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Abstract: The pore geometry and topology properties of pore space in rocks are significant for a better
understanding of the complex hydrologic and elastic properties. However, geometry and topology
information about the sandstone pore structures is not fully available. In this study, we obtained the
topological and geometrical pore parameters from a representative elementary volume (REV) for
fluid flow in sandstone samples. For comparison, eight types of sandstones with various porosities
were studied based on the X-ray micro-computed tomography technique. In this study, the REV
size was selected based on the parameters from the respective pore network models (PNM), not just
the porosity. Our analysis indicates that despite different porosity, all the sandstone samples have
highly triangular-shaped pores and a high degree of pore structural isotropy. The high porosity group
sandstones exhibit wider ranges of pore sizes than the low porosity group sandstones. Compared to the
high porosity group sandstones, the low porosity group sandstones samples showing a higher global
aspect ratio, indicating some pores exist in the form of bottlenecks. The pore topological properties of
different sandstones show a high dependence of the porosity. The high porosity group sandstones
obtain large coordination numbers, large connectivity densities and low tortuosities. The results from
this study will help better understand the complex pore structure and the fluid flow in sandstone.
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1. Introduction

As natural geological materials, rocks usually have discontinuous, non-homogeneous, multi-phase
composite structures. Geometric and topological properties of pore space in rocks play significant
roles in mechanical and transport properties [1]. Therefore, further quantifying the complex pore space
(both geometry and topology) of rocks has become a goal of scientists and engineers in numerous
engineering fields.

X-ray micro-computed tomography (micro-CT) technology enables quantitative measurements of
the internal structure of rock material in a precise and nondestructive manner. Most of the geometric and
topological properties of the pore structure can be quantitatively assessed using micro-CT technique.
Digital image analysis with micro-CT method has been widely used for analyzing actual 3D pore
spaces in sandstones [2–16], carbonates [17–23], coals [24,25] and shales [26].

A detailed pore geometrical and topological characterization is essential to reveal the main
mechanisms that act in sandstones in response to its macro properties, such as hydrologic and elastic
properties. As far as we know, the 3D quantification of pore space in rocks, including sandstones,
has not been comprehensively reported in previous studies. In this research, we selected eight different
types of sandstone to further investigate the 3D pore geometry and topological features of sandstones.
We firstly evaluated the representative elementary volume (REV) for fluid flow in sandstone samples.
Then, we presented some geometrical and topological properties obtained for sandstone samples.
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2. Methods

2.1. Image Preparation

This research aims at studying Bentheimer, Berea, Boise, Clashach, Doddington, Fontainebleau,
Gildehauser and Stainton sandstone samples. The CT image data of all sandstones were sourced
externally. Some CT datasets (Bentheimer, Boise and Gildehauser) used in this study were acquired
online from the open-access Digital Rocks Portal [11,14,27]. The Doddington sandstone CT datasets
were obtained online from the British Geological Society’s (BGS) National Geoscience Data Centre [28].
The Berea and Fontainebleau sandstone CT datasets used in this study were acquired online from a
paper by Thomson et al. [2]. The Clashach and Stainton sandstone data were obtained from Qatar
Carbonates and Carbon Storage Research Centre, Imperial College London [29].

2.2. Image Processing

The raw images acquired using the CT scanner usually cannot be used directly. It is necessary to
implement some image processing algorithms to enhance the quality of the raw images. To enhance
gray contrast, we stretched the gray-scale histograms of images by using the brightness/contrast filter.
The noise filtering of image data was also an important step of image processing to reduce the noise
from CT images. Then, the resulting image stack could be segmented to different phases based on the
gray-scale contrast. Once the pore space was separated, qualitative and quantitative analysis of the
internal pore structure of the sandstone could be done.

2.2.1. Image Filtering

The first process of the fundamental image processing is to improve image contrast using contrast
enhancement techniques (see Figure 1). Various types of noise often contribute to degrading CT images
of sandstone samples, affecting the subsequent quantitative analysis. It is essential to improve the
signal-noise ratio by applying image filters. There are various image filtering algorithms, including
gaussian filtering, median filtering, anisotropic diffusing filtering and non-local means filtering,
which can be useful for noise reduction in CT images. Compared with other denoising methods,
non-local means denoising algorithm performs well in promoting better smoothing flat areas while
keeping the integrity of boundaries. In this study, we used a non-local means filter [30] with settings
for spatial standard deviation at 5, intensity standard deviation at 0.2, search window size at 10 and
local neighborhood at 3 (see Figure 1).
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Figure 1. (a) Original computed tomography (CT) image; (b) image with brightness/contrast filter;
(c) noise-removed image by non-local means filter.

2.2.2. Image Segmenting

Image segmentation is a prerequisite step to provide an accurate sandstone CT image analysis.
Binary image segmentation is the process used to classify the pixels of a gray-scale image into
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two categories, which is necessary to better identify and quantify the pores and solid in sandstone.
Many segmentation algorithms have already been proposed for labelling images, such as thresholding,
region-based segmentation and deep learning-based approaches. The thresholding method is one of
the commonly used methods for segmenting the image. In thresholding, we can convert a gray-level
image into a binary image based on a threshold value. The segmentation threshold value is significant
for binary classification, so researchers should choose the appropriate segmentation threshold value
carefully. Many studies have shown that different threshold values may lead to different values for pore
geometry and topology parameters [31,32]. There is still no consensus on which type of thresholding
method is preferable. For "simple" materials, we can use manual, interactive thresholding method
to determine the threshold value, while for high-resolution images, fully-automated segmentation
approaches are theoretically enough [33]. In this paper, the CT images were segmented using the
ImageJ version 1.52p (National Institutes of Health, Bethesda, MD, USA) [34] to distinguish pores and
solid in sandstone samples. The selection of the best threshold value used in the image binarization
can be determined interactively, with immediate visual feedback. By selecting a proper threshold
value, gray level images can be changed to binary form.

2.3. Image Analysis

The three-dimensional visualization of CT image data is usually performed to characterize the
sample microstructure qualitatively. In this study, the volume-rendering technique was applied to
construct 3D volume data of the sandstone by applying the commercial software VGStudio MAX 2.0
(Volume Graphics GmbH, Heidelberg, Germany) [35]. We chose the Gildehauser sandstone as an
example of the application of volume rendering, as shown in Figure 2.Energies 2020, 13, x FOR PEER REVIEW 4 of 19 
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(b) segmented Gildehauser sandstone, (c) solid volume in Gildehauser sandstone, and (d) pore volume
in Gildehauser sandstone.



Energies 2020, 13, 3774 4 of 18

2.3.1. Representative Elementary Volume (REV)

To optimize the computational demands and reflect sample macroscopic properties, selecting
a statistically representative elementary volume (REV) of the sandstone sample is essential to the
follow-up study. The REV is the smallest volume within a structure that should be large enough
to represent a reliable microscopic pore heterogeneity [36,37]. A suitable and accurate size of the
REV has a significant influence on the geometric topology calculation and flow simulation. In most
studies [2,3] the REV is based on porosity due to its strong correlation to permeability. In this study,
we describe a new method for the selection of the size of the REV. The sampling volume on the
segmented three-dimensional image starts from the center of the entire image and then gradually
increases in all dimensions. Then, respective pore network models (PNM), with the voxel size from
100 × 100 × 100 to 500 × 500 × 500, are extracted from the sampling volume. The interval is 100 voxel
(See the next section for more detailed descriptions of PNM). According to the parameters obtained
from the PNM, such as porosity, average pore shape factor, average pore radius and volume, are used
to identify the size of the REV. When these parameters have relatively stable values, the corresponding
REV size can characterize the microscopic pore structure of sandstone sample well.

2.3.2. Pore Network Model(PNM)

As stated above, the geometry and topology properties of the complex pore structure are vital for
revealing the fluid transport properties in sandstone pore space. An equivalent pore network model
(PNM) of interconnected pores can reproduce the complex pore structure of the porous medium with
equivalent simple shapes [38]. The purpose of pore network extraction is to tessellate the pore system
into pores and throats. Spheres and cylinders usually represent the pores and throats, respectively.
In this way, geometry and topology properties can be analyzed in the PNM [39]. Figure 3 shows the
workflow to generate the PNM.
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There are several algorithms employed to tessellate the pore system into pores and throats.
These algorithms extract the PNM mainly using one of the following approaches: (a) the medial axis
method [40], (b) the maximal ball method, and (c) the Voronoi diagram method [41]. These approaches
can produce representative networks that make reasonable estimates of pore geometry and
transport properties. Each of these approaches come with their advantages and limitations [10,42].
These approaches may not be able to generate a unique representation of the pore system due to
inherent approximations and dependency on image resolution. Raeini et al. [43] combined the maximal
ball algorithm with medial axis algorithm to acquire information about pore geometries. They also
used flow simulations on real datasets to demonstrate that the improved network extraction procedure
could preserve macroscopic properties of rock, including permeability. This pore network extraction
algorithm can decrease the uncertainties in conventional network modelling predictions introduced
due to the oversimplification of complex pore geometries encountered in porous materials. Compared
with the traditional network of the pore, the added complexity of the pore network can better reproduce
the experimental results [42]. In this paper, pores and throats were identified using the improved pore
network extraction algorithm of Raeini et al. [43].

2.3.3. Skeleton

The degree of pore interconnectivity is an essential property for the sandstone. Skeleton analysis
is a practical approach to quantify the degree of connectivity of the porous network. The skeleton
is a representation composed of connected thin lines that preserve the connectivity or topology and
capture both boundary and region information of the object. The basis for skeleton analysis is strongly
dependent on nodes and branches extracted from binary 3D image data [44]. Further skeleton analysis
provides valuable information to quantify the number and the dimensions of skeleton nodes and
branches using the maximum inscribed sphere method [45]. The veracity of the skeletonization
algorithm constrains the availability of the skeleton extraction. The Pore3D software library (Elettra
Synchrotron Light Laboratory, Trieste, Italy) [46] provides some skeletonization and skeleton pruning
algorithms, enabling us to extract reliable skeletons in most practical situations. In the present study,
the Pore3D software was used for skeleton analysis. To compute the image skeleton, we used the
Gradient Vector Flow (GVF) skeletonization algorithm raised by Brun and Dreossi (2010) [47].

3. Results and Discussions

3.1. Representative Elementary Volume Analysis (REV)

It is a significant issue to investigate the magnitude of REV that provides statistically meaningful
parameter values. The studied volume should remain larger than the magnitude of REV [48].
For different sizes of cubic REV, this paper analyzes eight pore structure parameters, such as the number
of pores per unit volume, porosity, average pore volume, minimum pore volume and maximum pore
radius, minimum pore radius, average pore radius and average pore shape factor. The above eight
parameters were extracted from the pore network model for quantitative parameter analysis. Figure 4
plots the correlation curves between the different cube lengths and the pore network parameters of
Gildehauser sandstone sample. It can be seen that the values of the parameters gradually converge
with the increase of the cube length, which proves that there is a uniform REV for different pore
structure parameters. When the curve of each parameter tends to be gentle, or the magnitude of the
change is not large, the length of the cube corresponding to the starting point of the initial gentle section
is the length of the side of the REV. The REV side length selection rule under multiple parameters is to
select the maximum value from the REV side length under every single parameter. The maximum
REV side length in Figure 5 is 400 pixels, so the REV side length of the scanned sample is determined
to be 400 pixels.
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3.2. The Geometrical Properties of Pore Space

A 3D representation of the extracted pores and throats of all sandstone samples can be seen in
Figure 5. The network statistic provided by the maximal ball algorithm can provide the geometrical
statistics necessary for the quantification of sandstone systems. In this study, properties including
pore-size distribution, pore shape factor and pore-throat aspect ratio were analyzed based on the
extracted PNM. We also analyzed pore anisotropy. The detailed data of the network extraction for eight
sandstone samples are shown in Table 1. As shown in Table 1, the sandstone samples were divided
into two groups: high porosity group H (Bentheimer, Berea, Boise and Gildehauser sandstones), low
porosity group L (Clashach, Fontainebleau, Doddington and Stainton sandstones), according to the
different porosities in this paper.

Table 1. The pore geometric properties based on the PNMs.

Quantified Parameter
H Group L Group

Bentheimer Berea Boise Gildehauser Clashach Doddington Fontainebleau Stainton

Resolution (µm) 7 5.34 4.44 4.4 4.52 4.2 5.7 4.46
Size (voxels) 4003 4003 4003 4003 4003 4003 4003 4003

Porosity (%) 21.78 19.65 26.19 20.35 11.61 16.62 9.72 6.03
Network porosity (%) 21.69 19.49 26.08 20.18 11.47 16.44 9.68 5.88

Average pore radius (µm) 31.04 22.11 24.29 22.41 21.46 25.39 23.88 18.36
Average pore shape factor 0.043 0.042 0.038 0.036 0.042 0.038 0.040 0.047
Proportion of triangular

elements 55.3% 56.7% 67.4% 73.1% 64.7% 71.3% 67.4% 53.4%

Average pore-throat
aspect ratio 1.812 1.893 1.889 1.710 1.991 1.906 2.106 2.117
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Figure 5. Pore network models from micro-computed tomography (micro-CT) scans of eight sandstone
samples: (a) Bentheimer sandstone, (b) Berea sandstone, (c) Boise sandstone, (d) Gildehauser sandstone,
(e) Clashach sandstone, (f) Doddington sandstone, (g) Fontainebleau sandstone, and (h) Stainton sandstone.

3.2.1. Pore Size Distributions

The pore size distribution can indicate complicated pore structures in far more detail than porosity
alone. As shown in Table 1, we can see that Bentheimer sandstone has the largest average pore radii
of 31.043 µm, while Stainton sandstone has the least average pore radii of 18.362 µm. The average
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pore radii of other sandstone samples are between 21 µm and 26 µm. A comparison of the pore size
distributions is presented in Figure 6. As shown in Figure 6, the high porosity group sandstones (group
H) exhibit wider ranges of pore sizes than the low porosity group sandstones (group L). For example,
the radius of Bentheimer and Gildehauser sandstone can be within the scope of 10–150 µm and
10–100 µm. The pore radius of other sandstone samples has smaller range of radius, mostly ranging
from 10µm to 80µm. The pore volume of sandstone becomes greatest almost in the pore radius range
of 20–50 µm.
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3.2.2. Pore Shape Factor

The pore shape factor (PSF) is a parameter used to describe the geometrical property of the
maximal ball-based extracted network. Shape factor can describe the irregularity and complexity of a
pore boundary. The pore shape factor G is defined as [49]:

G =
A
P2 (1)
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where A is the pore cross-sectional area, P is the pore perimeter [49]. The complex and irregular shape
of a pore can be represented by an equivalent circular, square and triangle cross-sections based on the
PSF during flow simulations. The PSF value of a circle and square are 1/(4π) and 1/16, respectively.
However, for a triangle, the value of PSF differs from 0 for a slit-shaped triangle to

√
3/36 for an

equilateral-shape triangle.
Figure 7 presents the pore shape factor distribution of the extracted networks. The pore shape

factor distribution in sandstones also follows the unimodal distribution. And distributions of pore
shape factor in all the sandstones is nearly symmetric, as shown in Figure 7. Table 1 shows that
average shape factors of all of the sandstone samples range from 0.0363 to 0.0471, which indicate
that sandstone samples have highly triangular-shaped pores. Table 1 also shows the proportion of
triangular pore elements in all the sandstone sample exceeded 50%. This conclusion is expected for the
conventional sandstone rocks since it is unlikely to have spherical and cylindrical shaped pore bodies
and necks, respectively.
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3.2.3. Pore-Throat Aspect Ratio

The pore-throat aspect ratio is an appropriate parameter for characterizing the degree homogeneity
of the pore system. In this paper, the global aspect ratios have been validated, using the inscribed radii
given in the network data files. The global aspect ratio is the ratio between the average pore size and
the average throat size. The average pore-throat aspect ratio AR was calculated as follows:

AR =
1
N

N∑
i=1

rp,i

rt,i
(2)

The AR was the adopted index to analyze the differences concerning the dimension of pores and
pore-throats. As shown in Table 1, the AR ranges from 1.71 to 2.18 among both group H and L samples.
There are noticeable changes between group L and group H. Compared to the group H, group L
samples show a higher AR, indicating some pores exist in the form of bottlenecks. The large value of
this parameter may be an important factor leading to poor connectivity in sandstones. The feature of
large-pore spaces and small-throats is one of the main characters, which distinguishes tight sandstone
reservoirs from conventional sandstone reservoirs.

3.2.4. The Preferred Orientation of Pores

Anisotropy means that some properties of the porous medium do not have the same value in
different directions. The anisotropy of porous media can be determined by using three-dimensional
fabric tensors in many ways, including the star volume distribution [50], the mean intercept length [51],
and the star length distribution [52]. To provide a global characterisation of pore distribution, the star
length distribution method was applied in this study. The star length distribution method places a
series of points within the pores, from which lines are projected outward with a uniform orientation
distribution. The length of lines is measured between the original point to the material boundary. Line
intersections are used as orientations for directional analysis and plot as 3D rose diagrams. The degree
of anisotropy (DA) is a measure of preferential orientation of the shape of the global pore system within
a volume [51]. The DA value was calculated by:

DA =
L1

Ls
(3)

where Ls and L1 are the shortest and longest axes, respectively, of the ellipsoid, which is fitted and
constructed by a series of vectors within the pore system. A DA value of one means that the shape of
the pore system is isotropic. A higher value of DA indicates that the shape of the pore system is more
anisotropic. In this paper, we calculated DA values using the free software package Quant3D v2.3 (IDL
Virtual Machine, Boulder, CO, USA) [53].

Figure 8 shows the 3D rose plots for pores within sandstone samples. There were little differences
in the degree of pore shape anisotropy between the high porosity group sandstones (group H) and the
low porosity group sandstones (group L). As shown in Figure 8, the 3D rose plots in all the sandstone
samples have spherical shapes. The least DA was 1.03 (Berea sandstone sample), the highest DA is
1.24 (Boise sandstone sample), indicating a high degree of isotropy exists.

3.3. Topological Properties of Pore Space

Besides the geometrical properties of pores, the topology properties of 3D pore system are vital
to the transport of fluids in a porous medium. The topology of the pore network refers to the way
how pores are interconnected. The topological properties can be characterized by several parameters,
e.g., the coordination number, connectivity density and tortuosity. These parameters can be used to
describe pore connectivity in the porous medium. Table 2 shows these topological parameters.



Energies 2020, 13, 3774 11 of 18
Energies 2020, 13, x FOR PEER REVIEW 12 of 19 

 

 
Figure 8. 3D rose plots for pores within sandstone samples. 

3.3. Topological Properties of Pore Space 

Besides the geometrical properties of pores, the topology properties of 3D pore system are vital 
to the transport of fluids in a porous medium. The topology of the pore network refers to the way 
how pores are interconnected. The topological properties can be characterized by several parameters, 
e.g., the coordination number, connectivity density and tortuosity. These parameters can be used to 
describe pore connectivity in the porous medium. Table 2 shows these topological parameters. 

Table 2. Quantified topological parameter. 

Quantified 
parameter 

Benth
eimer 

Berea Bois
e 

Gilde
hauser 

Clasha
ch 

Doddi
ngton 

Fontai
neblea

u 

Staint
on 

Average 
coordination number 5.10 4.54 4.82 4.95 2.85 3.48  2.92 1.67 

Connectivity density 
(mm-3) 

87.83 174.97 439.8
6 

224.08 66.84 154.41 2.49 1.61 

Geometric tortuosity 1.94 1.84 2.37 2.48 2.82 2.36 3.45 3.89 
Effective tortuosity 4.06 4.96 4.16 5.33 11.80 7.18 15.70 374.00 

3.3.1. Coordination Number 

The coordination number that can be obtained from pore network extraction has an essential 
impact on transport properties [54]. A pore body coordination number can be obtained by counting 
the number of throats that directly connect that pore to its neighbouring pore bodies. A higher value 
of the average coordination number means that the pore is well connected, i.e., a typical pore connects 
directly to a lot of other pores. 

We calculated the coordination number and compared the differences between different 
sandstone samples. The average network statistics for coordination number are displayed in Table 2 
for eight sandstone samples. There are noticeable changes between the low porosity group 
sandstones (group L) and the high porosity group sandstones (group H). Compared to the low 
porosity group sandstones (group L), the high porosity group sandstones (group H) samples show a 
higher coordination number. As shown in Table 2, we can see that Bentheimer sandstone has the 

Figure 8. 3D rose plots for pores within sandstone samples.

Table 2. Quantified topological parameter.

Quantified Parameter Bentheimer Berea Boise Gildehauser Clashach Doddington Fontainebleau Stainton

Average coordination
number 5.10 4.54 4.82 4.95 2.85 3.48 2.92 1.67

Connectivity density
(mm−3) 87.83 174.97 439.86 224.08 66.84 154.41 2.49 1.61

Geometric tortuosity 1.94 1.84 2.37 2.48 2.82 2.36 3.45 3.89
Effective tortuosity 4.06 4.96 4.16 5.33 11.80 7.18 15.70 374.00

3.3.1. Coordination Number

The coordination number that can be obtained from pore network extraction has an essential
impact on transport properties [54]. A pore body coordination number can be obtained by counting
the number of throats that directly connect that pore to its neighbouring pore bodies. A higher value
of the average coordination number means that the pore is well connected, i.e., a typical pore connects
directly to a lot of other pores.

We calculated the coordination number and compared the differences between different sandstone
samples. The average network statistics for coordination number are displayed in Table 2 for eight
sandstone samples. There are noticeable changes between the low porosity group sandstones (group L)
and the high porosity group sandstones (group H). Compared to the low porosity group sandstones
(group L), the high porosity group sandstones (group H) samples show a higher coordination number.
As shown in Table 2, we can see that Bentheimer sandstone has the largest average coordination
number of 5.10, indicating that the pores and throats are well connected. The Stainton sandstone has
the least average coordination number of 1.67 since the sample only presents a total porosity of 6.5%
and lots of pores were sealed by diagenesis. The relatively low coordination number is due to a large
number of pores with poor connectivity.

Figure 9 presents the coordination number distributions of the eight sandstone samples. The pores
well connected are the principal flow pathways, and there are no pores for which the coordination
number is equal to zero. The coordination number distribution of pore in sandstones follows the
unimodal distribution. As shown in Figure 9, the high porosity group sandstones (group H) exhibit
wider ranges of pore coordination numbers than the low porosity group sandstones (group L).
The distribution of calculated coordination number in group H ranges from 1 to 30, though the peak
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values are different. More pores with low coordination number ranging from 1 to 20 are found in the
pore network of group L.
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3.3.2. Connectivity Density

As is stated above, the connectivity analysis was conducted through the skeleton extracted using
an algorithm, namely gradient vector flow (GVF) [47,53,55]. We calculated the connectivity density
characterizing pore connectivity with the following equation,

β =
1− χv

V
(4)

where χv is defined as the difference between the number of branches and number of branches in the
extracted skeleton; V is the selected 3D volume of interest. In this paper, we considered the longest
connected image skeleton and ignored the isolated non-connected branches. As shown in Figure 10,
the Gildehauser sandstone was chosen as an example of the skeleton extraction from CT images
using Pore3D.
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We also calculated the connectivity density and compared the differences between different
sandstone samples. The average network statistics for connectivity density are displayed in Table 2
for eight sandstone samples. The quantified connectivity density parameter based on the extracted
skeletons reveals that the porous parts were more connected in the high porosity group sandstones
(group H) than in the low porosity group sandstones (group L). As shown in Table 2, we can see that
Boise sandstone has the largest connectivity density of 439.86mm−3, indicating that the pores and
throats are all highly connected. Conversely, the result of the Stainton sandstone sample showed a
smaller connectivity density value of 1.61 mm3. For some VOIs within Stainton, the connectivity is
null because of the lack of a connected pore network, as shown in Figure 5.

3.3.3. Tortuosity

Tortuosity is an important parameter to describe the extent of twisted curves. The geometric
tortuosity can be defined using the following relationship [56]:

τ =
L
R

(5)

where τ is the tortuosity, L is the length of a flow channel (geodesic length) and R is the straight line
between two ends of a pore channel.

In the current study, tortuosity was measured by applying Avizo’s Centroid Path Tortuosity
module on the binary 3D dataset. This method is based on a computed path formed by centroids of
each interconnected region identified as the same phrase on each plane of the dataset along the Z-axis.

The calculated geometric tortuosity results of eight sandstone samples are tabulated in Table 2.
As shown in Table 2, the geometric tortuosity of sandstones slightly changes with porosity. Compared
to group L, group H samples show a lower geometric tortuosity. It shows that sandstone with high
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porosity tends to have low geometric tortuosity. The Stainton sandstone has the largest geometric
tortuosity of 3.89. The Berea sandstone has the least geometric tortuosity of 1.84.

The effective tortuosity of each sandstone sample has also been calculated using an open source
application Taufactor in MATLAB (MATLAB VERSION 2018B, Mathswork Inc., Natick, MA, USA).
Taufactor can obtain the effective tortuosity factor along different directions of the interconnected
three-dimensional pore structures [57]. Results indicate that the effective tortuosity values in the
group H sandstone samples are also larger than those of the group L sandstone samples. The effective
tortuosity values in sandstones except Stainton sandstone are slightly bigger than the geometric
tortuosity results. However, for the Stainton sample, effective tortuosities are more significant than
geometric tortuosities. The effective tortuosity in Stainton sample is around 374, whereas the geometric
tortuosity is 3.89. In the Stainton sample, geometric tortuosity is the secondary effect and pore
connectivity is the most important factor controlling fluid flow. The average coordination number
is the number of links connected to one pore, which can also be applied to explain the variation of
tortuosity in different samples. Following the drop in the number of links connected to one pore,
the possibility that fluid travels along with a straight path decreases, thus the fluid’s path becomes
more tortuous.

3.3.4. Porosity and Pore Topological Characteristics

Through the analysis of topological properties, we found that the porosity has an obvious
correlation with topological parameters. It is, therefore, necessary to analyze the relationship between
them. Figure 11 shows the relationship between porosities and pore topological characteristics in
all sandstone samples. As shown in Figure 11, the dashed line indicates a power-law fit of the data.
The best-fit power-law index (n) for each fit is marked in the figure. The pore space topological features
show a power-law relationship with porosity.Energies 2020, 13, x FOR PEER REVIEW 16 of 19 
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Figure 11. The log–log plots of average coordination number, connectivity density, geometric tortuosity
and effective tortuosity as a function of porosity.

As shown in Figure 11 above, the porosity has a high correlation with the connectivity density,
the coordination number, the geometric tortuosity and effective tortuosity. The positive correlation
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between the porosity and the connectivity density is significant. We observe that the connectivity
density varies with porosity with an exponent of 3.91. The coordination number of the pores also
increases with the porosity with an exponent of 0.76. Both the geometric tortuosity and effective
tortuosity show a reducing variation with porosity.

4. Conclusions

In this research, we presented geometric properties (i.e., pore size and shape factor) and topological
properties (i.e., coordination number, connectivity density and tortuosity) obtained from representative
elementary volume (REV) of each sandstone sample. For the sake of comparing and analyzing,
the sandstone samples can be divided into two groups: high porosity group H (Bentheimer, Berea,
Boise, Doddington and Gildehauser sandstones), low porosity group L (Clashach, Fontainebleau and
Stainton sandstones) according to the different porosities. Despite different porosity, all the sandstone
samples have highly triangular-shaped pores and a high degree of isotropy. The high porosity group
sandstones exhibit wider ranges of pore sizes than the low porosity group sandstones. Compared to
the high porosity group sandstones, the low porosity group sandstones samples show a higher global
aspect ratio, indicating some pores exist in the form of the bottlenecks. The pore topological properties
of different sandstones show a high dependence of the porosity. The high porosity group sandstones
obtain large coordination numbers, large connectivity densities and low tortuosities.

Author Contributions: Each author has made a contribution to the present paper. L.N. and Y.X. conceived and
designed the work; L.G. and L.N. proposed and participated in the analysis of the CT scan images; L.G. and Y.X.
wrote the paper. All authors have read and agreed to the published version of the manuscript.
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