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Abstract: Rock electrical experiments are essential means of researching the conductive properties of
rocks and are fundamental to interpreting resistivity logging. Carbonate rocks have more complex
pore structures than sandstone, which results in more complex conductive properties. However,
conducting experiments on representative rock samples from carbonate reservoirs is difficult, making
it challenging to study the micro factors affecting electrical properties. Therefore, researching the
conductive properties of carbonate rocks is difficult. To address this, in this paper, three-dimensional
(3D) digital rock models with different porosities are generated, and conductive simulations are
carried out on these models using the finite element method (FEM). Firstly, a micro-computed
tomography (u-CT) 3D image of a carbonate rock is obtained. Secondly, mathematical morphology-
based methods are used on the p-CT image to generate cores with varying porosities and fluid
distributions. Then, the electrical properties are simulated using the FEM method, and the results are
analyzed. The results reveal that the formation factor of the reservoir is mainly influenced by the
shape and structure of the pores. The Archie equation is more suitable for carbonate reservoirs with
water saturation levels greater than 60%. The wettability of the rock can alter the distribution of fluid
in the reservoir space under different water saturation conditions. In pure water-wet rocks, the water
phase mainly occupies small pores, while the oil phase occupies larger pores. As a result, compared to
pure oil-wet rocks, water-wet rocks have more conductive channels and better conductivity. Therefore,
it is important to determine the wettability of the rock when calculating water saturation using the
Archie equation. The saturation index value of water-wet carbonate rock is about 2, while that of
oil-wet rock is around 3—4. This research lays a foundation for studying the electrical conductivity of
carbonate reservoirs using digital rocks.

Keywords: carbonate rocks; digital rock; electrical conductivity; mathematical morphology; finite
element method

1. Introduction

Carbonate reservoirs contribute to more than 50% of global oil and gas reserves [1-3],
making the efficient exploration and development of these reservoirs highly significant.
Carbonate reservoirs have very small primary porosity and poor oil and gas storage ca-
pacity. The main storage space consists of secondary pores formed through secondary
reformation, such as dissolution pores or fractures [4]. Compared to clastic reservoirs,
carbonate reservoirs have more complex pore structures and pronounced anisotropy [5,6].
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Reservoir rock electrical properties play crucial roles in reservoir evaluation, logging inter-
pretation, and reserve prediction [7,8]. The non-conductive skeleton formed by limestone
or dolomite commonly found in carbonate reservoirs means that their electrical properties
are primarily influenced by the structure of the storage space and the internal fluid proper-
ties [9]. The structure of the reservoir space in carbonate reservoirs refers to the shape and
size of the pores, the width and angle of fractures, and the wettability of the reservoir space
surface, whereas the fluid properties include water saturation and formation water salinity.
Petrophysical experiments are a common method for studying the electrical properties of
rocks. Early studies focused on understanding the electrical properties of sandstone rocks,
serving as a foundation for evaluating carbonate reservoirs [10,11]. However, obtaining
rock samples with variations in porosity, saturation, or wettability for petrophysical experi-
ments is challenging. Additionally, conducting petrophysical experiments on carbonate
rock samples with vugs or developed fractures poses difficulties [12]. Due to the complex
pore space, full saturation with water during experiments is often challenging [13].

Using numerical simulations can effectively overcome the challenges brought about
by heterogeneity in reservoirs and solve practical problems [14-20]. Digital rocks, which
are obtained using imaging instruments like micro-computed tomography (u-CT), enable
detailed characterization of the internal structures of rocks. This technology enables
us to obtain parameters such as the size, distribution, and connectivity of the pores or
minerals [21,22]. Additionally, mathematical methods based on digital core images can
generate a large number of core samples with varying porosities or fluid distributions.
Liu (2010) [23] used mathematical morphology-based methods to determine the fluid
distribution in the pores of sandstone rocks with different wettabilities. Nie et al. (2019) [24]
established dissolution porosity models with the same pore shape for carbonate reservoirs
using mathematical morphology, laying the foundation for simulating carbonate reservoir
electrical properties. Numerical simulations based on digital core images can provide
various rock properties. Several researchers have conducted simulations to obtain the
electrical, acoustic, nuclear magnetic, and seepage characteristics of rocks based on 3D
digital cores [21,25-29]. Numerical simulation methods, such as the Kirchhoff nodal
voltage method, lattice Boltzmann method, and finite element method (FEM), are used
to simulate rock electrical conductivity using digital cores [30,31]. Zhou et al. (2013) [32]
calculated the electrical conductivity of complex sandstone using the Kirchhoff nodal
voltage method. Yue and Tao (2013) [33] used the lattice Boltzmann method to study
the electrical conductivity of rocks. Currently, FEM is the most widely used method
for simulating electrical properties. Arns (2002) [34] used FEM to study the electrical
properties of 3D digital cores of Fontainebleau sandstone and the results were in good
agreement with experimental Archie’s law, confirming the reliability of this method. Jiang
(2012) [35] utilized FEM to examine the pore structure, permeability, and wettability of
rocks in relation to their electrical conductivity. Nie et al. (2016) [36] employed FEM to
investigate the conductive properties of organic shale, focusing on the sensitivity of shale
conductivity. Zhao et al. (2022) [37] used FEM to analyze the conductivity characteristics of
fractures in shale formations. In the context of carbonate reservoirs, Nie et al. (2022) [38]
manually introduced fractures into digital cores and simulated the electrical properties of
fractured carbonate rocks, establishing the relationship between fracture properties and
resistivity. Sun et al. (2022) [39] simulated the electrical properties of fractured vuggy
carbonate reservoirs and proposed a novel saturation evaluation model.

However, few studies have focused on the relationship between the electrical prop-
erties of carbonate rocks and variations in their porosity, water salinity, water saturation,
and wettability, especially for carbonate rocks with complex pore structures. This paper
aimed to investigate the relationship between carbonate rock conductivity and porosity,
water salinity, saturation, and wettability. To achieve this, a 3D image of carbonate rock
obtained using p-CT scanning was utilized, and mathematical morphology was employed
to establish models with different porosities and oil saturation levels. FEM was then applied
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to simulate the conductivity characteristics of carbonate reservoirs, enabling an analysis of
the impact of different parameters on the conductivity of carbonate rocks.

2. Data and Methods
2.1. u-CT Based 3D Digital Rock

To investigate the impact of different micro factors on the conductivity characteristics
of carbonate reservoirs, this study utilized a 3D carbonate digital rock image obtained by
u-CT scanning. The image, sourced from Imperial College London, was segmented into
matrix and pore space [40]. The sample was a cube with dimensions of 400 x 400 x 400
voxels, a resolution of 2.85 um/voxel, a porosity of 23.3%, and an average permeability of
1102 x 1073 um? in three directions.

To improve the reliability of the research and increase the number of research samples,
the main sample was divided into 8 sub-samples, labeled as samples 1 to 8, as shown
in Figure 1. In Figure 1, the red, green, and blue axes are the x-, y-, and z-directions,
respectively. Each sub-sample measured 200 x 200 x 200 voxels in size. The porosity of
each sample is provided in Table 1. Samples 1 and 3 were chosen as the key research samples
to investigate the electrical properties because sample 1 had the lowest porosity, while
sample 3 had moderate porosity. It is important to note that the data used in this research
may limit the representativeness of this study. The results and conclusions presented in
this paper are mainly applicable to pore-type carbonate reservoirs with moderate to high
porosity levels.

Figure 1. The entire digital carbonate core sample scanned by X-ray CT.

Table 1. Statistics of the porosity of carbonate digital core sample.

Sample 1 2 3 4 5 6 7 8 Entire
Porosity (%) 1763 1944 2572 2119 19.34 2183 2649 3445 23.26

2.2. Establishment of Different Porosity and Oil Saturation Models Based on
Mathematical Morphology

After the binarization operation, the 3D digital core image consisted only of the skele-
ton and pores. It essentially became a 3D data volume consisting of 0 and 1, allowing it to be
processed using mathematical morphology. Mathematical morphology is a method used to
analyze and recognize images by utilizing structural elements with specific morphologies
to measure and extract the corresponding shapes in an image. It primarily involves four
basic operations: dilation, erosion, opening, and closing [41].

Dissolution pores and caves in carbonate reservoirs are created by the dissolution of
soluble minerals, resulting in pore spaces. The dilation and erosion operations in math-
ematical morphology align with the physical processes of carbonate porosity formation.
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The dilation operation enlarges the target image, increasing the porosity of the sample,
while the erosion operation reduces the target image, decreasing the porosity. Previous
studies have shown that dilation and erosion operations can generate different porosity
levels while maintaining similar pore structures [24]. The opening operation involves
performing the erosion operation followed by the dilation operation, which simulates the
process of water flooding. Conversely, the closing operation entails performing the dilation
operation followed by the erosion operation, effectively compensating for narrow regions
in the image. Figure 2a represents a 2D section of the original 3D digital core, where the
pore space is represented by 0 (black) and the skeleton (solid matrix) is represented by 1
(white). Mathematical morphology operates within the pore space. Figure 2b illustrates a
section image created by the erosion operation applied to the original 3D digital core using
a sphere with a radius of 1 pixel as the structural unit. Figure 2c,d depicts the slice images
generated by the dilation operation of the original 3D digital core using spheres with radii
of 1 and 2 pixels as the structural units, respectively.

(©) (d)
Figure 2. Sections of carbonate digital cores with different porosities: (a) original image

(Por = 17.6%); (b) erosion operation (Por = 9.9%); (c) dilation operation (Por = 27.3%); (d) dila-
tion operation (Por = 33.3%).

The opening operation has the capability to create core models with different wettabil-
ity and saturation [42]. Figure 3 represents a cross-sectional view of the fluid distribution in
water-wet carbonate rocks with varying water saturation levels. Structural elements with
radii ranging from 1 to 5 pixels were chosen, and the opening operation in mathematical
morphology was performed within the pore space. The removed pore space simulates the
pores occupied by water following water flooding. By comparing the results of the opening
operation with the original image, the images in Figure 3b—f were obtained. In these figures,
the gray region represents the skeleton, red represents oil, and blue represents water.
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Figure 3. Sections of water-wet carbonate digital cores with different water saturation levels:
(a) Sw = 0%; (b) Sw = 5.3%; (c) Sw = 11.7%; (d) Sw = 16.3%; (e) Sw = 24.3%; (f) Sw = 34.4%.

2.3. Finite Element Method

The numerical simulation method provides a solution to the challenges faced in
quantitatively determining the structure of rock reservoir spaces using conventional rock
experimentation. By treating the rock as a composite material consisting of multiple
components, FEM was utilized in this study to simulate the 3D digital rock’s resistivity.
Developed by Garboczi (1998) [25], this method was specifically designed to calculate the
effective linear properties of random materials with their microstructures represented in 2D
or 3D digital images. The digital core, serving as a unique digital image, contains essential
information such as the mineral components and their spatial distribution.

The fundamental concept underlying FEM is the existence of a variational principle for
linear electrical conductivity problems, where the model is divided into non-overlapping
finite elements. In the case of a 3D digital core model, no division is required as the
voxels serve as natural elements. For a given microstructure, subject to applied fields or
other boundary conditions, the resulting voltage distribution is such that the total energy
dissipated is extremized. This means that the gradient of the energy with respect to the
voltage variables is zero. In the program, the goal is to minimize the real energy dissipation
per unit time or power. Thus, the solution for the voltage at each unit point is transformed
into finding the extremum value of the overall energy of the system in order to calculate
the effective conductivity of the entire 3D digital core. The energy En must be minimized,
which is achieved by setting the partial derivatives of the energy with respect to the variable
uy, (node voltage) to zero:

doEn
a0 @

When Equation (1) is solved, and the sum of the squares of the gradient vectors formed
by the partial derivatives of the energy En with respect to the voltages of m nodes is below
a predefined error threshold, it can be considered that Equation (1) is approximately valid.
This implies that the voltage distribution and effective electrical conductivity of the 3D
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digital core are determined. Further details about this method can be found in the reference
by Garboczi (1998) [25].

Each pixel in the digital core represents a different phase: solid grains, water, and oil. A
digital core consists of matrix and fluid. The matrix is assumed to be nonconductive and is
represented by zero in the digital core. Under varying water saturation levels, there are two
types of fluid present in the pore space: water and oil. In the electrical property simulation,
the conductivities of water and oil are assumed to be ow =1 and oo = 0, respectively. Each
pixel in the digital rock can represent either the matrix, water, or oil, depending on the
simulated drainage process observed in the morphology. The conductivity of each cube is
determined by the phase it represents. We applied an external electric field E and used FEM
to determine the voltage distribution in the 3D digital core. From this, we could calculate
the resistivities of the rock for different water saturation levels.

2.4. Archie’s Law

To study the conductivity parameters of a rock, the use of the Archie equation is
essential. Archie (1942) [10] established the relationship between the resistivity of brine
and the resistivity of water-saturated sandstone rock:

p=fRo_ 2 2)
Rw (Pm
where F denotes the formation factor; Ry is the water-saturated rock resistivity in ohms;
Ry is the brine resistivity in ohms; a is the tortuosity factor; m is the cementation exponent
of the rock; and ¢ denotes the porosity. The value of F should not change with the brine
resistivity in a sandstone rock.
Archie’s law also reveals the relationship between the water saturation and resistivity
of a rock. The resistivity index I is defined as follows:

R b

I= = = 3
Ry~ S ®)
where R; is the oil-bearing rock resistivity in ohms; Ry is the resistivity of water-saturated
rock in ohms; Sy, is the water saturation; b is a lithology-related constant; and n is the
saturation exponent, which depends on the fluid distribution in the pore space.

3. Numerical Simulation Results and Discussion on the Conductivity of
Carbonate Reservoirs

The matrix pores in carbonate reservoirs are typically very small, and their electrical
conductivity is significantly influenced by secondary dissolution pores and caves. Therefore,
in this paper, certain carbonate digital core samples with dissolved pore and cave structures
were selected for analysis. Reservoir simulations were conducted, considering various
microscopic factors such as porosity, formation water salinity, wettability, and saturation.

3.1. Effect of Porosity on Reservoir Conductivity

Whether describing the laws of a core physical experiment or analyzing microscopic
influencing factors, it is evident that the distribution and changes in the m value are
primarily controlled by the rock’s pore structure, despite being influenced by various
factors. Therefore, the m value can be defined as the pore structure index. In complex
carbonate reservoirs, the distribution and variations of the Archie parameter m are mainly
controlled by three different “elements,” i.e., matrix pores, fractures, and solution pores and
holes, which comprise multiple pore structures and their interrelationships. Specifically,
these distributions and variations are directly related to the geometrical parameters of
the microstructures of their throats and cavities as well as their interrelationships. When
considering the macroscopic characteristics of rock pore structures (at the macroscopic
scale), porosity and permeability are the main influencing factors affecting the distribution
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and changes in the m value in complex reservoirs. Therefore, the m value can generally be
expressed as a function of formation porosity and permeability [13].

Erosion and dilation operations were performed on digital core samples 1 and 3,
respectively, resulting in core models with the same pore shape and tortuosity but different
porosity sizes. Conductivity simulations were then conducted in the x-, y-, and z-directions
for core samples 1 to 8. Additionally, conductivity simulations were performed for samples
1 and 3 with different pore sizes obtained after erosion and dilation. The simulation results
are presented in Figures 4—6 below.

100

y=0.9211x2247
R*=0.8314

100 100

y = 0.8935x 2181
R?=0.8127

y = 0.88x2301
R?=0.7633

0.1

¢ ¢

(b) ()

Figure 4. Cross-plots of formation factor and porosity of digital core samples 1-8. (a) x-direction;
(b) y-direction; (c) z-direction.
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Figure 5. Cross-plots of formation factor and porosity of digital core sample 1. (a) x-direction;
(b) y-direction; (c) z-direction.
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10
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Figure 6. Cross-plots of formation factor and porosity of digital core sample 3. (a) x-direction;
(b) y-direction; (c) z-direction.

The analysis and comparison revealed that the correlation between the formation
factor (F) and porosity (¢) in Figure 4 was poor. However, in Figures 5 and 6, the correla-
tions for samples 1 and 3 were both above 0.99, indicating a very high correlation. This
phenomenon highlighted the relatively discrete F—¢ relationship in Figure 4, which was
primarily influenced by pore structure factors such as pore morphology and tortuosity
rather than pore size.
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The fit equations provided us with the m values for each sample. For samples 1 to 8,
the m values ranged from 2.181 to 2.301 in all three directions. For sample 1, the m values
ranged from 2.352 to 2.675. For sample 3, the m values ranged from 2.003 to 2.201. In
normal sandstone reservoirs, the typical m value is around 2. The results indicated that
the m values of carbonate sample 3 were similar to those of sandstone. Figure 7 shows
the pore—throat network model of the two samples. The balls represent pores and the
sticks represent throats. The colors from green to red indicate the radii of pores and throats
getting bigger. From Figure 7 it was easy to observe that the pores of sample 3 were well
connected like a sandstone rock, while sample 1 had many fewer connected pores. Figure 8
reveals the distribution of pore size and the coordination number of the pores of samples
1 and 3. It was obvious that sample 3 had more bigger pores and fewer small pores than
sample 1, and the mean coordination number of sample 3 was also higher than that of
sample 1. This quantitively revealed that sample 3 had a better pore structure than sample
1. Therefore, the m value was affected significantly by the pore structure. Normally, the
better the pores are connected, the smaller the m value.

(a) (b)

Figure 7. Pore-throat network model of digital rock samples. (a) sample 1; (b) sample 3.
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Figure 8. Pore size and coordination number distribution of digital rock samples 1 and 3. (a) pore
radius distribution; (b) coordination number distribution.

3.2. Effects of Formation Water Salinity on Reservoir Resistivity under Different Porosity
Conditions

Sample 1 underwent a dilation operation, resulting in the creation of multiple core
models with varying porosities. These models were then used with FEM to simulate
the impact of formation water salinity on reservoir resistivity under different porosity
conditions. The results of the simulation are presented in Figure 9. The figure highlights
the following key points:
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R (2'm)

1.  There was a logarithmic relationship between the resistivity of pure carbonate matrix
reservoirs and the conductivity of formation water;

2. Under the same formation water conductivity conditions, the reservoir resistivity
decreased as porosity increased;

3. In pure carbonate matrix reservoirs, the curves under various porosity conditions
were all parallel to each other, indicating that the rate of resistivity reduction had little
relationship with the size of the pores if the porosity was high.

M Porosity= 17.6%
A Porosity= 27.3%
® Porosity= 33.3%
# Porosity= 43.0%

W Porosity= 17.6% W Porosity= 17.6%

R (Q'm)

A Porosity= 27.3%
@ Porosity= 33.3%
@ Porosity= 43.0%

A Porosity= 27.3%
® Porosity= 33.3%
@ Porosity= 43.0%

10
Formation water conductivity (S/m)

(a)

10 1 10

Formation water conductivity (S/m) Formation water conductivity (S/m)

(b) (c)

Figure 9. Cross-plots of resistivity and formation water conductivity of digital core sample 1 with
different porosities. (a) x-direction; (b) y-direction; (c) z-direction.

3.3. The Effect of Saturation on Reservoir Conductivity

The influencing factors and change rules of the saturation index (n) in heterogeneous
reservoirs, such as carbonate rocks, have been the focus of attention for a long time. Early
studies with rock electrical tests showed that the n value can change with factors such as
rock wettability, formation water salinity, and porosity. It is generally believed that calcite
tends to be more oil-wet than water-wet, which significantly affects the current transmission
characteristics of carbonate reservoirs and the recovery of oil and gas, resulting in an
increase in the n value. While there is a consensus on the influencing factors of the n value,
there are different views on the range of its distribution. For example, Donaldson and
Siddiqui (1987) [11] measured the saturation index of oil-wet Berea sandstone as high as §,
while Morgan and Pirson (1964) [43] showed that the saturation index value varied from 2.5
to 25, ranging from strongly water-wet to strongly oil-wet. Such variations make it difficult
to understand the changes in the n value. These different interpretations not only increase
the uncertainty in determining the Archie parameter n for practical interpretations, but they
also challenge the applicability of the Archie equation in carbonate rocks and other strata.
Therefore, based on extensive research results, it was necessary to sort out and demonstrate
this key problem based on the actual state of a reservoir. The following analysis attempted
to analyze the rule of the saturation index n through numerical simulations.

Based on core sample 3, we conducted a simulation of water flooding in oil-saturated,
water-wet rocks within the pore space. We established core models with different water
saturation levels using an opening operation. The conductivity of the formation water used
in the simulation was 1 S/m, while the conductivity of the skeleton was 0 S/m.

Figure 10 shows a cross-sectional diagram depicting the relationship between the
resistivity index (I) and water saturation (Sw) obtained from the numerical simulation of
digital core sample 3. By analyzing the changing trend of the I-Sw curve in Figure 10, the
following characteristics could be observed:

1. A non-Archie characteristic was observed because there was a turning point when Sw
was about 60%. When the water saturation levels in Figure 10 were above and below
60% (orange dashed line), two different curve trends appeared;

2. When the water saturation level was less than 60%, the saturation index (n) values in
the x-, y-, and z-directions were found to be 3.48, 3.28, and 3.6, respectively. These
values of n were much higher than those of normal sandstone, indicating a deviation
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from typical behavior. This could be attributed to the water-wet wettability, where as
the water saturation increased, water filled the smaller pores and pore surfaces first,
creating a conductive path and causing a rapid drop in resistivity;

3. When the water saturation level was greater than 60%, the saturation index (n) values
in the x-, y-, and z-directions were calculated to be 2.25, 1.54, and 1.97, respectively.
These values were relatively close to 2, which aligned more with the Archie parameter
values for sandstone. This was because at high water saturation levels, the conductive
path within the core became more stable, resembling that of homogeneous sandstone.

100

==X direction
==Y direction

==t 7, direction

Sw Sw

(a) (b)

Figure 10. Relationship between resistivity index and water saturation of digital core samples.
(a) sample 1; (b) sample 3.

In summary, the saturation index (n) value in a carbonate reservoir varied with the
water saturation (Sw) level. Furthermore, the Archie equation was found to be more suitable
for calculating the water saturation in carbonate reservoirs where the water saturation (Sw)
level was greater than 60%.

3.4. The Effect of Wettability on Reservoir Conductivity

Based on 3D digital core sample 3, the opening operation was utilized to simulate the
oil-wet rock process of oil flooding water-saturated rock and the water-wet rock process of
water flooding oil-saturated, water-wet rock in the pore space. Rock models with different
water saturation levels were established accordingly. The water-wet core models with
various water saturation levels were obtained using a structural element of 7-18 pixels for
opening the sphere, while the oil-wet core models were obtained by employing a structural
element of 1-5 pixels for the same procedure. Additionally, assuming the conductivity of
the contained formation water to be 1 S/m and the conductivity of the framework to be
0 S/m, the resistivity indices in the x-, y-, and z-directions of different rock samples were
obtained using numerical simulation calculations based on FEM. Moreover, it was observed
that a non-Archie phenomenon occurred when the water saturation level obtained from
Section 3.3 fell below 60%. Therefore, for the purpose of simulation and comparison, the
core model with a water saturation level greater than approximately 60% was selected.

Figure 11 illustrates a cross-sectional diagram depicting the relationship between the
resistivity index and water saturation resulting from the numerical simulation of rock
samples exhibiting different wettabilities. By observing the changing trend of the oil-wet
and water-wet I-Sw curves in Figure 11, we could observe that:

1. Under the same water saturation condition, the resistivity of oil-wet rock was signifi-
cantly larger than that of water-wet rock. This difference was particularly pronounced
at lower water saturation levels;

2. The saturation index of oil-wet rocks was significantly larger than that of water-wet
rocks. The values of the saturation exponent for oil-wet rocks in the x-, y-, and
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z-directions were 3, 4.15, and 3, respectively, whereas for water-wet rocks, they were
2.44,1.8, and 2.2, respectively.
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Figure 11. Relationship between resistivity index and water saturation of digital core sample 3 with
different wettabilities. (a) x-direction; (b) y-direction; (c) z-direction.

The reason for the aforementioned phenomenon was that wettability could affect
the distribution of relevant fluids in the reservoir pores under various water saturation
conditions. In water-wet conditions, the water phase primarily occupied the small pores,
while the oil phase occupied the larger pores. As a result, the water-wet phase possessed
more conductive channels and superior electrical conductivity compared to the oil-wet
phase. It is therefore crucial to determine the wettability of the rock when calculating the
water saturation using the Archie equation. The value of the saturation index for water-wet
rocks was typically around 2, whereas for oil-wet rocks, it ranged from 3 to 4. Consequently,
the saturation index value fell between 2 and 4 depending on the wettability. This finding
aligned with previous experimental research by Zeng et al. (2013) [13].

3.5. Limitations of the Results and Future Study Suggestion

In this study, we utilized mathematical morphology-based methods, specifically di-
lation, erosion, and opening operations, to generate digital core models with different
degrees of dissolution and fluid saturation. During the process, all of the pore surfaces
were dissolved at the same time and to the same degree, and the saturation model did not
consider the isolated pores. Therefore, there were limitations and potential uncertainties
associated with these assumptions.

In the simulation process, we assumed that the conductivity of the contained formation
water was constant throughout the simulations, while the conductivity of the rock matrix
was assumed to be zero. In reality, the conductivity of the formation water can vary due
to factors such as salinity variations and dissolved ions. Incorporating more realistic fluid
models that account for these variations could provide a more accurate representation of
reservoir conductivity.

Therefore, in this study, the obtained values are provided for reference purposes only
and do not necessarily reflect the behavior of carbonate rocks in practical scenarios. When
applying these findings, it is important to conduct field calibrations to ensure accurate
results.

This study specifically examined carbonate reservoirs with medium to high porosity;
therefore, the conclusions are constrained and applicable only to this range. This study
focused on the influence of porosity, formation water salinity, wettability, and saturation on
reservoir conductivity. However, there are other factors that can impact the electrical prop-
erties of carbonate reservoirs, such as pore connectivity, pore size distribution, mineralogy,
and fractures. These factors should be considered and their effects on conductivity should
be evaluated.

In future studies, more rock samples with a wider range of porosity and pore geometry
should be involved, and a more accurate saturation model considering the connectivity of
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the pores should be used to make sure the models are more realistic. And, other factors
affecting rock conductivity should be comprehensively studied.

4. Conclusions

In this paper, we established digital core models with varying pore sizes and utilized
FEM to investigate the electrical properties of dissolved pore carbonate reservoirs. We
also analyzed the application of the Archie equation in these reservoirs. The following
understandings and conclusions were derived from our study:

1.  Based on CT scan images, models of different degrees of dissolution can be obtained
using mathematical morphology-based dilation and erosion operations. Additionally,
models of different fluid saturation levels can be obtained using the opening operation;

2. The formation factor and porosity of the reservoir are primarily influenced by the
shape and structure of the pores;

3. There is a non-Archie phenomenon because there is a turning point when the water
saturation level is approximately 60%;

4. The wettability of rock can alter the distribution of fluids in the reservoir space
under varying water saturation conditions. In water-wet rocks, the water phase
predominantly occupies small pores, while the o0il phase occupies larger pores. As
a result, water-wet rocks have more conductive channels and higher conductivity
than oil-wet rocks. Therefore, determining the wettability of the rock is crucial when
calculating water saturation using the Archie equation. The saturation index value for
water-wet rocks is typically around 2, whereas for oil-wet rocks, it ranges from 3 to 4;

5. In this study, the obtained values are provided for reference purposes only and do
not necessarily reflect the behavior of carbonate rocks in practical scenarios. When
applying these findings, it is important to conduct field calibrations to ensure accurate
results. In future studies, more accurate models should be used and other factors
affecting rock conductivity should be comprehensively studied.
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