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Abstract This paper presents the results of quantitative and qualitative studies 
of pore space and filtration properties of rocks of gas condensate fields based on 
computed tomography images. The research was carried out using ProCon X-Ray CT-
MINI high-resolution scanner of the Institute for Problems in Mechanics RAS. The 
approach for digitally analyzing CT images using the GeoDict package is described 
in detail. 3D structures of the studied rocks with separation of matrix and pore space 
were obtained on the basis of CT images. The main filtration-capacitance properties 
of the rock—porosity and permeability—were determined. The digitally obtained 
values are in good agreement with laboratory permeability measurements, which 
indicates the correctness of the applied approach. It is shown that the filtration prop-
erties of the rock are close to isotropic with weak transversal anisotropy. For detailed 
analysis of pore space and reasons of anisotropy appearance, geodesic tortuosity 
measurements and analysis of percolation paths were carried out. The local porosity 
point distribution along the directions in the specimen was obtained, and the connec-
tivity of the pore space was evaluated. It is shown that the causes of permeability 
anisotropy are a combination of pore space features, such as different channel tortu-
osity along the directions in the rock, different width of percolation paths, local 
porosity variation along specimen slices, and non-uniform distribution of pore space 
connectivity. The data necessary for filling the hydrodynamic model of the field, as 
well as for a better understanding of the fundamentals of the relationship between 
the filtration process and the structure of the pore space in rocks were obtained. The 
conducted digital studies are an irreplaceable tool for studying the internal structure 
of rocks, as well as they complement and expand significantly the range of results 
obtained by laboratory methods. Their application in conjunction with classical rock 
testing can help solve important problems in the oil and gas production industry, 
such as permeability drop in the vicinity of wells, loss of wellbore stability, sand 
production and operational accidents.
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1 Introduction 

The Arctic shelf is a huge treasure trove of hydrocarbons: oil and gas deposits already 
explored account for a quarter of the world’s reserves. The northern shelf of Russia 
contains up to 25% of the country’s oil reserves and up to 70% of its total explored gas 
reserves. However, the development of the Arctic region is currently facing signifi-
cant challenges. These challenges primarily stem from the complexities associated 
with field development and operations in the demanding Arctic offshore conditions, 
and elevated economic costs. This difficulty is particularly prominent in the case of 
gas and gas condensate reservoirs found in the Russian Arctic shelf. These reservoirs 
are often weakly cemented, highly permeable sandstones with relatively low strength 
properties. Successfully developing and exploiting such reservoirs necessitates thor-
ough and multifaceted preliminary investigations of core materials. These investi-
gations are vital for creating adequate geomechanical and hydrodynamic models 
necessary for mitigating undesirable processes in wells, including sand production, 
loss of wellbore stability, and reductions in permeability in the bottomhole zones. 

Comprehending the physical properties of reservoir rocks plays a pivotal role in 
the development of reservoir models and the innovation of strategies to enhance well 
productivity. To construct adequate hydrodynamic and geological reservoir models, 
extensive and thorough studies are essential, including laboratory core analysis. The 
primary reservoir characteristics that significantly impact reservoir processes include 
porosity, permeability, matrix structure, and rock pore space [1]. Traditionally, the 
assessment of rock permeability and porosity have been based on laboratory tests, 
well logging data, or indirectly through correlations with other rock characteristics 
[2]. There is a relatively recent and promising approach to studying rock properties 
in the laboratory—the numerical simulation of filtration processes using structures 
obtained through microcomputed X-ray tomography (µCT). 

X-ray computed tomography (CT) represents a significant non-destructive tech-
nique for inspecting the internal structure of rocks, providing a valuable complement 
to direct laboratory investigations. This method entails reconstructing the spatial 
distribution of X-ray linear attenuation coefficients through computer processing of 
acquired projections during the radiation scan. The result of a CT examination is 
presented as a series of grayscale images collectively forming a three-dimensional 
depiction of X-ray absorption within the examined specimen [3]. Specialized soft-
ware is subsequently employed to determine attributes such as linear dimensions, 
quantity, sphericity, and anisotropy of elements within the specimen [4]. To enable 
quantitative material analysis and the utilization of tomography results for numerical 
process modeling, image segmentation becomes imperative [5]. Segmentation is a 
technique involving the analysis of images and the transition from X-ray absorption to
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the spatial distribution of the specimen’s constituent components within the specimen 
space. Segmentation can take the form of binary (two-phase) or multiphase segmen-
tation. In the industry, pore imaging experiments combined with modeling serve 
as valuable tools for determining geological and physical properties [6], including 
porosity and permeability [7]. The calculations are conducted on a segmented image, 
primarily focusing on the macropore space. This space comprises pores with well-
defined boundaries that can be effectively segmented into fluid and solid grains on a 
voxel basis [8]. 

Recent research combined with extensive experience in developing complex 
hydrocarbon fields has underscored the significant influence of reservoir property 
heterogeneity and anisotropy on mass transfer processes within reservoirs. Consid-
ering the anisotropy of filtration properties is crucial for addressing challenges in 
production optimization and enhancing recovery rates. Reservoir models that disre-
gard permeability anisotropy often lead to either overestimation or underestimation 
of critical reservoir characteristics potentially causing substantial economic setbacks 
for the industry. Moreover, information about reservoir permeability anisotropy 
proves invaluable when determining the most suitable field development approach 
[9]. Furthermore, factors like bedding, layering, shear, and compaction can impede 
fluid flow [10]. It’s widely acknowledged that various degrees of reservoir structure 
heterogeneity and filtration property distribution are present in most fields [11]. The 
permeability anisotropy within rocks significantly affects fluid flow within reservoirs, 
spanning from injection wells to production wells. This impact becomes particularly 
pronounced in the later stages of field development and can lead to a reduced reservoir 
coverage factor, especially for facilities equipped with horizontal wells [12]. 

One of the significant advantages of methods based on tomography data is the 
possibility of detailed analysis of pore space, including its connectivity, tortuosity 
of filtration paths, pore volume distribution, etc. Structural analysis of pore space 
allows quantitative assessment of the causes of anisotropy of filtration properties, 
which is a tremendous advantage compared to other methods of materials research. 

This work presents the results of rock structure digital studies carried out on the 
base of ProCon X-Ray CT-MINI high-resolution scanner of the Institute for Problems 
in Mechanics RAS. 3D structures of rocks under study were created on the basis of 
tomography images. Numerical and quantitative analysis of pore distribution in the 
rock was carried out, pore space connectivity and pore distribution in rock slices 
were investigated. Images of percolation paths were obtained and the tortuosity of 
filtration paths in the rock was estimated. Numerical modeling of the filtration process 
was carried out, permeability values of rocks in three directions were obtained. The 
data necessary for filling the hydrodynamic model of the field, as well as for a better 
understanding of the relationship between the filtration process and the structure of 
the pore space in rocks were obtained. It is shown that the data obtained by modeling 
on high-resolution images correlate closely with laboratory measured permeability 
values.
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2 Research Methodology 

The core material under investigation was obtained from a gas condensate field 
located on the Arctic shelf of Russia. The rocks under study were sandstone, which 
has high porosity and low strength. A series of high-resolution tomographic images 
were taken to obtain a clear picture of the internal structure. Specimens were 
randomly shaped pieces of the core with dimensions of 5–20 mm to get maximize 
resolution. The orientation of the axes in the specimens corresponded to the rock 
layering axes. 

The procedure for computed tomography and image acquisition of the specimens 
was carried out using the ProCon X-Ray CT-MINI high-resolution micro-CT scanner 
of the Institute for Problems in Mechanics RAS [13]. This device boasts dimen-
sions of 1300 × 850 × 600 mm and incorporates a robust base constructed from a 
single monolithic granite slab. This design choice effectively eliminates temperature-
induced drift and ensures precise alignment of X-ray optical components and other 
system elements within the device, guaranteeing measurement accuracy and stability 
across the entire operational range. 

The scanner employs a vertical core placement scheme for research purposes, 
accommodating specimens with a maximum height of 200 mm and a maximum 
diameter of 200 mm. The device is capable of handling loaded specimens weighing 
up to 5 kg. To enable precise measurements, a precision positioning system (manip-
ulator) is integrated into the design allowing for a distance of 335 mm from the tube 
to the object. Furthermore, the detector can move perpendicular to the main system 
axis within a range of ±25 mm. The manipulator enables a 360-degree rotation of 
the specimen around its axis, achieving angular position reproducibility accuracy of 
1.5 angular seconds. The microfocus X-ray tube, known for its high resolution and 
closed-loop operation, offers an adjustable output voltage range from 20 to 90 kV 
and an adjustable current range from 10 µA to 160 µA. The tube’s maximum output 
power reaches 8 W, with the smallest focal spot size measuring 5 µm. The X-ray 
detector characterized by high sensitivity and minimal noise features a pixel count of 
2940 × 2304 and a pixel size of 49.5 µm. The active (sensitive) area of the detector 
spans 146 × 114 mm. 

The scans were reconstructed using VGSTUDIO software, while 3D image 
processing was carried out using Geodict Math2Market GmbH software [14]. 
GeoDict is an all-encompassing platform designed for multifaceted 3D image 
processing, material modeling, visualization, material property assessment, mate-
rial development via modeling, and process optimization. Beyond its core image 
processing functionalities, GeoDict offers a range of techniques for image segmen-
tation. Furthermore, GeoDict provides a wide array of solution methods for 
modeling fluid flow, conductivity, and mechanical behavior within porous media, 
accommodating both single-phase and two-phase scenarios. 

Filtration fields were determined using the FlowDict module from the GeoDict 
package [15]. This module predicts effective material properties, including flow 
velocity, flow permeability, and flow resistivity, by simulating flow experiments
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and subsequently analyzing the simulation results. FlowDict predicts the mean flow 
velocity under specific pressure conditions [16] and calculates the permeability of 
a porous structure by applying Darcy’s law. This versatile module is proficient in 
computing incompressible, stationary Newtonian flows, employing various approx-
imations derived from the Navier–Stokes equations. FlowDict is widely utilized by 
researchers worldwide for modeling flows in a variety of materials [17–20]. In this 
study, LIR solver was employed for numerical filtration simulations [21]. LIR is 
distinguished as the most recent and remarkably fast iterative finite volume method. 
This solver computes not only permeability but also velocity and pressure fields 
within extensive three-dimensional images. The convergence rate depends on the 
complexity and heterogeneity of the pore space. The chosen termination criterion 
for the flow simulations is the error bound, which possesses the capability to detect 
convergence oscillations and prevent premature termination of the process at local 
minima or maxima [22]. Specifically, the termination threshold was established at 
0.1 for the LIR solver, causing it to halt once the relative difference in comparison 
to the prediction becomes less than 0.1. Additionally, Multigrid was utilized in the 
calculations, a technique that revolves around employing multiple coarser adaptive 
grids to expedite convergence while requiring minimal additional memory [23]. 

To evaluate the geometric and statistical homogeneity of the pore space across 
all specimens, porometric analysis and visualized pore geometry using MatDict [24] 
and the PoroDict modules were conducted, both of which are based on segmented 
images. 

3 Experimental and Simulation Results 

High-resolution computed tomography images were taken of all five specimens. 
These images offer clear differentiation between grain and pore boundaries, enabling 
statistical quantitative analysis and modeling. All high-resolution imaging was 
conducted with the following parameters: a source voltage of 90 kV, an amperage of 
89 µA, an exposure time of 0.2 s, 15 averages for each projection, a rotation step of 
0.125 degrees, and a voxel size of 4.957 µm. Following scanning and reconstruction, 
in-depth image processing was carried out using GeoDict software. 

To enhance image quality and streamline the segmentation process, the Non-Local 
Means (NLM) filter was applied. Figure 1a displays the high-resolution projection 
obtained after reconstruction. For segmentation purposes, the Global Thresholding 
method was employed to refine the grain boundaries, as illustrated in Fig. 1b.

Further digital research was carried out on the basis of the established structures. A 
porosity-based representative elementary volume (REV) analysis was performed. It 
showed that for these rocks, a representative volume starts with a linear cubic structure 
size of more than 200 voxels. The structures used for the analysis had linear sizes of 
500 voxels. Open porosity was estimated for all specimens using PoroDict module. 
On average, the porosity of the described series of specimens varied between 29 and 
34%. Further results of the study will be presented using a typical specimen with
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Fig. 1. a—slice of high-resolution 3D image after reconstruction; b—same slice after segmentation 
(grey—matrix material, black—pores)

porosity of 33.9%. Figure 2a shows the full 3D structure of the described specimen 
after processing and segmentation. Figure 2b shows the rock matrix obtained after 
segmentation. Figure 2c shows the pore space structure of the specimen. 

Laboratory measurements of rock permeability were performed to determine 
the filtration properties of the specimen and to compare with the results obtained 
by digital method. For all specimens, permeability measurements were conducted 
using the TILTS facility of the Institute for Problems in Mechanics RAS [25]. For 
this purpose, cubic specimens with 40 mm edge were made from core material. 
During permeability measurement specimens were covered with an impermeable 
film along four edges parallel to the permeability measurement axis. Then air was

Fig. 2 a—full 3D structure of the described specimen after processing and segmentation (grey— 
matrix material, black—pores); b—rock matrix obtained after segmentation; c—pore space 
structure of the specimen 
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passed through two open faces under a small pressure drop (0.01 MPa) and its flow 
rate was measured [26]. The results of permeability measurements along and across 
the bedding for the tested rock are presented in Table 1, column 3. As it can be seen 
from the table, the rock has high permeability. It differs insignificantly in the direc-
tions along and across the bedding, which indicates a weak degree of transversal 
anisotropy of the rock in terms of filtration properties. 

To evaluate the filtration properties and their anisotropy, a filtration flow modeling 
procedure was conducted. To simulate the filtration flow within the resulting struc-
ture, the Navier–Stokes filtration model was employed using the FlowDict module 
[15]. To simulate the conditions of laboratory permeability measurements, the 
following flow parameters were set: fluid is air, a pressure drop of 0.01 MPa, a 
temperature of 20 s°C, and boundary conditions in the filtration direction set to peri-
odic with an implicit region of 10 voxels (inlet and outlet regions before and after the 
computed region to homogenize the flow. Additionally, in the tangential direction of 
structure, symmetric boundary conditions were applied. The results of the simulation 
on the example of the described specimen are presented in Table 1, column 4. As 
evidently from the table, the computed permeability closely aligns with the labo-
ratory data. Furthermore, the permeability along the core axis consistently remains 
lower than in the layering directions. The difference between the values obtained by 
laboratory and numerical method is not more than 5%, which is a very good result 
for numerical modeling and confirms the correctness of the chosen model and the 
created methodology. 

The pore space was digitally analyzed using MatDict and PoroDict for a more 
detailed study of the pore space and the causes of anisotropy. 

Geodesic tortuosity values were measured for each direction in the specimen. 
The mean geodesic tortuosity quantifies the length of paths through the transport 
phase [27]. To compute it from 3D image data, all shortest paths beginning at the 
inflow plane were calculated. Tortuosity is defined as the average over all shortest 
path lengths divided by the thickness of the material [28]. The results of this analysis 
are presented in column 5 of Table 1. Comparison of the results on three axes shows 
that the values differ insignificantly. This is evidence of high connectivity of the

Table 1 Results of measurements and digital analysis 

Direction 
in rock 

Specimen 
axis 

Laboratory 
value of 
permeability, 
D 

Calculated 
permeability, 
D 

Mean 
geodesic 
tortuosity 

Minimal 
pore 
volume 
fraction 

Mean 
number of 
connected 
pores in 
direction 

Across the 
bedding 
(X) 

X 5.200 5.455 1.05922 0.088 1060.26 

Along the 
bedding 
(Y–Z) 

Y 5.500 5.820 1.05640 0.118 1075.78 

Z 5.516 1.05651 0.110 1077.24 
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pore space on all axes. It can be seen that the value of tortuosity perpendicular to 
the bedding plane has a higher value. As a consequence, the permeability along 
this direction is lower than in other directions. At the same time, the tortuosity 
in both directions along the bedding differs insignificantly, despite the difference 
in permeability values. However, the trend of correlation remains: higher tortuosity 
corresponds to lower permeability. Thus, it is confirmed that tortuosity can be used in 
comparative assessment of rock filtration properties. The accuracy of this assessment 
will depend on the range of permeability values being compared. At the same time, 
the tortuosity parameter takes into account only the length of the filtration path in 
the direction, but does not take into account the width and size of particles able to 
pass along this path. Therefore, hydrodynamic models based only on this parameter 
may not reflect the actual values of permeability. 

The PoroDict module was applied to estimate characteristic pore sizes. The results 
of the analysis showed that the pore space includes pores with sizes ranging from 
10 µm to 140 µm. The highest number of pores have sizes of 20–30 µm and 35–45 
µm. At the same time, pores larger than 50 µm account for 30% or more of the 
total volume. However, despite the large pore widths, filtration fluxes are known to 
be estimated by the smallest pore size through which a particle must pass during 
movement. To study them, calculations of percolation pathways were performed. To 
compute percolation paths, the MatDict method identifies the maximum diameters of 
spherical particles capable of traversing through the medium. Moreover, it calculates 
and presents the shortest paths taken by the largest particles. A visualization of 
100 random percolation paths is presented in Fig. 3 for two directions in the rock: 
perpendicular to the bedding (X-axis, Fig. 3a) and along the bedding (Y-axis, Fig. 3b). 

For each path, the maximum diameter of a particle capable of traveling along is 
calculated. In the direction perpendicular to the bedding, the maximum path widths 
ranged from 18 to 28 µm. In the direction along the bedding, the paths were slightly 
wider: from 20 to 30.5 µm. Such insignificant differences in the sizes of particles 
able to pass along the calculated paths define to the differences of permeability values

Fig. 3 a—Percolation paths perpendicular to bedding; b—percolation paths along the bedding 
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Fig. 4 Distribution of pore volume fraction along the X-direction (a), Y-direction (b) and  
Z-direction (c) 

along different directions and confirm the weak degree of permeability anisotropy. 
For the structure with a linear size of 2.479 mm (500 voxels), the average percolation 
path lengths for the X and Y axes were 4.424 and 4.474 mm, respectively. Thus, the 
path lengths differ slightly along the axes (by 1.1%), with the calculated paths being 
slightly shorter along the X axis. 

To integrally evaluate the pore distribution along each axis of the specimen, 2D 
Density maps were made. Such distributions are created based on the calculation of 
the distribution of Pore Volume Fraction in a plane normal to the chosen direction. 
Each pixel of the plots is calculated by averaging the respective porosity in the 
direction of interest. Figure 4 shows the integral porosity distributions along each 
axis of the specimen. The axes of each graph show the specimen lengths in mm along 
the directions perpendicular to the one under consideration. The color indicates the 
average porosity values of all pixels along the selected specimen direction. 

As it can be seen from these maps, the porosity distribution along each direction 
is generally uniform. The low porosity (blue) and high porosity (red) regions are 
homogeneously distributed. On average, the porosity distribution along each axis 
corresponds to an overall bulk porosity value of 0.33. That is, the filtration process 
along each axis takes place throughout the entire volume of the specimen, without 
the strong dominance of isolated highly permeable paths. Meanwhile, it can be seen 
from Fig. 4b that along the Y direction of the specimen, the highest porosity is 
slightly concentrated in the right part of the specimen (end of the X axis). This 
may be the reason for the increased permeability along this direction. Moreover, 
this occurrence was not seen when analyzing the percolation paths due to their 
randomness of calculation. The minimum values of pore volume fraction (porosity) 
in each direction are presented in column 6 of Table 1. Described method allows 
to evaluate the contribution of porosity to the distribution of filtration fluxes in the 
presence of a pore space connectedness. However, for an accurate conclusion about 
the contribution of the local porosity distribution to the filtration properties of the 
rock, it is necessary to evaluate the connectivity of the pore space in each direction. 
Even for highly porous rocks, the permeability may differ significantly depending 
on the number of pore connections. 

To analyze the connectivity of the pore space, the Identify Pores methods along 
with Connected Components of the GeoDict package were applied. The Identify
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Fig. 5 a—slice of the described 3D specimen structure (white is rock matrix, black are pores); the 
same slice after pore space separation into pores (color shows different pores, white is rock matrix) 

Pores method allows, based on additional segmentation, to identify individual pores 
in the pore space, estimate their size, volume and contact surfaces. The Connected 
Components method analyzes the voxel-to-voxel relations of the pores or solid mate-
rial and computes the components that build up the pore fraction. Through this method 
it is possible to find and count the number of connected components in the 3D struc-
ture. A connected component consists of all voxels that are in contact with each 
other, and which belong to the same phase. Results of the method include the mean 
number of components per 2D slice in each spatial direction. 

Figure 5 shows the result of pore space separation into individual pores. On the 
left picture is presented a slice of the described structure before the algorithm was 
applied, on the right one is presented the result of pore separation. 

The newly obtained structure was used to apply the Connected Components 
method, which resulted the distributions of connected pores along each direction 
in the specimen. Figure 6 shows plots of the number of connected pores for each 
slice of the structure along the three selected directions.

The plots show that the number of connected components in layers along the 
bedding axes (Y, Z) is almost identical. The number of connected pores is distributed 
almost uniformly along planes in three directions with a small deviation from the 
average value. For the X axis, a more pronounced increase in the number of bound 
pores is observed along the growth of the layer number. This is due to the previously 
indicated compaction of the high porosity distribution in the growth region of the 
X-axis seen in Fig. 4b and the discreet localization of low porosity at the beginning of 
the X-axis (Fig. 4c). These plots demonstrate well the relationship of the quantitative 
porosity distribution with the connectivity of the pore space. In this case, the most 
understandable value when analyzing the influence of this parameter on the filtration 
properties of the rock will be the average value of connected pores along the selected 
direction. Table 1, column 7 shows the average values of the number of connected 
components for each axis of the specimen. It can be observed that the direction 
perpendicular to the bedding (X) corresponds to a lower value of average connectivity,
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Fig. 6 Number of connected pores for each layer along the X direction (a), Z-direction (b) and  
Y-direction (c)

while for the Y and Z axes the values are higher and almost equal to each other. This 
is also a quantitative assessment of the cause of permeability anisotropy in the rock. 

The data acquired in this study represent the initial phase of our planned compre-
hensive examination of the rocks in this deposit. These rocks of the studied interval 
have a weak degree of transversal isotropy and are practically isotropic in filtration 
properties. The anisotropy is caused by a local increase in average porosity and pore 
connectivity along the bedding direction, as well as by the resulting decrease in 
channel tortuosity and a slight increase in channel width in this direction. The results
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obtained through numerical analysis demonstrate well agreement with traditional 
laboratory tests conducted on similar rocks from Arctic gas fields [29]. 

The studies described can be extended and refined by additional quantitative 
evaluation of the material: grain and pore sorting, roundness, packing characteristics 
and mineral composition. The digital analysis applied to CT images, as demonstrated 
in this study, proves to be a valuable addition to both laboratory-based and in-situ 
investigations of reservoir properties. 

4 Conclusion 

Thus the paper presents the results of digital studies conducted on the pore space and 
filtration properties of Arctic gas condensate field reservoir rocks. These studies are 
based on computed tomography (CT) images obtained using the ProCon X-Ray CT-
MINI high-resolution scanner of the Institute for Problems in Mechanics RAS. The 
paper provides a detailed description of the methodology used to digitally analyze CT 
images using the GeoDict package. Through this analysis, 3D structures of the rocks 
under investigation were created with a clear separation between the matrix and pore 
space based on the CT images. The primary filtration-related properties of the rock, 
namely porosity and permeability, were determined. The digitally obtained values are 
close to the results of laboratory permeability measurements confirming the accuracy 
of the applied approach. The study reveals that the filtration properties of the rock are 
nearly isotropic, there is only weak transverse anisotropy. To delve deeper into the 
analysis of the pore space and understand the reasons for the observed anisotropy, 
the study also conducted geodesic tortuosity measurements and analyzed percolation 
paths. It included evaluating the local distribution of porosity within the specimen 
and assessing the connectivity of the pore space. The study concludes that the causes 
of permeability anisotropy are a combination of pore space characteristics, such 
as varying channel tortuosity along different directions within the rock, differences 
in percolation path widths, local porosity fluctuations across specimen slices, and 
non-uniform distribution of pore space connectivity. 

The data obtained from this study are essential for developing the hydrodynamic 
model of the gas field. They also provide a deeper understanding of the relationship 
between the filtration process and the structure of pore space in rocks. The digital 
investigations conducted in this study are an important tool for examining the internal 
structure of rocks and significantly complement and expand the range of results 
obtained through traditional laboratory methods. The combined application of these 
digital techniques with classical rock testing can help address critical challenges in 
the gas production industry, including issues like permeability reduction near wells, 
wellbore stability problems, sand production, and other operational incidents. 
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