were used to construct the pore element networks to simulate single 

phase flow and compute absolute permeability, see Figure 15(b). In addition, the same 

image was meshed by finite elements to solve the Stokes equation and mass balance equation 

using the COMSOL Multiphysics module (v5.3).41 Then the inlet flux was computed, and 

an application of Darcy’s Law yields the permeability. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 15: The validation of pore element networks by finite element method for three 

images; the image resolution of A is 0.39 µm/pixel, and 1.0 µm/pixel for B and C. (a) The 
mesh for the three images; image A is meshed with COMSOL, while images B and C are 
meshed with ScanIP. (b) The corresponding pore element networks quantified by the method 
in this paper. (c) Velocity streamline simulated by COMSOL. 
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Table 6: Results calculated from finite element method and pore element network model 
respectively 

 

Value 
  Image A Image B Image C  

 
 
 

The mesh of image A is a 2D mesh and downloaded from COMSOL website.41 However, 

we could not obtain the effective mesh for image B and C by using COMSOL alone, hence 

Synopsys SimplewareTM ScanIP and FE module were used for CFD mesh generation. Be- 

cause ScanIP can only deal with 3D images, a stack of 10 same images was created for image 

B and C and imported into scanIP to generate the mesh. 

There is a difference when we assign the hydraulic conductance for the pore elements 

in images A, B and C. Image A is used as a 2D case, hence we assume each pore element 

is a pseudo-3D-rectangular-duct with a very larger width (z coordinate) and we adopt the 

cubic law shown in equation 7 to assign the conductance to each pore element. However, 

images B and C are treated as 3D cases and the cross-sectional area of each pore element is 

rectangular, hence we adopt the conductance equation of a rectangular cross-sectional shape 

for the pore elements in images B and C, as shown in Table 1. The elements have height 

and length of 2 · rmb and the same width as the 3D images, here width = 10 µm. 

Table 6 presents the permeability estimates for the three test images. The absolute 

permeabilities calculated by pore element network method show excellent agreement with 

finite element method. In addition, on a desktop PC (Intel Core i5 CPU, 8GB RAM), the 

computation time for the pore network model is much faster than that for the corresponding 

finite element solution, see table 6. 

FEM PNM FEM PNM FEM PNM 

Permeability (mD) 4542.80 4774.43 682.74 711.74 955.61 948.62 

Deviation (%) - 5.10 - 4.25 - -0.73 
Number of elements 50,152 361 109,910 998 111,228 421 

CPU time (seconds) 62 0.16 5935 0.73 7355 0.25 
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Conclusions 

We have presented a new pore structure quantification method, combining with pore network 

extraction work-flow which discretizes the pore space into a set of pore elements. This method 

combines the advantages of the maximal ball and medial axis methods but overcomes their 

problems. By employing the maximal ball concept, pore bodies are defined sufficient to 

coincide with the geometrical pores. The method also uses the medial axis transformation 

to preserve the topology of the pore structure. The method naturally divides the pore 

space into connected pore elements with basic geometrical properties, which can be used to 

construct pore networks. 

This work shows that the important factors controlling the fluid flow are the large/small 

features of pore structure as well as their connectivity. It is less consequential to explore 

the definition or boundary between the pore bodies and throats. We suggest that the 

distinction between pore bodies and throats could be discarded in favour of connected pore 

elements for the simulation of fluid flow. Hence this new method employs the equivalent 

pore elements to capture the features of pore structure from the widest to the narrowest part 

in the pore space, honouring the topology without over-segmenting the pore space. The 

main advantages of this new method mainly represents these following features:  it is a 

higher level of discretization of the pore space, it can capture large/small features of pore 

structure and it can predict the permeability accurately compared to the other traditional 

methods, which construct throats explicitly. 

We have demonstrated the utility of the method by applying it to a set of SEM images of 

core samples from a heterogeneous sandstone reservoir. The cumulative pore size distribution 

and coordination number can be employed to quantitatively analyse the influence of pore 

structure properties on absolute permeability. The larger pore size results in higher absolute 

permeability, and vice versa. For similar pore size distribution, larger coordination number 

gives rise to higher permeability. A special case occurs with larger coordination number 

but smaller pore size, which yield lower permeability possibly due to the existence of micro- 
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porosity. 

The resolution effect of SEM images on quantified pore structures properties were anal- 

ysed. Higher resolution images recognise more smaller pores and larger coordination num- 

ber, however, the largest pore recognised by different resolution images does not change too 

much. We also validated the method by comparing extracted pore network single phase flow 

simulation results with that of finite element method. 

For future work, we plan to extend this method to 3D images. We will compare this 

method with the existing pore network extraction techniques, such as the maximal ball 

method, medial axis method and watershed segmentation method, 8,10,23,39 in terms of the 

distribution of geometrical and topological properties as well as the results of single and 

two phase simulation. We will also investigate the correlation of geometrical and topological 

properties between 2D and 3D images. 
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