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Abstract

Fluid transport and storage properties of porous rocks are closely related to their microstructure. Porosity is one of the most important 

microstructural parameters due to its importance for transport of water, gases and dissolved salts, but also for mechanical, deformation 

and durability properties of geomaterials used in constructions. In this study, the X-ray computed micro-tomography (XCT) was used 

to study the spatial distribution of porosity and permeability within the Kocbeře sandstone, which represents a very well-known and 

long-term used building stone in the territory of the Czech Republic. The microstructure and composition of the Kocbeře sandstone 

were characterized by a complex of methods, including optical polarization microscopy, scanning electron microscopy coupled with 

energy dispersive spectroscopy, X-ray powder diffraction, X-ray fluorescence spectroscopy and mercury intrusion porosimetry (MIP). 

Values of porosity and permeability of the Kocbeře sandstone derived from XCT were compared with results of MIP as well as laboratory 

measurements of open porosity, hydraulic conductivity and gas permeability. A very good compliance was found between the average 

values of sandstone porosity determined by the XCT imaging analysis, MIP and experimentally determined open porosity. However, 

considerable heterogeneity of porosity in the individual analyzed subvolumes was detected using XCT. Very significant inhomogeneity 

was also found in the spatial distribution of permeability tensors calculated for individual subvolumes. The considerable dispersion of 

porosity and permeability values of sandstone at the microscale is given by its microstructure. The main role here is played by intense 

secondary silicification, which unevenly affects the clay matrix of the sandstone.
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1 Introduction
Pore microstructure in porous media such as rocks and sim-
ilar rock-like geomaterials involves size distribution, vol-
ume, shape, orientation and connectivity of pores and cracks 
and has a fundamental influence on many macroscopically 
observed properties such as rock strength and its deforma-
tion and fracture properties [1–4]. Together with related 
rock permeability, it is the crucial factor when assessing 
the suitability of the rock environment for such challenging 
engineering applications as gases storage, primarily CO2, 
in geological formations or geological disposal of high-level 
radioactive waste [5–9]. While in the case of a deep geolog-
ical repository of radioactive waste, it is necessary for the 
rock mass to have the lowest possible porosity and perme-
ability, suitable CO2 repositories, on the contrary, require 
a high degree of rock permeability due to a large amount 
of interconnected open pores and/or cracks. Pore network 

and connectivity of the pore space strongly affect fluid flow 
and solute transport in porous materials. Regardless of the 
natural or man-created, historical or today's origin, all the 
objects from porous materials are subjected to the corrosive 
environment causing its degradation. Action of moisture 
and dissolved ions present in the pore structure of material 
is a crucial deterioration process affecting its properties and 
behavior [10–12]. Porosity is therefore one of the main fac-
tors affecting the resistance of geomaterials such as rocks to 
weathering processes [13–15]. From this point of view, the 
study of porosity is of fundamental importance in the field 
of protection of building materials, rehabilitation of struc-
tures and heritage care [16].

Porosity is a scalar measure of void space in porous 
media and represents the ratio between void volume and 
total volume of the material. There are several types of 
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porosity [17], of which total porosity and open (effective) 
porosity are of fundamental importance. The total porosity 
represents the proportion of all pores, both closed and open, 
in the material and is calculated from the ratio between bulk 
density and mass density. Open porosity represents the por-
tion of open, i.e., interconnected and mutually communi-
cating pores in the total volume of the material. It can be 
deduced from the mass gain due to water imbibition into the 
porous material and can therefore be calculated as the prod-
uct of the values of the water absorption capacity and the 
bulk density. A wide range of analytical methods have been 
used for studying the pore microstructure of porous media 
in recent years. These pore research techniques include both 
quantitative analysis and qualitative description of the pore 
space. The most commonly used methods for measuring 
pore characteristics include, in particular, optical micros-
copy, scanning electron microscopy, high-pressure mercury 
intrusion porosimetry, gas adsorption, X-ray computed 
micro-tomography (XCT), small-angle neutron scattering 
and nuclear magnetic resonance [3, 18–24]. A very simple 
method of describing the character of the rock pore space 
and the process of rock-water interaction, also indicating 
stone durability, is a long-term, time-dependent water satu-
ration and evaporation [13, 15].

Permeability, which is closely connected with porosity, 
can be defined as the ability of porous material to allow the 
passage of a fluid. However, unlike porosity, this is a vector 
quantity and depends not only on the filtration properties 
of the porous medium (its structure, particle size, density, 
porosity, etc.), but also on the physical properties of the liq-
uid, especially viscosity. Permeability is needed to predict 
flow and solute transport within porous material [17, 25]. 
Various methods can be used to determine the permea-
bility of rocks, which differ in the medium used. In  the 
case when the fluid passing through the porous material is 
water, permeability can be expressed by the coefficient of 
hydraulic conductivity k (m s−1), which means a discharge 
velocity of water flow in a rock under the action of a unit 
hydraulic gradient [26]. If gas is used for measurement, 
the permeability of rocks is usually expressed in the form 
of a gas permeability coefficient K, which has the surface 
dimension (m2 ) [25, 27].

Within the above methods of studying and character-
izing the microstructure, XCT has become a very popular 
tool. In general terms, XCT represents a non-destructive 
3D imaging and analysis technique for the investiga-
tion of internal structure of a wide range of objects and 
materials  [28,  29]. XCT is currently widely used in the 
earth sciences for imaging rocks and determining their 

microstructure, such as anisotropy features, grain and pore 
size, rock cement distribution, crack parameters and devel-
opment, hydraulic properties and fluid transport, often as 
part of a wider spectrum of analytical methods [29–36].

Sandstones have been widely used as a natural building 
material around the world for several millennia. For the 
purposes of the study, the Kocbeře sandstone was selected, 
which represents a traditional building stone of the Czech 
Republic. The aim of the study was to characterize the 
porosity and permeability of the Kocbeře sandstone, with 
regard to their spatial anisotropy and in relation to other 
microstructural and mineralogical parameters of the rock.

2 Material and methods
2.1 Rock material used in experiment
The building stone, used for the experiment, is repre-
sented by quartz-rich Cretaceous sandstone currently 
exploited in the Kocbeře quarry, approximately 25  km 
north from the city of Hradec Králové in northeastern 
Bohemia  (50.4472397N, 15.8602975E). The Kocbeře 
sandstone has been utilized on Czech territory for con-
struction, sculpture and decorative purposes for many 
centuries [37, 38]. More recently, it was used, for exam-
ple, during the last repair of the Charles Bridge in 
Prague (2007–2010) in the form of replaced stone masonry 
blocks in the bridge's parapet wall [39]. Sandstone blocks 
for the preparation of test specimens were provided by the 
KOKAM Ltd. Company, the owner of the Kocbeře quarry.

2.2 Methods and equipment for sandstone 
characterization
Mineral and chemical composition and internal texture of 
the Kocbeře sandstone were studied using a relatively wide 
range of analytical methods, including optical polarization 
microscopy (OPM), scanning electron microscopy com-
bined with energy dispersive spectroscopy (SEM/EDS), 
X-ray powder diffraction (XRPD), X-ray fluorescence (XRF) 
spectroscopy, mercury intrusion porosimetry (MIP), and 
hydraulic conductivity and gas permeability measurements.

OPM for basic petrographic analysis were under-
taken in transmitted light on cover-slipped thin sections 
using a NIKON Eclipse LVDIA-N polarizing microscope 
(Nikon, Japan). Determination of quantitative representa-
tion of basic rock-forming minerals was carried out using 
a NIS Elements (Laboratory Imaging, Czechia) image 
analysis software [40].

As a supplement to OPM, SEM observations com-
bined with EDS microanalyses were performed using 
a Vega 3 microscope (TESCAN, Czechia) equipped with 
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a tungsten cathode and an EDAX detector. The measure-
ments were performed at a beam voltage of 30 keV, a cur-
rent of 1–3 nA, and a high vacuum greater than 10−3 Pa.  
SEM/EDS microanalyses were applied for detail charac-
terization of mineralogical composition and for observa-
tions of intensity of secondary silicification. SEM images 
were taken under backscatter (BSE) and secondary elec-
trons (SE) conditions. Samples before imaging were gold 
sputtered in order to ensure adequate electron conductivity.

Analysis of mineralogical composition of sandstone 
matrix was carried out using XRPD by a Rigaku SmartLab 
diffractometer (Rigaku Corporation, Japan) with a D/teX 
Ultra 250 detector under the following conditions: cobalt 
tube (CoKα, λ1 = 0.178892 nm, λ2 = 0.179278 nm), voltage of 
40 kV, current of 40 mA, 2Θ interval from 2° to 90°, step size 
of 0.01° 2Θ and measurement speed of 0.5° min−1. The pow-
der samples were gently grinded using agate mortar before 
analysis and pressed using microscope glass in a rotational 
sample holder and measured in the reflection mode (Bragg-
Brentano geometry). The measured data were evaluated 
using PDXL 2 software (2.4.2.0) (Rigaku Corporation) [41] 
and compared with database PDF-2 [42] (International 
Centre for Diffraction Data, Newton Square, USA).

Chemical composition of the Kocbeře sandstones was 
determined semi-quantitatively using a  XEPOS XRF 
energy dispersive spectrometer (Spectro, Germany). 
Analytic samples were prepared in the form of pressed 
pellets from a mixture of rock powder and wax. After trit-
uration, the samples were placed in a plastic cuvette with 
a Mylar protective foil and then analyzed in a protective 
atmosphere (He). XRF, as well as SEM/EDS and XRPD 
analyses were performed by dr. Alexandr Martaus at VSB-
Technical University of Ostrava.

An AUTOPORE 9500 mercury porosimeter 
(Micromeritics Instrument Corporation, USA) was used 
for the determination of open porosity and pore size dis-
tribution in sandstone. Testing samples with a volume of 
approximately 2000 mm3 (10 × 10 × 20 mm) were applied 
for the analysis. MIP measurements were made by Soňa 
Študentová at VSB-Technical University of Ostrava.

Open (effective) porosity of the Kocbeře sandstone was 
also determined by calculation from the measured values 
of bulk density and water absorption capacity until the 
weight stabilizes according to the previously valid Czech 
technical standard ČSN 72 1155 [43]. Bulk density was cal-
culated from the mass of the specimen and the bulk vol-
ume (the bulk volume of the specimen prepared in the form 

of regularly shaped cylinders was calculated by means of 
vernier calliper measurements). Water absorption capacity 
was calculated from the values of weights of dry and water 
saturated test specimens. The soaking time until the weight 
stabilized was approximately 4 weeks. The measurement 
was performed on cylindrical test specimens with a diame-
ter of 48 mm and length of ca 96 mm, i.e., with length-to-di-
ameter (L/D) ratio of 2:1. Test specimens were prepared in 
two directions with respect to the rock fabric anisotropy, 
both perpendicular (designated as "K" direction) and par-
allel (designated by the letter "P") to the bedding surface.

The measurements of hydraulic conductivity were car-
ried out in a permeameter by the Infratest Prüftechnik 
GmbH  (Germany) in the triaxial pressure chamber by 
deaerated pressurized water under the constant hydrau-
lic gradient. Cylindrical test specimens with a diameter 
and length of 48 mm, i.e., L/D ratio of 1:1, were prepared 
for this measurement. The confining pressure was set at 
0.55 MPa during the measurements. A hydraulic gradient of 
ca 80 was created in the sample (sample height is ca 48 mm; 
the difference in pressure column of water was set at 4 m). 
The calculated hydraulic conductivity coefficient (HCC) at 
the measurement temperature was subsequently recalcu-
lated to the comparative value for HCC k10 at 10 °C.

Gas permeability of the Kocbeře sandstone was mea-
sured using a KTK 100 triaxial cell (UNIPRESS, Poland) 
modified for gas passage [44]. The source of axial stress 
was the computer-controlled mechanical press ZWICK 
1494 (Zwick/Roell, Germany) with the maximum force of 
600 kN. Nitrogen was used as a measuring gas medium. 
Testing samples with 48 mm in diameter and ca 96 mm in 
length, i.e., with L/D ratio of 2:1, were covered with a rub-
ber membrane, then clamped in jaws of the press machine 
and the confining pressure was set to the value of 3 MPa. 
Throughout the duration of the experiment, the nitrogen 
pressure was regulated using the control valve so that it 
was kept at the required value of 0.1 MPa.

2.3 Instrumentation and methodology of the XCT 
experiment 
A non-destructive method of 3D XCT using a conical 
X-ray beam and a flat panel X-ray detector was used to 
study and analyze the pore space and permeability of 
Kocbeře sandstone. Radiographic images (input data for 
XCT volume reconstruction) were captured while rotating 
the sandstone sample through 360°. The obtained tomo-
graphic volume was further analyzed using digital image 
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processing methods and numerical methods utilizing the 
segmented tomographic volume to determine (calculate) 
the porosity and permeability of the studied sandstone.

An XTH 225 ST X-ray scanner (Nikon Metrology NV, 
Japan) was used for XCT scanning. Two cylindrical sand-
stone specimens (hereinafter referred to in the text as 
"sample No. 1" and "sample No. 2") with a diameter of 
10 mm were scanned with a voxel size of 7.5 μm. A rota-
tional method for 3D XCT scanning of sandstone was 
applied with the following scanner settings:

1.	 X-ray source 200 kV at 10 W;
2.	3142 radiographic projections with averaging of two 

radiographic image;
3.	 Exposure time of 1 radiographic image 1415 ms.

A virtual cubic volume was prepared from each scanned 
cylindrical XCT volume. A cubic XCT volume with a side 
size of ca 8.5 mm (ca 0.6 cm3 ) was subsequently analyzed 
in the VGStudio Max 3.2 (VGS) software [45] (Volume 
Graphics GmbH, Germany) to determine open and effec-
tive porosity, permeability tensor as well as HCC.

The spatial resolution of the XCT data, defined by a voxel 
size of 7.5 μm, sets a fundamental lower limit on the size 
of pores and pore throats that can be reliably resolved. Pore 
features approaching the voxel size (approximately two 
to three voxels) are affected by partial volume averaging, 
meaning that individual voxels contain a mixture of pore 
space and solid matrix, resulting in intermediate grey val-
ues and increased segmentation uncertainty. Consequently, 
reliable segmentation in the present dataset is achieved for 
pore sizes of approximately 15–20 μm and larger. This 
resolution limit defines the lower threshold applied in the 
subsequent VGS-based analysis. Under these conditions, 
coarse pores (diameter > 15 μm) and the upper part of the 

macropore range (diameter 0.050–15.000 μm) are robustly 
resolved, collectively representing approximately 80% of 
the effective pore volume.

The porosity analysis was carried out in the "VGDefX/
Only Threshold" module in the VGS software [45]. 
The threshold value was analyzed and determined for both 
original and filtered CT data (using adaptive Gauss filter). 
Several segmentation strategies were tested. The final work-
ing threshold was selected not solely to maximize agreement 
with laboratory porosity measurements, but to ensure a real-
istic representation of pore connectivity and pore-throat 
geometry, constrained by SEM observations and pore-size 
distributions obtained from MIP. This approach prioritizes 
methodological transparency and reproducibility by report-
ing the range of plausible threshold values rather than rely-
ing on a single automated criterion.

Three approaches were applied to determine the 
threshold value:

1.	 Determination of the threshold value in the menu 
item "Surface determination" based on the observa-
tion of the visualization of the pore/grain boundary 
and operator experience (interval of the grey iso-
value ca 100–130);

2.	 Determination of the threshold value by a conser-
vative isovalue of 50% (mean material grey value 
+ mean air grey value) in the "Surface determination" 
menu item – manual mode (grey isovalue ca 127);

3.	 Otsu method for determining the threshold value 
in two settings, i.e., for segmentation of the pores 
and sandstone matrix (binary image, grey isovalue 
126 ± 3) and for the Otsu three-class segmentation 
for pores, sandstone cement and the sandstone grains 
(grey isovalue for pores segmentation 105  ±  2), 
see Figs. 1 and 2. 

Fig. 1 Result of Otsu segmentation, two class segmentation for pores and sand–sized clasts: (a) original; (b) histogram; (c) Otsu result
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Fig. 2 Result of three phase Otsu segmentation for pores (blue), sandstone matrix and/or cement (red) and the sandstone grains (green): (a) original; 
(b) histogram; (c) Otsu result

The resulting sandstone porosity and its directional 
variability in analyzed samples determined from the range 
of threshold values found is shown in Figs. 3 and 4.

The permeability analysis was performed using the 
"Transport Phenomena Simulation" module of the VGS 
software [45] to simulate fluid transport processes in 
porous materials based on Stationary low-Reynolds flow 
of an  incompressible fluid through the voids of a porous 
material assumed to be completely filled with fluid. 
The analysis was carried out applying both the "Absolute 
Permeability Tensor (APT)" and the "Absolute Permeability 
Experiment (APE)" software items. The threshold value of 
125 was used for the permeability analysis of the studied 
Kocbeře sandstone in APT analysis. The threshold value for 
pore space determination of 115 and 125 was used during 
the permeability analysis of the studied sandstone in APE 
analysis. Using APT, the 125 subvolumes were analyzed 
in each cubic XCT volume to assess inhomogeneity in the 
spatial distribution of porosity and permeability within the 
microstructure of the Kocbeře sandstone. APT analysis was 
performed for the entire XCT volume of the scanned sand-
stone too. For the purpose of representative elementary 
volume (REV) determination, APE analysis (liquid–water 
with a kinematic viscosity of 1  mPa  s, pressure gradient 
ca 6000 Pa m−1) was also realized for the XCT subvolumes.

3 Results and discussion
3.1 Composition, microstructure and properties of the 
Kocbeře sandstone
Based on OPM, SEM/EDS, XRPD and XRF analyses, 
Kocbeře sandstone can be characterized as fine- to medi-
um-grained (according to the Wentworth classification [46]), 
moderately to poorly sorted psammitic rock with bimodal 
grain size distribution. It is composed of dominant (80 to 
85% vol.) subangular to subrounded monocrystalline 
quartz grains with an average grain size (Md ) of 0.24 mm 
and maximum grain size (Mmax ) of up to 1.5 mm (Fig. 5). 
The rock framework components stable against weathering 

Fig. 3 Directional variability of sandstone porosity in sample No. 1 in 
the x, y and z-axis directions in the internal coordinate system of the 

XCT volume

Fig. 4 Resulting sandstone porosity determined based on the found 
range of voxel threshold values in analyzed XCT volumes
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also include polycrystalline quartzite clasts with very vari-
able microtexture. Their size and shape are similar to 
monocrystalline quartz  (Md  =  0.28  mm), but  they occur 
in a considerably smaller quantity. Non-stable clasts are 
represented by subangular to semioval feldspar grains 
(only orthoclase, ca  2% of rock volume, Md  = 0.26 mm, 
Fig. 6) and by scarce muscovite fragments (Md = 0.27 mm). 
Zircon, tourmaline, rutile and apatite occur as accessory 
minerals. Interstitial constituents, i.e., matrix and rock 
cement (10–15% vol.) is formed by quartz which predomi-
nate over kaolinite (Fig. 7). In places, clay matter is pene-
trated by secondary Fe-oxyhydroxides. Very rare semioval 

to oval light green glauconite grains with Md of 0.11 mm 
can also be identified within the rock interstitial constit-
uents. Secondary silicification within the rock is locally 
intense, the growth of authigenic quartz around grain rims 
is very common and in some cases can give the detrital 
quartz grain an angular up to euhedral crystal shape. This 
younger quartz also often grows into the original pore 
spaces between the grains and can even completely fill 
them. Silicification of clay matrix, authigenic quartz over-
growths onto detrital grains together with concavo-convex 
to sutured grain contacts (Fig. 5) indicate a relatively high 
degree of diagenesis of the Kocbeře sandstone.

			                 (a)			           (b)

Fig. 5 Micrographs of studied rock: (a) Grain-supported microtexture of the Kocbeře sandstone formed by quartz clasts with abundant concavo-
convex  to sutured contacts. OPM in transmitted light, crossed polarizers; (b) The overgrowths of secondary quartz (yellow arrows) around the grains 

rims. SEM, SE + BSE detectors

			                 (a)			           (b)

Fig. 6 EDS mapping shows potassium feldspar grains in the BSE images. Potassium feldspar (orthoclase) contains both K+ and Al3+ ions and is 
therefore identifiable at identical locations in both the Al map and the K map: (a) Al map; (b) K map



Vavro et al.
Period. Polytech. Civ. Eng., 70(1), pp. 11–27, 2026|17

Table 1 Chemical composition of the Kocbeře sandstone determined using XRF spectrometry (%)

SiO2 TiO2 Al2O3 Fe2O3
* MnO MgO CaO Na2O K2O P2O5 LOI ∑

95.78 0.08 2.17 1.19 0.01 0.01 0.00 0.01 0.24 0.02 0.31 99.82
Notes: * = iron in the form of Fe2O3; LOI = loss-on-ignition; the samples were burned in a muffle furnace for 3 h at 1100 °C

Fig. 7 XRPD patterns of the whole Kocbeře sandstone sample. Quartz as the main clastic component and kaolinite occurring in the sandstone matrix 
were identified

Identified mineralogical composition of the Kocbeře 
sandstone then corresponds to its chemical composi-
tion (Table 1). The very high SiO2 content corresponds to 
the presence of quartz and other rock-forming silicates, 
aluminum and potassium are present in feldspars and mus-
covite. Iron oxides occur in Fe-oxyhydroxides, but also in 
some other minerals such as feldspars or glauconite.

The porosity and permeability of the Kocbeře sand-
stone were studied using MIP as well as laboratory mea-
sured open porosity, hydraulic conductivity and gas per-
meability (Tables 2 to 5).

As can be seen from the Table 2, studied Kocbeře sand-
stone is a macroporous material [47] with a wide range of 
pore sizes, with coarse pores over 15 μm being the most 
represented. The values of its open porosity measured via 
MIP vary in the interval of ca 12 to 17%. Completely sim-
ilar open porosity values in the range of approximately 
14 to 17% were also found by calculation from the values 
of bulk density and water absorption capacity (Table 3). 
Compared to other Czech Cretaceous sandstones used 
in construction [38, 48], the Kocbeře sandstone can thus 
be characterized by a relatively low to medium level of 
porosity. Concerning the laboratory determined values of 
HCC (orderly 10−6 to 10−8 m s−1, see Table 4), the Kocbeře 
sandstone can be characterized as the rock with moder-
ate to low hydraulic conductivity in terms of classifica-
tion by Singhal and Gupta [49]. The determined values 
of porosity and HCC are in a good agreement with the 
data published for the Kocbeře sandstone in Šperl and 

Trčková [26]. Regarding the detected values of gas per-
meability coefficient, which are mostly in the order of 
10−12 m2 (Table  5), the Kocbeře sandstone can be clas-
sified as moderately permeable rock according to above 
classification of Singhal and Gupta [49].

The described mineralogical composition and micro-
texture of the Kocbeře sandstone are then reflected in its 
material parameters (Table 6) [38, 48, 50–52].

In terms of the physical and mechanical properties given 
in Table 6, the Kocbeře sandstone can be characterized as 
sandstone having a moderate value of bulk density, a low 
to moderate absorption capacity and total porosity, rela-
tively high abrasion resistance in laboratory conditions and 
moderate to high values of strength properties and frac-
ture toughness. At the same time, the data presented in 
Tables 2, 3 and 6 show that the values of total porosity and 
open porosity are practically identical. This makes it clear 
that the vast majority of pores in the Kocbeře sandstone are 
formed by open, i.e., mutually communicating pores acces-
sible to the influence of fluids and dissolved salts.

3.2 Experimental results of XCT analysis
The results of the XCT data analysis for both sandstone sam-
ples (sample No. 1 and sample No. 2) showed that, although 
they are the same rock type (fine- to medium-grained 
Kocbeře sandstone with a predominance of quartz clasts 
and secondary silicification), the findings point to pro-
nounced microscopic heterogeneity of the pore structure 
and, consequently, of the transport properties (see Fig. 8, 
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Table 2 Pore space parameters of the Kocbeře sandstone measured using MIP

Sample
Vmmc (mm3 g−1) Vme (mm3 g−1) Vma (mm3 g−1) Vcp (mm3 g−1)

r (μm) PMIP (vol. %)
% of total vol. % of total vol. % of total vol. % of total vol.

Kocbeře 1
59.465 3.747 8.181 47.537

0.17 12.5
100 6.30 13.76 79.94

Kocbeře 2
81.698 3.163 27.857 50.678

0.28 17.2
100 3.87 34.10 62.03

Kocbeře 3
61.356 1.886 8.409 51.061

0.31 13.0
100 3.07 13.71 83.22

Kocbeře 4
57.126 1.776 7.813 47.537

0.27 12.1
100 3.11 13.68 83.21

Kocbeře 5
81.879 2.975 28.028 50.876

0.34 16.6
100 3.63 34.23 62.14

Kocbeře 6
58.227 1.820 17.310 39.097

0.40 12.0
100 3.13 29.73 67.14

Kocbeře 7
70.824 0.737 17.876 52.211

0.64 15.4
100 1.04 25.24 73.72

Arithmetic mean 3.45 23.49 73.06 0.34 14.1

Standard deviation 1.44 8.92 8.70 0.14 2.0

Coefficient of variability 41.7 38.0 11.9 41.2 14.2
Notes: Vmmc = volume of all pores measured by MIP (total intrusion volume), Vme = volume of mesopores (diameter 0.002–0.050 μm), Vma = volume of 
macropores (diameter 0.050–15.000 μm), Vcp = volume of coarse pores (diameter over 15.000 μm), r = average pore diameter (4V/A), PMIP = porosity 
determined by MIP (pore's nomenclature and boundaries between the individual pore size categories were adopted from the IUPAC terminology [47])

Table 3 Open porosity of the Kocbeře sandstone calculated from bulk density and water absorption capacity

Direction towards 
bedding planes Sample Weight of dry 

specimen (g)
Weight of saturated 

specimen (g)
Bulk density 

(kg m−3)
Water absorption 

capacity (%) Open porosity (%)

Perpendicular

Kocbeře/K1D 205.20 219.85 2199 7.1 15.7

Kocbeře/K2D 216.14 229.15 2270 6.0 13.6

Kocbeře/K3D 207.12 223.00 2186 7.7 16.8

Parallel

Kocbeře/P1D 209.57 224.74 2202 7.2 16.0

Kocbeře/P2D 211.93 226.33 2212 6.8 15.1

Kocbeře/P3D 205.58 220.60 2206 7.3 16.2

Table 4 Coefficient of hydraulic conductivity of the Kocbeře sandstone at 10 °C (k10)

Direction towards 
bedding planes Sample Number of 

measurements k10 (m s−1) – average value k10 (m s−1) – minimum value k10 (m s−1) – maximum value

Perpendicular

Kocbeře/K1 6 2.54 × 10−6 2.28 × 10−6 2.85 × 10−6

Kocbeře/K2 6 3.95 × 10−8 3.46 × 10−8 4.47 × 10−8

Kocbeře/K3 6 1.43 × 10−6 1.25 × 10−6 1.50 × 10−6

Parallel

Kocbeře/P1 2 4.13 × 10−6 4.10 × 10−6 4.15 × 10−6

Kocbeře/P2 2 6.31 × 10−7 6.06 × 10−7 6.56 × 10−7

Kocbeře/P3 2 6.08 × 10−6 5.80 × 10−6 6.36 × 10−6

Table 5 Coefficient of gas permeability of the Kocbeře sandstone (K)

Direction towards 
bedding planes Sample K (m2) Direction towards 

bedding planes Sample K (m2)

Perpendicular

Kocbeře/K4D 4.89 × 10−13

Parallel

Kocbeře/P4D 3.22 × 10−12

Kocbeře/K5D 5.12 × 10−12 Kocbeře/P5D 6.76 × 10−12

Kocbeře/K6D 1.04 × 10−12 Kocbeře/P6D 1.89 × 10−12
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Table 6 Basic physical and mechanical properties of the Kocbeře 
sandstone according to various authors [38, 48, 50–52]

Parameter Value (minimum–
maximum)

Mass density (kg m−3) 2630–2670

Bulk density (kg m−3) 2140–2270

Total porosity (%) 12.0–17.2

Water absorption capacity by weight (%) 2.2–6.1

Ultrasonic P-wave velocity 
(dry sample) (km s−1) 2.74–3.48

Uniaxial compressive strength 
(dry sample) (MPa) 56–87

Dynamic Young's modulus (GPa) 17.2–24.7

Poisson's ratio (–) 0.16–0.33

Flexural strength (dry sample) (MPa) 5.9–7.9

Splitting tensile strength 
(dry sample) (MPa) 2.6–6.1

Fracture toughness–chevron bend test 
(dry sample) (MPa m1/2) 0.73–0.98

Abrasion resistance by the 
Böhm method (mm) 2.6–3.1

which depicts the permeability-vector ellipsoids and the 
variability of porosity in the individual subvolumes).

The porosity values determined from the XCT anal-
ysis range from approximately 10  to 16% in both cases, 
depending on the chosen threshold value used to delineate 
pores in the tomographic data (see, for example, Fig. 4 and 
Table 7). The XCT-derived porosity results exhibit a natu-
ral directional variability of porosity within the rock (see 
Fig. 3), fluctuating within the range of 4%. Variability 
of porosity is also evident from the laboratory tests (see 
Tables 2 and 3). The porosity values obtained from the 

XCT analysis correspond to the range of the laboratory 
measurements, i.e., about 13.6–16.8% (see Table 3) and 
12.0–17.2% (see Table 2), respectively.

It can be concluded that permeability exhibits a higher 
degree of variability (60–90%) than porosity (see Table 7). 
For sample No. 1, the average value of absolute perme-
ability in the analyzed subvolumes was 5.84 × 10−12 m2, 
while in the analysis of the entire volume it decreased to 
2.91 × 10−12 m2. For sample No. 2, the values were similar 
(6.21 × 10−12 m2 vs. 3.29 × 10−12 m2 ). This fact points to the 
phenomenon of scale effect – when evaluating smaller vol-
umes (125 subvolumes), the presence or absence of local 
permeable channels with higher permeability is likely to 
have an impact, while in the entire volume, the heteroge-
neity of the occurrence of these channels is averaged out 
and the resulting permeability may be lower.

The results of permeability analysis on XCT data 
demonstrated the anisotropy of permeability transport 
properties of the analyzed building sandstone, such as 
permeability and hydraulic conductivity. Numerical sim-
ulations showed that the values of the main tensor com-
ponents of permeability Kxx, Kyy, and Kzz (see Table  7), 
respectively HCC (see Table 7), differ from each other by 
approximately 15–40% (see Fig. 8 and Table 8). The anisot-
ropy of HCC was also confirmed, although to a different 
extent, based on the results of laboratory measurements 
of HCC in the perpendicular and parallel directions to the 
layering of Kocbeře sandstone. The average HCC value 
in the parallel direction is approximately 170% higher 
than in the perpendicular direction (see Table 3). Goupil 
et al.  [53] also states that the normal range for sand-
stones in the parallel direction to lamination is approxi-
mately 30–130% higher than in the perpendicular direc-
tion (ratio k‖/k⊥ ≈ 1.3–2.3). The variability of permeability 
between directions may indicate the importance of micro-
scopic textural differences, such as the influence of irreg-
ular cementation and secondary silicification, which can 
selectively seal pores and thus change the directions of 
preferential flow. The  coefficients of variability (CV) in 
APT analysis reach high values (approximately 60–90%, 
see Table 7), confirming significant internal heterogeneity. 
This is probably consistent with observations from micro-
structural analysis, where it was found that the intensity 
of secondary silicification is not uniform in space and can 
lead to local contrasts (differences) in permeability values.

Based on APT analysis in individual subvolumes, 
it was found that porosity values are not a reliable vari-
able indicator for predicting permeability of the analyzed 
sandstone. The correlation between porosity and hydraulic 

Fig. 8 Spatial distribution of porosity and permeability tensors in 
sample No. 1
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conductivity coefficient is very low (see Fig. 9); the deci-
sive factor will be the complex geometry of the pore sys-
tem in the sandstone.

APE numerical simulations of fluid flow in a porous 
sandstone environment (pressure gradient approxi-
mately 6000  Pa  m−1; liquid–water with a kinematic vis-
cosity of 1  mPa  s) also showed that the output parame-
ters are strongly influenced by the size of the analyzed 
volume. In  small subvolumes, parameter fluctuations 
occur. In larger volumes, however, the values stabilize and 
tend toward representative values for the rock as a whole 
(see  Figs. 10 and 11). This analysis showed that the dif-
ferences in effective porosity in relation to total porosity 
are very small, approximately up to 1%. The ratio of these 
porosities is about 99%, which indicates that almost all 

Table 7 Average values of permeability and its basic statistical data from the performed APT analysis of 125 XCT subvolumes

Sample Porosity (%)

Mean 
absolute 
perme- 
ability 
K (m2)

Mean 
hydraulic 
conduc- 

tivity 
k (m s−1)

Absolute 
permeability 

tensor 
Kxx (m

2)

Hydraulic 
conduc- 

tivity 
kxx (m s−1)

Absolute 
perme- 
ability 
tensor 

Kyy (m
2)

Hydraulic 
conduc- 

tivity 
kyy (m s−1)

Absolute 
perme- 
ability 
tensor 

Kzz (m
2)

Hydraulic 
conduc- 

tivity 
kzz (m s−1)

Sample 
No. 1 

A.M. 15.2 5.84 × 10−12 4.39 × 10−5 5.59 × 10−12 4.19 × 10−5 6.89 × 10−12 5.17 × 10−5 5.06 × 10−12 3.80 × 10−5

SD 1.6 3.57 × 10−12 2.68 × 10−5 3.80 × 10−12 2.85 × 10−5 4.77 × 10−12 3.58 × 10−5 3.09 × 10−12 2.32 × 10−5

CV 
(%) 10.7 61.1 61.1 68.0 68.0 69.3 69.3 61.0 61.0

Sample No. 1 
– whole 
XCT volume 
analysis

15.3 2.91 × 10−12 2.18 × 10−5 2.73 × 10−12 2.05 × 10−5 3.60 × 10−12 2.71 × 10−5 2.39 × 10−12 1.8 × 10−5

Sample 
No. 2 

A.M. 13.2 6.21 × 10−12 4.66 × 10−5 6.97 × 10−12 5.23 × 10−5 6.28 × 10−12 4.71 × 10−5 5.37 × 10−12 4.03 × 10−5

SD 1.6 4.89 × 10−12 3.67 × 10−5 6.06 × 10−12 4.55 × 10−5 5.75 × 10−12 4.32 × 10−5 3.99 × 10−12 3.00 × 10−5

CV 
(%) 12.1 78.7 78.7 86.9 86.9 91.6 91.6 74.4 74.4

Sample No. 2 
– whole 
XCT volume 
analysis

13.4 3.29 × 10−12 2.47 × 10−5 3.86 × 10−12 2.90 × 10−5 3.21 × 10−12 2.41 × 10−5 2.8 × 10−12 2.1 × 10−5

Note: A.M. = arithmetic mean, SD = standard deviation, CV = coefficient of variability

Table 8 Values of permeability ratios Kxx/Kyy, Kxx/Kzz and Kyy/Kzz in the analyzed directions of the internal coordinate system x, y and z, APT analysis 
results of the 125 XCT subvolumes

Sample Porosity (%)
Ratio of absolute 

permeability tensor 
Kxx/Kyy (–)

Ratio of absolute 
permeability tensor 

Kxx/Kzz (–)

Ratio of absolute 
permeability tensor 

Kyy/Kzz (–)

Sample No. 1 – XCT subvolumes analysis

A.M. 15.2 1.31 1.16 1.43

SD 1.6 0.45 0.54 0.61

CV (%) 10.7 34.2 46.6 42.6

Sample No. 1 – Whole XCT volume analysis 15.3 1.32 1.14 1.51

Sample No. 2 – XCT subvolumes analysis

A.M. 13.2 1.25 1.35 1.20

SD 1.6 0.60 0.62 0.55

CV (%) 12.1 47.82 45.85 45.57

Sample No. 2 – Whole XCT volume analysis 13.4 1.20 1.38 1.15
Note: A.M. = arithmetic mean; SD = standard deviation; CV = coefficient of variability

Fig. 9 Sample No. 2: the mean values of HCC (k) for each 125 XCT 
subvolumes plotted against their porosity values
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pores are interconnected and form a hydraulically effec-
tive network (see Figs. 12 and 13). The same finding was 
obtained when determining total porosity and open (effec-
tive) porosity using common laboratory measurements 
(see Tables 2, 3 and 6). The tortuosity values range between 
1.9 and 2.1. This means that the flow path is approximately 
1.9 to 2.1  times longer than the shortest geometric dis-
tance between the interconnected pores on the sides of 
the sample through which the liquid enters and exits. With 
increasing analyzed volume, tortuosity increases slightly, 
reflecting the complexity of the pore network and confirm-
ing that the fluid flow is not completely linear (straight). 
The  HCC shows higher variability in small subvolumes 
(on the order of 10−5 to 10−6 m s−1) and the values even out 
with increasing volume. This phenomenon corresponds 
to the scale effect, where locally well-connected pores 
can increase conductivity, but in larger volumes these 

channels are averaged out with less permeable zones. 
The results show that at a volume of around 0.4–0.6 cm3, 
the values of permeability, porosity and tortuosity begin 
to stabilize and the variability between calculations 
decreases. This range can therefore be designated as the 
REV for a given type of sandstone with a given quality 
of XCT data in a first approximation. At smaller volumes, 
the  dispersion is higher and the values may not reliably 
represent the properties of the rock. For sample No.  2, 
the level of stabilization of the analyzed values is less con-
clusive, probably due to its higher heterogeneity and lower 
porosity, and thus a more complicated pore space in which 
flow occurs (see Fig. 11).

Figs. 14 and 15 shows the fluid flow velocity in the 
analyzed sandstone sample based on the results of APE 

Fig. 10 Sample No. 1: HCC and tortuosity values from the results of 
APE analysis depending on the investigated XCT volume, analyzed at 

threshold values 115 and 125

Fig. 11 Sample No. 2: HCC and tortuosity values from the results of 
APE analysis depending on the investigated XCT volume, analyzed at 

threshold values 115 and 125

Fig. 12 Sample No. 1: result of APE analysis, development of whole 
(total) and effective porosity in direction of liquid flowing (analyzed 

volume 0.42 cm3)

Fig. 13 Sample No. 2: result of APE analysis, development of whole 
(total) and effective porosity in direction of liquid flowing (analyzed 

volume 0.64 cm3)
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numerical simulation in the three analyzed directions x, y, 
and z. The z-direction represents the direction of the pres-
sure gradient acting in the fluid, which is also reflected in 
the distribution of the mean fluid flow velocities. For sam-
ple No. 1, the average velocity in the z-direction is of the 
order of 1 × 10−4 m s−1, while for sample No. 2, the aver-
age flow velocity in the z-direction is lower, approximately 
2.5 × 10−5 m s−1 (see Figs. 14 and 15), which corresponds 
to the porosity values at both samples. This trend in fluid 
flow velocity is also maintained in the x- and y-directions. 
The tortuosity and relatively complex geometry of the 
pore space probably influence the positive and negative 
fluctuations in the average flow velocity in the transverse 
direction relative to the main flow direction (z-direction) 
at both analyzed samples. These directional fluctuations 

are the result of the fluid flowing around the grains. This 
flow has an effect on the change in direction and nonlinear 
flow of the liquid in the intergranular channels, which are 
formed by the morphology and composition of the grains 
in the analyzed sandstone. The degree of oscillation of the 
directional flow velocity can be an informative character-
istic of the complexity of the pore space of geomaterials in 
general. Fig. 16 represents the nature of fluid flow through 
the pore space of Kocbeře sandstone using streamlines, 
which reflect its geometric habitus. The streamlines rep-
resent a visual tool used in fluid dynamics (hydromechan-
ics) to display the instantaneous direction of velocity of 
fluid particles (liquid or gas) at a given moment. A higher 
density of streamlines (their mutual distance) indicates 
a higher fluid flow velocity in sandstone, and conversely, 
where they are further apart (lower density), the velocity 
is lower. The fluid flow velocity is also highlighted in color 
in Fig. 16. The highest flow velocities are represented by 
red shades, for example in areas of sandstone correspond-
ing to "intergranular pore throats" (see 2D XCT slice in 
Figs. 16 (a) and (b)). The streamlines reflect its geometric 
habitus of fluid flow through the pore space of sandstone 
whose tortuosity values range between 1.9 and 2.1.

The XCT-based porosity and permeability character-
istics obtained for the Kocbeře sandstone are consistent 
with trends reported in previous international XCT stud-
ies of sandstones. Earlier investigations demonstrated that 
pore-network connectivity, topology, and microstructural 
heterogeneity exert a stronger control on transport proper-
ties than bulk porosity alone [33, 34]. Similar conclusions 
regarding permeability anisotropy and scale-dependent 
behavior have been reported for sandstones combin-
ing XCT with numerical transport simulations [35, 36]. 
These observations align well with broader applications 
and limitations of XCT in sandstone pore characteriza-
tion [28] and with recent XCT-based analyses of building 
sandstones addressing pore-scale heterogeneity and trans-
port-related properties [30].

4 Conclusions
Based on the pore space and permeability analysis of the 
Kocbeře sandstone carried out on the XCT data and com-
pared with the results of MIP and other laboratory tech-
niques, the following main conclusions can be drawn:

•	 A very good agreement was observed between the 
average values of open porosity determined by XCT 
imaging analysis (approximately 13% and 15%, 
respectively), MIP measurements (14  ±  2%) and 
calculation from bulk density and water absorption 

Fig. 14 Sample No. 1: fluid flow velocity in the analyzed sandstone 
sample based on the results of APE numerical simulation in the three 

analyzed directions x, y, and z (analyzed volume 0.42 cm3)

Fig. 15 Sample No. 2: fluid flow velocity in the analyzed sandstone 
sample based on the results of APE numerical simulation in the three 

analyzed directions x, y, and z (analyzed volume 0.64 cm3)
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capacity (ca 14% to 17%). Minor differences between 
XCT- and MIP-derived pore characteristics arise 
from the different resolution ranges and physical 
principles of both methods, which capture comple-
mentary parts of the pore system rather than being 
directly interchangeable. Together, the combined 
interpretation of XCT and MIP results provides 
a robust basis for characterizing the effective pore 
space and its heterogeneity in the studied sandstone. 
However, XCT, thanks to the possibility of 3D data 
reconstruction, revealed considerable heterogeneity 
of porosity in the individual analyzed subvolumes 
(see Figs. 3 and 8).

•	 Regarding the permeability analysis, an order of 
magnitude agreement was found between the results 
of laboratory gas permeability measurements (10−12 
to 10−13 m2 ) and the calculation of water permeability 
from XCT scanning (10−12 m2 ), even though fluids of 
different viscosities were used. On the contrary, the 
average HCC values from laboratory measurements 
(in the order of 10−6 to 10−8 m s−1 ) are not in good 
agreement with the results of XCT data analysis (in 
the order of 10−5 m s−1 ). This discrepancy will be the 
subject of further investigation.

•	 Similar to porosity, a very significant inhomogeneity 
was also observed in the spatial distribution of per-
meability tensors calculated for the individual sub-
volumes. The coefficient of variation of the perme-
ability values determined in these 125  subvolumes 
reaches ca 60 to 90% (see Table  7). The consider-
able dispersion of porosity and permeability values 
of the Kocbeře sandstone at the microscale is given 

by its microstructure. In particular, intense second-
ary silicification occurs here, which unevenly affects 
the clay sandstone matrix.

•	 The spatial anisotropy of the permeability of the 
Kocbeře sandstone in the analyzed x, y and z direc-
tions, expressed by the ratios Kxx/Kyy, Kxx/Kzz and 
Kyy/Kzz, ranges from approximately 1.16 to 1.43 
(see Table 8).

•	 It can be concluded that the calculated HCC values 
do not correlate reliably with the open porosity of the 
Kocbeře sandstone (Fig. 9). The resulting hydraulic 
conductivity of the rock is probably significantly influ-
enced by the complexity of fluid flow through their 
pore system (e.g., tortuosity, see Figs. 10 and 11) and 
other geometrical characteristics of the pore system.

•	 As stated above, HCC of Kocbeře sandstone deter-
mined by laboratory measurements ranges from 
ca 1 × 10−6 to 4 × 10−8 m s−1. The HCC values calcu-
lated from XCT data using APE analysis are distrib-
uted in the interval of ca 2 × 10−5 to 6 × 10−6 m s−1 and 
are determined in the REV region (Figs. 10 and 11). 
The several-order-of-magnitude discrepancy between 
HCC derived from pore-scale XCT simulations and 
laboratory measurements is interpreted as a funda-
mental scale mismatch rather than a methodological 
error. The limited XCT sample volume does not fully 
capture the statistical representation of larger-scale 
flow-limiting and flow-enhancing features, such as 
connected larger pores, microcracks, or structural 
heterogeneities, which exert a dominant control on 
bulk permeability. Under laboratory conditions, rock 
cores with volumes on the order of 100 cm3 are tested, 

Fig. 16 Illustrative visualization of typical flow patterns and flow velocity in sample No. 2 using streamlines (APE analysis): (a) 2D XCT slice; 
(b) 3D image of tomographic volume (the bottom plane with a purple square grid represents the entry of liquid into the analyzed volume, while the 

upper plane with a yellow square grid represents the exit of liquid from the analyzed volume)

			        (a)			                       (b)



24|Vavro et al.
Period. Polytech. Civ. Eng., 70(1), pp. 11–27, 2026

whereas XCT-based analyses are performed on vol-
umes of approximately 0.7 cm3 in order to resolve 
detailed pore geometry. Consequently, permeability 
derived from XCT should be interpreted primarily 
in a relative sense, suitable for assessing permeabil-
ity anisotropy and microstructural controls on flow, 
whereas laboratory measurements remain essential 
for quantifying absolute HCC. Bridging this scale gap 
requires multi-scale workflows combining XCT, MIP, 
SEM observations, and laboratory future permeability 
testing across increasing sample volumes.

XCT numerical analysis confirmed a high degree of 
connectivity of the pore system – effective porosity reaches 
almost the same values as total porosity. The findings con-
firm that, in order to reliably evaluate the transport proper-
ties of sandstones, it is necessary to combine XCT numer-
ical simulations with laboratory tests on larger volumes. 
The weak correlation between porosity and hydraulic con-
ductivity indicates that volumetric porosity alone does not 
adequately describe fluid-flow behavior. Permeability is 
instead governed by pore-network microstructural char-
acteristics such as pore connectivity, coordination num-
ber, tortuosity, critical pore-throat radius, and the qual-
ity and geometry of flow channels [54]. A quantitative 
assessment of these connectivity-related parameters and 
potential fractal characteristics of the pore network would 
provide additional insight, but lies beyond the scope of 
the present study. The values of hydraulic conductivity 
and tortuosity are strongly dependent on the scale (vol-
ume) of the XCT analysis – they are more scattered in 
small volumes, while in REV they settle at lower values 
closer to laboratory measurements. The results confirm 
that numerical simulation in the VGS environment pro-
vides valuable insight into the microstructure-depen-
dent variability of sandstone permeability, but for prac-
tical applications, it  is necessary to carefully select the 
size of the analyzed volume with regard to computational 

complexity and reliability of results. Numerical simula-
tions show a strong increase in computation time with 
increasing analyzed volume, ranging from hundreds of 
seconds for small subvolumes to more than 24 h for the 
largest XCT volumes, depending on available computing 
resources. This behavior reflects the inherently high com-
putational demands of high-resolution pore-scale flow 
simulations, in which memory usage and computation 
time scale nonlinearly with sample size and voxel reso-
lution. Practical application therefore requires a compro-
mise between analyzed volume, spatial resolution, and 
time feasibility, which can be alleviated by representa-
tive elementary volume (REV) analysis, region-of-inter-
est selection, and the use of parallelized solvers on multi-
core or high-performance computing platforms.

To sum up, the XCT represents an effective and use-
ful complementary technique to the existing commonly 
used methods in comprehensive study of porosity and per-
meability of porous building materials. Like any other 
laboratory method, XCT has its advantages, but also its 
limits. The limitation is the size of the scanned sample 
used, which significantly affects the resulting resolution. 
From this point of view, XCT only provides information 
about the presence of pores of a size that includes a por-
tion of macropores and coarse pores. The distinct advan-
tage is the possibility of 3D imaging and reconstruction 
of the microstructure. At the same time, contrary to, for 
example, mercury porosimetry, XCT is a non-destructive 
method, so the samples are reusable for any further labo-
ratory study. In conclusion, XCT is a powerful technique 
in many research areas of geomaterials characterization, 
for example in the respect of their degradation due to the 
influence of the surrounding environment.
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