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Abstract: The study employs numerical calculations in the characterization of reservoir sandstone samples based on high-resolution
X-ray computed microtomography. The major goals were to determine porosity through pore size distribution, permeability charac-
terization through pressure field, and structure impact on rock strength by simulation of a uniaxial compression test. Two Miocene
samples were taken from well S-3, located in the eastern part of the Carpathian Foredeep. Due to the relation between sample size
and image resolution, two X-ray irradiation series with two different sample sizes were performed. In the first approach, the
voxel side was 27 µm and in the second it was up to 2 µm. Two samples from different depths have been studied here. Sample 1
has petrophysical features of conventional reservoir deposits, in contrast to sample 2. The approximate grain size of sample 1 is
in the range 0.1–1.0 mm, whereas for sample 2 it is 0.01–0.1 mm with clear sedimentation lamination and heterogenic structure. The
porosity, as determined by µCT, of sample 1 is twice (10.3%) that of sample 2 (5.3%). The equivalent diameter of a majority of
pores is less than 0.027 mm and their pore size distribution is unimodal right-hand asymmetrical in the case of both samples. In rela-
tion to numerical permeability tests, the flow paths are in the few privileged directions where the pressure is uniformly decreasing.
Nevertheless, there are visible connections in sample 1, as is confirmed by the homogenous distribution of particles in the pore space
of the sample and demonstrated in the particle flow simulations. The estimated permeability of the first sample is approximately four
times higher than that of the second one. The uniaxial compression test demonstrated the huge impact of even minimal heterogeneity
of samples in terms of micropores: 4–5 times loss of strength compared to the undisturbed sample. The procedure presented shows
the promising combination of microstructural analysis and numerical simulations. More specific calculations of lab tests with analy-
sis of variable boundary conditions should be performed in the future.
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1. INTRODUCTION

In heterogenic material such as rocks, the prop-
erties are strongly influenced by the structure. Both
structure and properties can nowadays be charac-
terized in more detail due to the progress in equip-
ment development. One of the modern research
techniques is high-resolution computed microtomo-
graphy (µCT) which can be favorably used in rock
fluid storage and permeability recognition as well

as geotechnical study of structure impact on rock
strength.

The µCT has a long history, grounded in medicine
([8], [20], [22]). After a few decades its applications
widened (e.g., [21], [27], [28], [29]). The step by step
nature of µCT use in the field of geosciences, involving
data acquisition, reconstruction process and image proc-
essing field, was described in some depth by [2], [9],
[17]. The major advantage of µCT is its ability to study
rock internal structure ([1], [3], [4], [13], [18]). The
structure details supplied by µCT even makes it pos-
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sible to identify the species of index fossils and so
the stratigraphy correlation of reservoir formation
[15]. [25] showed that modeling flow through fractures
is a key component in the recovery mechanisms of hy-
drocarbon transport from naturally fractured reservoirs.
Hence, recognition of the internal structure of fractures is
fundamental. They also indicate that the rock matrix
structure is a storage capacity factor. Furthermore, in
paper [10] concerning digital permeability tests, the im-
portance of imaging the pore space was pointed out,
especially the contacts between them in the case of low-
permeable samples. In this paper, low-permeable sam-
ples without the presence of fractures were used to per-
form flow simulations through pore space. We analyzed
the storage capacity of sandstone samples through
studying the porosity as well as flow paths as a transport
feature. The impact of structure changes on rock strength
was analyzed by numerical simulation of a compression
test. [19] showed the usefulness of such analysis. Now,
through µCT, the accuracy of results is optimized.

The research question is about the utility of com-
bining µCT internal structure recognition and further
numerical calculations with regard to sandstone sam-
ples from a hybrid hydrocarbon reservoir. Numerical
calculations produce detailed analyses of storage ca-
pacity and provide a basis for further analysis of
transport properties. An important related issue is the
impact of structure on rock strength. In order to ana-
lyze it after simulation of absolute permeability, uni-
axial compression tests were performed.

2. MATERIALS AND METHODOLOGY

The samples come from a hydrocarbon source
rock area, which is still prospective for commercial
production (borehole S-3, SE part of the Husów gas
field). This is the eastern part of the Carpathian Fore-
deep. The Miocene sandstone samples were cut from
core material, from a depth of 1920.45 m in the case
of sample 1 and 1923.95 m in the case of sample 2.
They belong to siliciclastic sediments of the heteroli-
thic facies. These deposits feature thin-bedded sand-
stones, mudstones and siltstones. There are many
cases of structural traps in these facies, which contain
huge amounts of oil and gas [23]. [24] suggested that
the presence of a significant concentration of hydro-
carbons in heterolithic reservoirs with poor capacity
and permeability properties is the proof of accumula-
tions of unconventional hydrocarbon. The selected
samples are relevant examples of different sandstone
structures, despite the proximity of deposition. Sample 1

has the petrophysical features of conventional reser-
voir deposits, in contrast to sample 2, which has more
unconventional features. Therefore, the deposit can be
considered as a hybrid reservoir. Figure 1 shows the
cylindrical samples which were tested. The analyzed
material was descripted in detail in [14] and [26].

Fig. 1. Photos of analyzed Miocene sandstone samples:
A – Sample 1, B – Sample 2

Figure 2 shows the workflow of the study per-
formed.

Fig. 2. Workflow of sandstone sample study

The crucial component of numerical calculations
is data quality. The non-destructive and non-invasive
method of µCT enables fast and easy recognition of
internal structures. A key result of µCT is the numeri-
cal model, which can be used in the following nu-
merical simulations. µCT is a method which is based
on the linear attenuation coefficient (κ, cm–1), which
represents the probability of absorption of a photon
beam per unit path length [7]. It is the function of the
density of the absorbing material ( ρ, g cm–3). In the
case of complex material, κ correlates with the totality
of chemical elements [16]
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iiw  ,

wi – weight fraction of component i in the absorb-
ing material.

Based on transformation [6] linear attenuation co-
efficient results from

wwss   ,

μs – solid material mass attenuation coefficient
(κ/ρ, cm2 g–1),

ρs – density of solid material (g cm–3),
μw – water mass attenuation coefficient (κ/ρ, cm2 g–1),
ρw – density of water (g cm–3),
 – volumetric rock water content (cm3 cm–3).
Based on this equation rock bulk density and rock

water content can be determined. In this study, the
samples were dry, so the water content was minimized.
During µCT scanning the change of X-ray intensity is
registered, which is related to attenuation coefficient
by the relation

xII   ,

ΔI – change in intensity of X-ray beam interacting
with absorber of thickness (keV),

Δx – absorber of thickness (cm).
Hence, we can assume that the X-ray intensity

changes, and so attenuation coefficient changes indi-
cate density changes. In µCT images those changes
are correlated with gray scale values: the lighter zones
of image equate to higher density. Hence, we can
identify pores and fractures, which are black on µCT
images. Such information provides us with knowledge
about structure heterogeneity.

Two series of µCT scans were performed in the
first stage of this study. The pixel size of radiographs
(i.e., initial images created during µCT scans) is re-
lated to the size of the sample: the smaller the sample,
the smaller the pixel size and hence the better the
quality of images and the more accurate the digital
model of the sample. During the first approach the
cylindrical sample was scanned. The sample size was
around 2.5 cm  4 cm and so the resolution was around
27 µm. In the second approach, the small fragments of
cylindrical samples were scanned. Hence, the pixel
size was much smaller, up to 2 µm. Consequently, the
individual sandstone grains as well as pores could be
clearly seen. The technical scan parameters were:
image resolution 1024  1024; power 10 W; copper
filter (1.5 mm thickness); Large Field of View type of
lens. The data acquisition process was described in
detail by [2], [17], and in [9]. Numerical processing
was performed, after the data acquisition and recon-
struction of 1201 µCT images (cross-sections of sam-

ples). Firstly, the capacity parameters of sandstone
were identified: porosity and pore size distribution.
Pore size distributions were calculated by means of
equivalent diameter of maximum size sphere matched
to pores (Fig. 3).

Fig. 3. Scheme of the equivalent diameter

Then, the tortuosity of fluid paths was calculated
using Avizo software. In relation to the software cal-
culation procedure, this parameter is the ratio of the
real length of the flow path to the straight line be-
tween the start and the end of flow (Fig. 4).

Fig. 4. Schematic diagram
of centroid path tortuosity calculation

Finally, the numerical simulations of fluid flow
and mechanical compression were performed. Nu-
merical simulations of fluid flow and the subsequent
visualization of streamlines (flow paths) with pressure
distribution were performed using the Finite Volume
Method (FVM) employing the developed µCT 3-D
model. In this study, the flow was simulated using
Avizo software and Darcy’s law.

L
Pk

S
Q 




,

Q – global flow rate that goes through the porous
medium (m3s–1),
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S – cross-section of the sample the fluid goes
through (m2),

k – absolute permeability (m2),
μ – dynamic viscosity of the flowing fluid (Pas),
ΔP – pressure difference applied around the sam-

ple (Pa),
L – length of the sample in the flow direction (m).
The fluid flow calculations were performed itera-

tively, preceded by meshing the geometrical model.
Simplified Navier–Stokes equations are used. The
numerical analysis gave the fluid pressure distribution
and the streamlines (flow paths presented in the next
section). The fluid flow simulations were performed
on the basis of small fragments of cylindrical rock
samples. The purpose for this was to identify small
connection channels between pores.

In this part, PFC2D [12] numerical models were
introduced to investigate the uniaxial compressive
strength of rock samples. Commonly, researchers built
their numerical models by generating the internal
structure (mineral composition, voids, pores, micro-
cracks, etc.) in a random and stochastically based
manner. After introducing μCT, researchers can set-up
numerical models 1:1 inlcuding all relevant micro-

scopic features [30]. After μCT image processing,
slices are used to visualize the distribution of various
material inclusions. The three-dimensional models
of rock matrix and laminations (formed by small
quartzitic grains) were reconstructed by Mimics soft-
ware. Typical cross-section images of the recon-
structed original three-dimensional model were cho-
sen and exported as ASCII-files. Then these ASCII-
files were imported into PFC2D considering two
groups: the rock matrix and the laminations with their
specific properties. So, the numerical models of rock
samples were generated with real size and accurate
composition distribution. The dominating composition
of the sample was sandstone with some interbedded
laminations. The small grains of quartzite were rela-
tively loose in structure, so laminations in general had
lower strength, although the strength of each grain
was very high. The contact parameters of the bound-
ary were assigned with the same parameters of the
lamination. The numerical simulation technique PFC
used is a meshfree method on the basis of the Distinct
Element Method. Basic entities are balls and walls.
Both of them can be deleted or added at any time.
Therefore, holes are just created by deleting the balls.

Table 1. Model parameters in 2D simulation

Model
Element Parameter Rock matrix

(sandstone)

Lamination
(small grains
of quartzite)

Model
element Parameter

Loading
plates
(wall)

Radius
r [mm] 0.05 0.05

Density
ρ [kg/m3] 2500 2700Particles
Effective
modulus
E [MPa]

8 × 102 8 × 102

Walls
Effective
modulus
E [MPa]

8 × 102

Effective
modulus
Efj [MPa]

1.06 × 104 3.69 × 103
Normal
stiffness

kn [GPa/m]
21.2

Tension
strength
σc [MPa]

2.28 0.29

Cohesion
c [MPa] 1.69 15.35

Shear
stiffness

ks [GPa/m]
21.2

Friction
coefficient μ 0.5 0.5

Flat-joint
contact

(ball-ball)

Friction angle
 [°] 43.83 47.82

Linear
model

(ball-facet)

Friction
coefficient μ 0.05

Table 2. Number of particles in each model

Number of particles N Model 1-1 Model 1-2 Model 2-1 Model 2-2
Rock matrix (sandstone) 58918 59250 59136 61440
Lamination (small grains of quartzite) 0 0 2304 0
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The flat-joint contact model (described in [12]) was
introduced to the model, which provides the macro-
scopic behavior of a finite-size, linear elastic and
either bonded or frictional interface that may sus-
tain partial damage. The flat-joint contact model
can illustrate the fracture evolution in the model.
During the UCS test the static conditions were con-
sidered. The constitutive law does not contain any
time-dependence. Therefore, loading velocity can
deviate from real lab values as long as it is guaran-
teed, the model is always in quasi-static equilib-
rium. This was proved by monitoring the unbal-
anced forces and stresses during the loading. Tables 1
and 2 show the assumed parameters for rock mod-
els. The parameters were determined based on lab
experience, literature and former research studies
([14], [26]).

In the numerical model, the matrix and the lami-
nation were represented by green and red particles
respectively, as shown in Table 3, and the particles
occupying the position of the pores were deleted, so
the empty spaces in the model represented the
pores. In this table, the cross-sections with natural
structure of the studied sandstones are named „origi-
nal group” phrase. The cross-sections with solid and
homogenous structure are named „control group”.
The simulation of uniaxial compression (UCS)

test were activated by moving the top and bottom
walls.

3. RESULTS

The first result that could be analyzed in relation to
the research procedure scheme was structure recogni-
tion of cylindrical samples. Table 4 presents the inter-
nal cross-section images of both samples. In sample 1
we observed quite big grains (no bigger than 1 mm).
There are some more dense grains (correlated to white
color) and all spectrum of gray color grains. There are
no cracks inside, but there are clearly visible pores
(dark objects) with single huge pores of up to around
0.6 mm. In this sandstone sample the structure is com-
pact, and the grain size distribution as well as grain
density distribution of the sample is uniformly vari-
able. In sample 2, we observed a fine compact grain
structure with a size of up to around 0.1 mm. Moreo-
ver, there are grains with higher density, which can
be observed as white sedimentation laminations. The
pores are quiet small, so the equivalent diameter is
no bigger than 0.3 mm. In order to obtain better
quality images (smaller pixels), fragments of cylin-
drical samples were scanned. Table 5 shows a compari-

Table 3. Calculation model employed during the UCS tests

Sample Original group Control group

1

Model 1-1 Model 1-2

2

Model 2-1 Model 2-2
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son of cross-sections of cylindrical samples with cross-
sections of small fragments of these samples. In these
stages a 3-dimensional numerical model was gener-
ated for further simulations.

The numerical analysis of porosity revealed in-
formation about spatial pore distribution, as well as
equivalent diameter size fraction (Table 6). Further-

more, the pore space is considered as flow path.
Hence, the tortuosity of the flow path parameter was
calculated. The flow path in the case of sample 1 is
around 38% less tortuous than in sample 2. Figure 5
shows a summary of porosity calculations in two scales,
where in one the pixel size (and so voxel size) was
27 µm and in the second up to 2 µm. The porosity,

Table 4. Results of data acquisition and reconstruction of cylindrical samples

Sample Cross-sections through samples Approx.
grain size range

1 0.1–1.0 [mm]

2 0.01–0.1 [mm]
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determined by µCT, of sample 1 is twice (10.3%) that of
sample 2 (5.3%). The equivalent diameter of a majority
of the pores is less than 0.027 mm and their pore size
distribution is unimodal right-hand asymmetrical in
the case of both samples.

After porosity characterization was completed, the
numerical permeability tests could be performed. The
flow paths are in a few privileged directions, where
the pressure uniformly decreases in the case of major
paths flow. Nevertheless, in sample 1 there are visible
connections, which is confirmed by particles in the
whole space of the sample as a result of particle flow.

In the case of dead ends or very thin connection be-
tween pores, we observed higher pressure, which can
cause damage evolution. Table 7 is a summary table
of the results of the numerical permeability tests.

The estimated permeability of the first sample is
approximately four times higher than that of the sec-
ond one. In the present study the results of the perme-
ability calculations should be treated as approxima-
tion. Their usefulness is the ability to compare the
permeability properties of the various test samples.
For more reliable results, calculations should be cor-
rected by taking into account capillary action.

Table 5. Results of data acquisition and reconstruction: structure comparison

Geometry Sample 1 Sample 2
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After fluid flow simulation, the UCS tests were
performed. Downward velocity to the top wall and
upward velocity of the same value to the bottom wall

were applied in the UCS. The stress-strain curves
were achieved from the simulations, as shown in Fig. 6.
Numerical models had the same size and accurate

Table 6. Results of numerical calculation and visualizations

Feature
of rock

Sample 1
Tortuosity of flow path: 2.3

Sample 2
Tortuosity of flow path: 3.71
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Porosity: 0.49% (voxel size = 27 µm) Porosity: 0.15% (voxel size = 27 µm)
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composition distribution of original rock samples. The
numerical models were generated based on the central
cross-sections of the samples, and simplified as a two-
dimensional model. In this approach, the structure and
mechanical information in the third dimension were
ignored. Fracture and crack propagation as well as
failure patterns of samples were reproduced via nu-
merical simulations. A control group was set up to
investigate the influences of structures. In this part, we
generated numerical models with the same dimensions
of original heterogeneity samples, but we did not im-
port the geometry files of pores and laminations. By
applying the same parameters respectively, the com-

parison between model 1–1 and uniform model 1–2
illustrated the influence of pores, and the simulation
results of model 2-1 and uniform model 2-2 showed
the influence of lamination structure. As shown in Fig. 6
and Table 8, the uniaxial strengths of the porous
model and laminated model were much lower than the
isotropic control group. The elastic ranges in Fig. 6
are not exactly the same; the curves of the model with
pores and the model with laminations had lower gra-
dients than their counterparts in control group. Fur-
thermore, the models with pores and laminations
reached the plastic deformation stage much earlier
than the control group.

Fig. 5. Total porosity and full pore size distribution of samples 1 and 2
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Table 7. Results of numerical permeability testing

Feature
of rock

Sample 1
k = 2.72 md

Sample 2
k = 0.65 md
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Fig. 6. Stress-strain-curved obtained from numerical UCS tests

Table 8. Uniaxial compressive strength of rock models

Model 1-1 Model 1-2 Model 2-1 Model 2-2
1.15 × 102 MPa 4.64 × 102 MPa 1.21 × 102 MPa 4.70 × 102 MPa

Table 9. Stress-strain curves obtained from numerical UCS tests
with marked points representing different moments of stress field
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Table 9 shows stress-strain curve as well as the
fracture pattern during uniaxial compression simula-
tions. It becomes obvious that the internal structure of
the samples (i.e., pores and laminations) is the key
factor for damage evolution and have significant in-
fluence to the strength of the samples.

4. SUMMARY

Numerical calculations based on µCT results re-
vealed storage and permeability features of a hybrid
sandstone hydrocarbon reservoir. The numerical
compressive strength simulations revealed the im-
pact of structure heterogeneity on rock strength.
The outlined procedure provides a universal way to
evaluate structural features and their impact on the
hydraulical and mechanical behavior. Two Miocene

samples were taken from well S-3, located in the
eastern part of the Carpathian Foredeep. Due to the
relation between sample size and image resolution,
two X-ray irradiation series were performed with
two different sample sizes. In the first approach, the
voxel side was 27 µm, and in the second up to 2 µm.
Sample 1 has petrophysical features of conventional
reservoir deposits, in contrast to sample 2. The ap-
proximate grain size of sample 1 is in the range
0.1–1.0 mm and for sample 2 it is 0.01–0.1 mm
with clear sedimentation lamination and heterogenic
structure. The porosity, determined by µCT, of
sample 1 is twice (10.3%) that of sample 2 (5.3%).
The equivalent diameter of a majority of pores is
less than 0.027 mm and their pore size distribution
is unimodal right-hand asymmetrical in both sam-
ples. In relation to numerical permeability tests, the
flow paths are in a few privileged directions, where
the pressure uniformly decreases. Nevertheless, in
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sample 1 there are visible connections, which is
confirmed by particles in the whole space of the
sample, as the simulation of particle flow has shown.
The estimated permeability of the first sample is
approximately four times higher than that of the
second one. The uniaxial compression test demon-
strated the huge impact of even minimal heterogene-
ity of samples, 4–5 times loss of strength compared
to the uniform sample. More specific calculations of
lab tests with analysis of variable boundary condi-
tions as well as parametric and back analysis should
be carried out in the future. The potential of μCT
has been extended into the field of petrophysical
and geomechanical science.
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