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1. Introduction

With the rapid development of computer computing power, digital core technology has been widely used in
developing oil and gas fields. A series of achievements have been made in the microscopic study of rock physics in
complex reservoirs. The digital core technology is an emerging means to analyze the macroscopic physical
properties of rock from the microscopic scale based on core structure information. It studies the microscopic
structure of rock through mathematical modeling, quantitative analysis, and physical field simulation. To reflect
the pore structure of rock and quantitatively study the influence of various microscopic factors on the physical
properties of rock [1, 2]. Through systematic investigation, the commonly used methods for digital cores can be
divided into three categories: numerical reconstruction method, physical experiment method, and hybrid method
combining Simulated annealing method and position-based model [3-7]. Digital cores can better reflect the pore
space characteristics of real cores and accurately reflect the spatial distribution and morphology characteristics of
real cores. The application of digital core technology can not only quantitatively characterize the micro-pore
structure of the core but also simulate the micro-seepage of a core with simulation software, guiding oilfield
development.

The digital core is an important technique for solving rock physics problems. The traditional experimental
methods can only study the flow state of low permeability fractured reservoir from the macroscopic perspective.
However, they cannot study the pore structure of rock from the microscopic perspective. Digital cores can not only
explain macroscopic phenomena from a microscopic perspective but also better reflect the pore space
characteristics of real cores and more accurately reflect the spatial distribution and morphological characteristics
of real cores [8-11]. The digital core pore network model has become an essential tool to characterize the
microscopic pore structure of rock since it was introduced into the field of rock analysis [7, 12, 13]. In the past,
pore network models are mainly used to study the microscopic pore structure of rock, but few studies on low
permeability fracture-pore dual media. Therefore, based on CT scan core images, this study adopts digital core
modeling technology to establish a 3D digital core model and uses the maximum sphere method to extract the
real fracture-pore network model respectively. Finally, the porosity and permeability of rock samples were
calculated based on the constructed fracture-pore network model and compared with the conventional physical
property experimental data to verify the model's reliability.

2. Rock CT Scan Experiment

To test the reliability of the fracture-pore network model building method of double type selection of LN10
oilfield fracture-pore carbonate rock samples (Fig. 1a), the dual network model calculated will be based on the
pore-fracture porosity and permeability, absolutely and conventional petrophysical experiment concluded that the
porosity and absolute permeability were compared. Firstly, the samples were scanned by CT respectively, with a
scanning accuracy of 30mm and a view range of 10mmx10mmx10mm. A total of 1000 two-dimensional gray
projection images were obtained by CT scanning gray images (Fig. 1b and Fig. 1c). Through gray image rendering
and local amplification. It can be that the pores inside the sample are all developed (Fig. 1d). The scanning
parameters were as follows: voltage 110kV, current 100pA, the scanning mode was step-scan, each rotation was
0.225, the exposure time was 1500ms, the image size was 3052 pixel x 2400 pixel, sample scanning resolution was
10pm/pixel.

3. Construction of Low Permeability Fracture Pore Three-Dimensional Model

Grayscale images obtained by CT scanning are combined with image processing technology and digital core
technology to reconstruct 3D core images and extract pores. Firstly, the CT scanning method obtained grayscale
images of pore-fracture carbonate samples for denoising and binarization. Then, constructing a chain to do the
Monte Carlo approximation method is used to reconstruct the skeleton and pore structure of the segmented
image. Finally, image segmentation technology separates the pores in the image from the rock skeleton, and a 3D
pore network model of the digital core is established.
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(a) Core sample (b) Core CT scan 3D image

(c) Projection cross-section of core CT scan (d) Partial enlargement (rendering)

Figure 1: Grayscale image of sandstone CT scan.
3.1. Binarization Processing of Rock Sample Image

In the process of CT core scanning, it will be affected by some signal noise and other factors, so the gray image
after Reconstruction does not reflect the core image. Therefore, the median filtering method is used to remove
the noise. The median filtering method is simple and can maintain the image edge well, which is very suitable for
core CT image denoising and filtering. The filtered structure is shown in Fig. (2a) below. The CT image after median
filtering is a mixture of pores and rock skeletons with different gray levels. In order to distinguish rock skeleton
and pore, it is necessary to perform binarization processing on the CT scan image of the rock. The maximum
between-group variance method is used to segment the core image's pore and skeleton, which has good
adaptability and stability. In addition, compared with other methods, the maximum between-group variance
method can take advantage of the different gray values of pores and skeletons in core slice images. The image is
divided into two parts, background, and target. If the inter-class variance between the two parts is more significant,
the difference between the two parts is more obvious. Therefore, using the maximum between-group variance
method to segment, the slice image can reduce the error rate and improve the accuracy of the digital core model.
The core image segmentation results are shown in Fig. (2b).

3.2. 3D Fracture Pore Network Model Construction

The pore and skeleton in the image are distinguished by pre-processing the 2d core slices with noise reduction
and binary segmentation. In order to meet the needs of pore structure characteristics of the sample core, the pore
network is extracted from the pore space of the digital core by the maximum ball filling method. Based on any
voxel in the segment pore space, the expansion algorithm determines the possible search space and the closest
range of skeleton voxel for each voxel. The contraction algorithm is used to identify the end-tangent sphere
corresponding to the central voxel, and the upper and lower limits of the end-tangent sphere radius are calculated.
Because the pore structure inside the core is too complex, it is necessary to simplify the core and extract the pore
throat with a simple shape, the same flapping structure, and equivalent.
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(a) Image of the filtered rock sample (b) Image of segmented rock sample
Figure 2: Pores obtained from gray image segmentation of CT scan of rock sample.

Irregular pore and throat Spaces are described by regular geometry. The new graph generated after translation,
scaling, and rotation transformation is used to verify the geometric transformation technology by cutting the core
graph. The pore point (central axis node) is selected to be large enough. Using graph transformation, the
neighborhood is dissected at a series of evenly spaced angles to obtain pore profiles in different directions. Taking
the pore point as the origin, a ray is emitted at a certain Angle in the section plane. When the ray is extended to
the rock particles, the growth of the ray stops, and the length of all ray segments is recorded until all sections are
processed. The maximum interclass variance method was used to process the data set composed of ray segment
length values obtained in the above process. The optimal separation threshold, namely, porosity length, was
obtained. The pore length is taken as the radius to make the sphere, the voxel points in the pore sphere are the
pore points contained in the largest sphere, and statistical voxel points obtain the pore volume. Using the
maximum sphere method and the above steps, pore network models corresponding to each digital core are
established based on digital cores, as shown in Fig. (3). As can be seen from the figure, the pore size distribution of
the core is relatively uniform, with good homogeneity and pore connectivity.

(a) Digital core 3D model (b) Fracture-pore network model (c) Bats model
Figure 3: Digital core fissure-pore network model.

The distribution of the pore coordination number reflects the connectivity of the pore network model. The
larger the peak value of pore coordination number distribution is, the better the connectivity. The pore space
topological structure was studied by statistical analysis of the pore coordination number distribution of the pore
network model. The pore coordination number distribution of the rock sample is shown in Table 1 and Fig. (4)
below. It can be seen from Fig. (4) that the pore coordination number distribution of the rock sample presents a
single-peak distribution, mainly concentrated in 0~5, indicating that the pore connectivity of the rock sample is
poor.
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Table 1: Statistical table of pore coordination number of rock sample.

Name Maximum Minimum Average
The pore coordination number of rock sample 25 0 2.72866
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Pore coordination number distribution of rock samples
Figure 4: Pore coordination number distribution of rock samples.

4. Calculation of Model Petrophysical Parameters
4.1. Calculation of Porosity of Pore Network Model

The spatial structure of the pores is very complex, and the length of the pores is different in different directions.
Therefore, the partition threshold is introduced to calculate the pore length based on maximum interclass
variance. Firstly, the maximum sphere method is used to obtain the pore radius, the pore point is used as the
center of the sphere to make the sphere, and the infinite approximation method is used to increase the sphere's
radius until the sphere contacts the skeleton voxel point. At the time, the sphere is the maximum end-tangent
sphere of the pore, and the radius of the maximum end-tangent sphere is the pore radius. Then use image
transformation from a different point of view of porosity in different directions cutting plane, pore as the origin,
the cutting plane inside a ray from every Angle, when the rays extended to rock particles stop extending, the use
of the between-cluster variance with a length of a ray is composed of data collection, get the between-cluster
variance, the pore length. It is shown in Fig. (5) below.

l:l Rock Skeleton l:l Pore O Throat

Figure 5: Schematic diagram of pore and throat simplified by the maximum spherical method.
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The porosity of the pore-fracture dual network model can be obtained by calculating the percentage of the
sum of pore space volume and fracture space volume and the total volume of the sample [14]:

WtV
0 =~ x 100% (1)

¢—Porosity, %; Vp—Pore-space volume, um?; V,—Fracture space volume, um?;V,-Sample volume, um3,

4.2. Calculation of Permeability of Pore Network Model

The pore-fracture dual network model is a quasi-static model in which capillary forces control all fluid flows.
When calculating the absolute permeability, it is assumed that the throat is saturated with fluid. The driving
pressure p; and p; are applied at both ends of the throat between the interconnected pore i and pore j. The
relationship between the flow rate and pressure drop is as follows [15]:

qi; = 9ij(pi —pj) (2)

q;;—The flow of fluid in poreiinto pore j, cm?®/s; p—Pore i end pressure, atm; p;—Pore j-end pressure, atm; g;;—
Conductivity of the throat connecting pore i to pore j, ¢m3/ (atm-s).

According to Poiseuille's law, the conductivity g;; is:

nrt

=8 3)

9ij
r—=Throat radius, cm; u—v, mPa -s; I-length of the throat, cm,

For the steady flow of incompressible fluid, the flow into each pore in the model should be equal to the flow
out, so the mass conservation of each pore can be expressed as:

ZQU =0 (4)

i-j

By solving equations (2) - (4) simultaneously, the pressure of each pore can be obtained, which can be applied
to all pores, and the total flow Q under pressure difference at both ends of the model can be further calculated.
According to the Darcy formula, the absolute permeability of the pore-fracture dual network model can be
calculated:

QuL

K=—"_x108
i — Pj)A x )

K—-Permeability, D; Q-Total fluid flow in the modelcm3/s; L-Length of the model, c¢m; A-Pore and throat
sections, cm?,

4.3. Calculation of Pore Factor and Throat Shape Factor

The pore shape factor is an important parameter to characterize pore shape, and the throat radius is an
important parameter to calculate the critical seepage pressure of fluid flowing through the throat. Due to the
complex shape of the pores and throats in real cores, the pores and throats are reduced to simple, uniform
sections.

In order to improve the accuracy of the model, it is necessary to quantitatively characterize the shape
characteristics of core pores and throats, so the shape factor is introduced [16-20]:

Sf = (6)

2
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S;—Shape factor; A-Pore and throat cross-section area, c¢m?; L-The circumference of the shape of the pore and
throat section, cm,

By modeling the digital core and optimizing the pore space, the topology of the pore space of the digital core is
obtained. By using the processed images, using the maximum sphere method and three-dimensional geometric
transformation technology, the pore and throat are identified, the pore and throat positions are obtained, and the
geometric parameters of each pore and throat are calculated, such as pore radius, pore shape factor, throat
radius, and throat shape factor, etc.

5. Case Analysis

After the pore space is separated from the reconstructed digital core model, the ball-and-stick model of the
pore system is established using the pore network model obtained above. This model can not only express the
distribution characteristics of pore throat intuitively but also quantitatively describe the distribution characteristics
of the pore through quantitative measurement and statistics of "sphere," that is, statistical analysis of pore
distribution characteristics in the sample. In order to facilitate the analysis of the properties of each pore network
model, Origin software was used for statistical analysis of pore radius, pore shape factor, throat radius, and throat
shape factor. The statistics of each parameter are shown in Table 2.

Table 2: Parameters calculated by the pore network model.

Model Name Sample
Model Size (voxel x voxel x voxel) 10 x 10 x 10
Porosity (%) 5.91
The total number of pores 84252

The total number of shouted 57114
Maximum 2.67047 Maximum 0.06406
Pore Radius /um Minimum 0.10165 Pore Shape Factor Minimum 0.00505
Average 0.86972 Average 0.04216
Maximum 2.11213 Maximum 0.07506
Shouted Radius /um Minimum 0.09657 Roared Shape Factor Minimum 0.00191
Average 0.6284 Average 0.02336

Pore throat size mainly refers to the radius of the pore and throat. Throat radius, a basic structural parameter
in porous reservoir media, is also the key to constructing a digital pore model. The throat radius determines the
resistance calculation and fluid's spatial distribution during fluid displacement. The pore radius, throat radius,
pore shape factor, and throat shape factor of cores with different numbers were counted, and their distribution
was shown in Fig. (6).

In order to deeply analyze pore structure and pore size distribution, statistical analysis was carried out from
two aspects of pore throat radius and pore throat shape factor according to the three-dimensional pore network
model. As can be seen from the relevant data of pore and throat radius in Table 2 and Fig. (6). The core's pore
radius and throat radius show a single-peak distribution trend of high in the middle and low on both sides. The
pore radius is mainly concentrated around 0.75um, and the throat radius is mainly concentrated around 0.65um.
The pore radius and throat radius are more concentrated, indicating that the pore space distribution is
homogeneous, the pore space is mostly uniform, and the homogeneity is substantial.

In order to simplify the problem, the complex pores and throats in real cores are characterized by the regular
assembly. The simplification process follows the principle of shape factor conservation, and the statistical results
of the shape factor of the digital sandstone core are shown in the figure. As seen from Fig. (7), the distribution of
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the pore shape factor and throat pore factor of different cores shows a single-peak distribution trend, with the

pore shape factor around 0.375 and the throat shape factor around 0.012.
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Figure 6: Distribution of pore radius and pore throat radius of digital core.
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Figure 7: Distribution of digital core pore factor and throat factor.

The porosity and permeability values calculated by the digital core pore network model are compared with

those measured in the laboratory, as shown in Table 3 below.

Table 3: Core porosity and permeability [21].

0.02

0.03 004 005 006 007 0.08

Roared Shape Factor

Name Porosity (%) Permeability(mD)
Laboratory measurement 6.41 0.45
Other laboratory measurements 8.3 1.44
Numerical core pore network model calculation 5.91 0.86

In conclusion, there is a good consistency between the results measured in the laboratory and those measured
in the pore network of digital cores. Therefore, the quantitative characterization results of pores obtained by the

pore network model reconstructed by the digital core technology through CT scanning cores are reliable.

6. Conclusion

Through noise reduction, filtering, and threshold segmentation of CT scan rock gray image, rock physical
properties are simulated based on processed digital core data, and a 3D pore network model reflecting the real
microstructure of the core is constructed by digital core. Based on the network model, the pore throat size, pore
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space topology, and pore throat shape characteristics in each pore network model are compared and analyzed.
The results show that:

(1) CT scan can accurately identify pore throats with diameters larger than 12.40pum in samples with diameters
of 2.5cm and height of 5cm and display the distribution of pore throats in three-dimensional space. The pore
throat radius distribution trend in the core is positive, so the pore throat distribution has significant homogeneity.

(2) The core pore shape factor and throat shape factor presents a single-peak distribution, with peak values
around 0.375 and 0.012, respectively. The core throat shape factor distribution mainly concentrates on the right
side of 0.012, indicating that the pores developed in the core are relatively round. The core shape factor is
relatively small, and the pore and throat corner structure is relatively obvious.

(3) The porosity and permeability measured in the laboratory and the porosity and permeability measured by
the digital core pore network model have an error of 3%. Therefore, the quantitative characterization results
measured by the three-dimensional pore network model are more reliable. CT scanning technology can realize the
visualization characterization of micro-pore structures at different scales, which provides conditions for the study
of pore networks in porous media and the construction of digital cores.

There are two future directions. First, we only implemented two-level matching, but the approach should be
generalized to multiple scales, for example, to connect centimeter-millimeter-micron-nanometer scales. Second,
template matching with 3D templates, while computationally much more expensive to implement (correlations
must be computed in three directions and two angular rotations), should be more accurate at recognizing
microstructure but might also require fewer templates.
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