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Abstract

As part of the work, studies of the rock’s permeability to gases were carried out using the original measuring apparatus,
which makes it possible to study gas seepage through a porous medium under confining pressure conditions corresponding
to in situ. Samples of selected sandstone, sapropelic coal, marble, granite, limestone, and spongiolite rocks were used for
permeability studies. The permeability of these rocks was determined in relation to helium (He) and carbon dioxide (CO,)
in various values of the confining pressure: 1, 5, 10, 15, and 30 MPa. The obtained variability ranges of permeability coef-
ficients allowed to assign the tested samples to particular classes, from poor and tight permeable rocks, where k, <1 mD
and k, <0.1 mD (granite, marble), through good permeable rocks with a value of 10 <k < 100 mD (limestone, spongiolite,
sandstone), to very good permeable rocks with coefficient k,,> 100 mD (coal). The Klinkenberg slippage effect was twice as
large for He compared to CO,, and as permeability increased, the slippage effect disappeared. The Walsh model was used to
analyze the obtained results, based on which it was found that the highest impact of effective stress was observed for a granite
sample, the smallest for sapropelic coal, where an increase in effective stress by about 30 MPa reduced the permeability of
coal to He by 50% and to CO, by 30%. Changes in the structural properties of rocks as a result of subjecting them to gas
seepage processes under confining pressure conditions were also examined. Open porosity, specific surface area, pore size
distribution, and mean pore diameter in the samples were determined. In most of the studied rocks, a decrease in porosity
and a reduction in the pore space of the rocks were observed after permeability tests under confining pressure conditions.

Keywords Permeability - Pore structure - Sandstone - Coal - Marble - Granite - Limestone - Spongiolite

Introduction

Rocks consist of minerals, a solid matrix, and cracks and
pores. Pore structure refers to the geometric shape, size, and
size distribution of pores and their connectivity, as well as
the relationship between all these properties. Pore structure
characteristics are influenced by tectonism, sedimentation,
and diagenesis. Rock depth is one of the main factors affect-
ing rock integrity and physical properties (Lu et al. 2020).
In deeper geological layers, the porosity and permeabil-
ity of rocks decrease exponentially with increasing depth
(Aschwanden et al. 2019). This is mainly due to the confin-
ing pressure and stress exerted on the rocks, which increases
with the depth of their deposition.
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These factors cause deformations and strains that occur in
the triaxial stress field. Rocks that have the same mechani-
cal properties in three orthogonal directions are isotropic
rocks. They may include, e.g., metamorphic and igneous
rocks. Rocks whose properties vary in different directions
are anisotropic rocks. Most of them are sedimentary rocks.
They are formed as a result of sedimentation, which pro-
ceeds gravitationally and its effect is bedding. Anisotropy
significantly affects the mechanical strength of rocks, weak-
ening it, which also determines its structural properties and
permeability.

Permeability is a parameter that describes the ability of
a porous medium to seepage fluids. Most studies on rock
permeability show that confining pressure decreases the
porosity of rocks, which in turn reduces their permeability
to fluids (Konecny and Kozusnikova 2011; Li et al. 2014;
Wierzbicki et al. 2014; Zheng et al. 2015; Kudasik 2019;
Braga and Kudasik 2019; Estévez-Ventosa et al. 2020; Liu
and Spiers 2022). Porosity determines the amount of voids
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inside the material. Permeability and porosity are basic
parameters describing porous media. An attempt to relate
porosity and permeability was made almost 100 years ago in
the form of the Kozeny-Carman theoretical formula (Kozeny
1927; Carman 1937). Over the years, many theoretical as
well as empirical models and indicators, mainly derived
from the Kozeny-Carman equation and the Darcy equation,
have been developed to relate porosity to rock permeabil-
ity (Costa 2006). Some theoretical indicators such as FZI,
MZI, and RQI have found their application in reservoir qual-
ity assessment (Mirzaei-Paiaman et al. 2018). However, in
practice, porosity and permeability are considered as two
independent parameters in underground hydrodynamics and
reservoir engineering (Liu et al. 2019; Bairu et al. 2021).

In situ rock permeability plays a crucial role in (un)
conventional geo-energy recovery (such as natural gas/oil,
ECBM, shale gas, tight gas/oil, and geothermal energy) (Liu
et al. 2011; Sander et al. 2017), mining (Huang et al. 2018;
Guo et al. 2021), carbon/waste geological sequestration
(Kiyama et al. 2011; Ranjith and Perera 2011), and induced
earthquake (Snell et al. 2020).

Under natural conditions, rocks are deposited at consider-
able depths, often exceeding a thousand meters, where they
are loaded by geostatic (confining) pressure, which depends
on the density of the overburden rocks and the depth of
deposition. The study of energy resources and reservoir
rocks under the natural conditions in which these rocks are
deposited is extremely complicated, but it can be crucial for
assessing the feasibility and effectiveness of their exploita-
tion. Identification of the ability to capture hydrocarbons,
crude oil, or mineral resources requires a detailed determi-
nation of the properties of these reserves in conditions cor-
responding to in situ. At geological depths of up to several
kilometers, direct measurements of some deposit proper-
ties are extremely difficult, economically unjustified, and
often even impossible. It is therefore necessary to conduct
research on samples collected from these depths and simu-
late natural conditions in the laboratory.

The permeability of rocks can be reduced several times,
or even several dozen times, with the increase in the confin-
ing pressure to a value close to the in situ conditions (Pan
et al. 2010; Alam et al. 2014; Li et al. 2014). Under the
influence of effective stress, the flow channels become nar-
rowed or even completely closed, which in turn significantly
reduces the permeability of rocks (Zhijiao et al. 2014). The
permeability reduction due to the confining pressure is dif-
ferent for various types of rocks, which have different porosi-
ties, structural, physical, and strength properties.

Most permeability studies have been performed on reser-
voir rocks such as coal (Zhang et al. 2018; Wang et al. 2018;
Zhao et al. 2021) or sandstone (Dong et al. 2010; Moham-
med 2020; Wang et al. 2022). Typical rock permeabilities
studied in various works were in the ranges of 0.1-100 mD
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for coal (Pan et al. 2010; Braga and Kudasik 2019; Zhao and
Wei 2022), 0.4—60 mD for sandstone (Raza et al. 2015), and
even about 1000 mD for sandstone with porosity exceeding
20% (Bloch 1991). Much less research on permeability con-
cerns cap rocks, such as shale or limestone (Ghabezloo et al.
2009; Meng et al. 2019), which form layers that isolate the
flow of natural gases to upper geological layers. There are
also rocks that are considered non-porous and impermeable
to gases, such as marble or granite, which are commonly
used in the construction industry. The seepage properties of
these rocks are usually studied in the context of recognizing
the impact of permeability stimulation processes through
fracturing (Yang et al. 2017; Ding et al. 2022; Li et al. 2023;
Jiao et al. 2023; Ishibashi et al. 2023).

Another group of rocks that have not been tested so far in
terms of their permeability are siliceous rocks, such as diato-
mites and spongiolites (Bus and Karczmarczyk 2014). These
rocks are mainly used as sorbents for water and sewage treat-
ment; hence, their seepage properties may be important.

As part of the work, studies of the permeability of several
types of rock to helium (He) and carbon dioxide (CO,) were
carried out using original apparatus that provides measure-
ments under gas pressure and confining pressure conditions
corresponding to in situ. The main purpose of the conducted
research was:

— determination of the variability range of permeability
coefficients of various types of rocks under confining
pressure conditions,

— identification of the range of permeability in which the
Klinkenberg slippage effect occurs in various types of
rocks and various gases,

— identification of the impact of effective stress on the
Walsh fracture permeability of various rocks,

— determination of the influence of permeability and con-
fining pressure on changes in the structural properties of
rocks.

Apparatus

Rock permeability tests were carried out on the origi-
nal apparatus for seepage, sorption, and exchange sorp-
tion test in isobaric conditions, on samples subjected to
confining pressure (Kudasik et al. 2020). The apparatus
(Figs. 1 and 2) enables measurements to be carried out in
isobaric gas and confining pressure conditions as well as
in isothermal conditions. The sample to be tested is placed
in a high-pressure chamber filled with water, where a
confining pressure, regulated in the range of 0—-40 MPa,
is applied to it. The sample is sealed against water by a
rubber coat. Constant confining pressure p, is ensured by
a mechanical actuator, driven by a stepper motor with a
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gear. Gas (CO,, He) is injected into the sample inlet at a
constant p;, pressure provided by a pressure regulator. At
the sample outlet, the gas flow rate is measured by means
of a flow meter. The gas flows into the atmosphere, where
the pressure is measured by a barometer P,,,,. The opera-

tion of the apparatus and the recording of parameters is
carried out by the control system.

Research material

Rock samples of various origins and physico-chemical
properties were used for permeability studies. Sedimen-
tary rocks (sandstones, limestone, coal, spongiolite),
igneous rock (granite), and metamorphic rock (marble)
were selected. For laboratory permeability tests, samples
were prepared in the form of cylindrical rock cores with
diameters of about 23—-24 mm and lengths of about 4045
mm. Table 1 presents a description of the tested rocks,
and Fig. 3 presents photos of all samples prepared for
permeability tests.

Measurement procedure

Two gases were used to test the permeability of coal samples
under confining pressure conditions: helium (He) and carbon
dioxide (CO,). The tests were performed at 5 different confin-
ing pressures: 1, 5, 10, 15, and 30 MPa. The gas pressure at the
sample inlet was regulated in the range of 0.1-1.0 MPa. Rock
permeability was determined from Darcy’s law:

_ Z.Q.pa[m.#.l
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where k, [mz]—Darcy’s permeability coefficient; Q[ ]—

gas flow at the sample outlet; p,,,[Pa}—atmospheric pres-
sure; u[Paes]—coefficient of dynamic gas viscosity;
A [mz] , [[m}—sectional area and length of the sample; p,, [Pa]
—gas pressure at the sample inlet.

The permeability described by Darcy’s law depends on
the fluid pressure in the porous medium. To describe the
permeability of the samples under specific conditions of
confining pressure, the Klinkenberg correction was used,
which describes the absolute permeability of the medium
under high gas pressure conditions:

by
kg=km<1+ ) )

pavg

where k_[m?] —the Klinkenberg’s absolute permeability
coefficient; b, [Pa}—the Klinkenberg slippage factor, which
depends, among other things, on the pore structure of the
medium and the mean free path of the gas; p,,,,[Pa] = %
—average gas pressure.

The method of determining the Klinkenberg permeability
coefficients k_, and slippage factors b, was consistent with
the methodology presented in the works of (Kudasik 2019),
(Braga and Kudasik 2019) and (Kudasik et al. 2022). The
procedure for determining permeability coefficients was to
measure the gas flow rate Q at the outlet of the sample at
different inlet gas pressures p;,, which flowed through the
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Fig. 1 Scheme of the original apparatus for testing rock permeability under confining pressure conditions
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Fig.2 Photos of the apparatus for testing rock permeability under confining pressure conditions; a high-pressure chamber; b a mechanical actua-
tor for generating confining pressure; ¢ a complex measuring stand

Table 1 Origin and description of the studied rocks

Name, origin Rock type Description of the rock/density range/wave velocity range/porosity range

Sandstone “Tumlin,” Poland Sedimentary rock A rock composed mainly of silicate sand; it is a reservoir rock; it has high

permeability, thanks to which it forms aquifers and oil reservoirs
1.61-2.76 g/em® / 1.10-1.36 km/s / 10-35%

Marble “Supikovice,” Czech Republic Metamorphic rock A rock composed of recrystallized carbonate minerals, most commonly

calcite or dolomite; it is characterized by very low permeability
1.9-2.8 g/cm? / 0.9-1.1 km/s / 0.5-2%

Coal “Halemba,” Poland Sedimentary rock A rock formed as a result of diagenesis and metamorphism of sapropel; It

contains the remains of single-celled organisms or plants; compared to
hard coal, it contains a significant amount of volatile matter and tar

1.1-1.5 g/em® / 1.6-2.1 km/s / 4.1-23.2%

Spongiolite “Opuka Benatky,” Czech Republic Sedimentary rock Spongiolite sandy rock; it has the structure of fossilized sponges; it is light

and it belongs to the group of organic rocks
2.38-2.66 g/cm®/ 2.3-2.8 km/s / 10-35%

Granite “Strzelin,” Poland Igneous rock A rock composed mainly of quartz, alkali feldspar, and plagioclase; it is

the most common rock in the earth’s crust; due to the lack of pores and
impermeability to gases, it is considered as a tap rock

2.65-2.75 glem?® / 4.5- 5.5 km/s / 0.4-1.5%

Limestone “Czatkowice,” Poland Sedimentary rock A rock composed mainly of the minerals calcite and aragonite; it is formed

by the precipitation of minerals from water containing dissolved calcium;
limestone formations cover about 30% of the world’s oil reservoirs

1.93-2.90 g/em?® / 2.7-2.95 km/s / 5-16%
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Fig. 3 Pictures of rock samples:
a Sandstone “Tumlin”; b a)
Marble “Supikovice”; ¢ Coal
“Halemba”; d Spongiolite
“Opuka Benatky”; e Granite
“Strzelin”; f Limestone “Czat-
kowice”

sample into the atmosphere p,,,,. By substituting the val-
ues of the parameters p;,, p,,,» O into Eq. (1), the Darcy
permeability coefficients were determined. Figure 4 shows
schematic diagrams of the changes in the values of the
parameters p;,, p,.» and Q (Fig. 4a), as well as how the
absolute permeability coefficients k, and the Klinkenberg
slippage factors b, (Fig. 4b) were determined, based on
the values obtained for these parameters in permeability
experiments obtained under different stationary conditions

a) A

Pin; Patm; Q

of measurement (P1, P2, P3, P4, and P5). These experiments
were repeated at 5 different confining pressures (p;,) for both
helium (He) and carbon dioxide (CO,).

Both before and after the gas permeability experiments,
surface structure parameters, i.e., porosity, specific surface
area, and pore volume, were determined in all rock sam-
ples. This was to determine the effect of both the confining
pressure and the CO, and He seepage processes on the
change of selected structural properties of rocks.

v

time

v

2/(pin+patm)

Fig.4 Schematic diagrams of the changes in p;,, p,,,. and Q parameters during the experiments (a), and the methodology for determining the
absolute Klinkenberg permeability coefficients k., and Klinkenberg slippage factors b, (b) (Braga and Kudasik 2019; Kudasik et al. 2022)
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Porosity was determined using the pycnometic method.
The skeletal density of rocks was determined using the Accu-
Pyc II 1340 helium pycnometer (Micromeritics) and the
apparent volume using the GeoPyc 1360 quasi-liquid pyc-
nometer (Micromeritics). Before measurement, the samples
were heated for 12 h at 378 K. The porosities of the samples
were determined before and after permeability measurements.

The surface structure was determined by low-pressure
nitrogen adsorption (LPNA) on the ASAP 2020 analyzer
(Micromeritics). Nitrogen (N2) adsorption on the surface
and in the pore space of granular samples was determined
in the pressure range of 0—0.1 MPa and the temperature of
77 K. The measurements were preceded by degassing the
samples for 6 h at 378 K under UHV conditions. Based on
the nitrogen sorption equilibrium points, the specific surface
area of mesopores was determined according to the BET

(SBET) (Brunauer 1945) and BJH (SBJH) models (Barrett
etal. 1951), as well as the surface area of micropores accord-
ing to the DFT (SDFT) theory (Duda et al. 2007). The vol-
ume of available pores (VBJH, VDFT) and their average size
(DBJH) were determined based on BJH and DFT models.

Results
Klinkenberg permeability

Description of the permeability of porous media character-
ized by low porosity and permeability, in particular under
stress conditions, the Klinkenberg permeability model (2)
is used. This model takes into account the occurrence of the
Klinkenberg slippage effect, which occurs on the pore walls

Table 2 Values of the absolute
permeability coefficients k
and the Klinkenberg slippage
factors by at different confining
pressures

Sample Confining Klinkneberg permeability and slippage factors in
pressure relation to:
P MPa] He co,
k[mD] b [MPa] k.[mD] b [MPa]
Sandstone “Tumlin” 129.59 0.27 99.44 0.04
5 73.69 0.48 60.20 0.16
10 53.17 0.67 51.53 0.14
15 51.82 0.62 52.84 0.12
30 49.46 0.48 40.43 0.17
Marble “Supikovice” 0.24 1.14 0.12 0.33
5 0.16 1.02 0.03 1.28
10 0.09 1.54 0 0
15 0.04 0.23 0 0
30 0 0 0 0
Coal “Halemba” 446.43 0 176.61 0
5 302.29 0 162.51 0
10 275.40 0 150.81 0
15 258.34 0 143.61 0
30 217.37 0 125.64 0
Spongiolite “Opuka Benatky” 1 381.47 0.03 101.03 0.08
5 89.13 0.38 78.19 0.18
10 49.58 0.57 36.20 0.20
15 42.37 0.60 31.74 0.24
30 20.91 1.05 17.46 0.26
Granite “Strzelin” 4.98 0.30 3.21 0.69
5 0.41 0.88 0.14 1.23
10 0.28 1.52 0.06 1.48
15 0.01 1.82 0 1.20
30 0 0 0 0
Limestone “Czatkowice” 25.31 1.11 19.15 0.06
5 22.53 1.40 9.99 0.32
10 20.58 1.70 6.78 0.49
15 19.30 1.70 5.56 0.53
30 17.30 1.69 5.23 0.47
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as the gas flows through the smallest pores (Wu et al. 1998;
Tanikawa and Shimamoto 2006).

Based on the measurement results, the absolute perme-
ability coefficients k_, and the Klinkenberg slippage factors
b, of all samples were determined, at 5 different confining
pressures and for two gases (He and CO,). The values of the
determined coefficients are presented in Table 2.

Based on the study, it was observed that an increase in con-
fining pressure induces a decrease in rock permeability to He
and CO,. In addition, the permeability of all rocks to He was
higher than to CO,, which results, among others, from the dif-
ference in particle size of both gases, where the kinetic diameter
of He is 0.26 nm and the kinetic diameter of CO, is 0.33 nm.

The Klinkenberg slippage effect occurs in gas flows
through small pores; hence, as porosity, and therefore rock
permeability, increases, this effect should disappear. To
investigate this relationship, a graph of changes in slippage
factors b, as a function of the permeability & of all samples
to He and CO,, was drawn (Fig. 5). These relationships were
fitted by an exponential equation, on the basis of which it can
be concluded that the Klinkenberg slippage effect is almost
twice as large for He as for CO,. In the tests with the use
of CO,, at permeability of rock samples above 120 mD, the
value of the b, factor was 0, while in the tests of permeability
to He, the slippage effect disappeared for k, above 220 mD.
Hence, it can be concluded that the Klinkenberg slippage
effect is mainly dependent on the permeability and the type
of gas. The type of rock, in turn, has only an indirect impact
on the occurrence of the Klinkenberg slippage effect, as the
direct influence is due to its porosity and permeability.

The Klinkenberg slippage effect is highest at the low-
est permeabilities which can be explained by the fact that
gas flow in the smallest pores is affected by Knudsen diffu-
sion, which contributes to an increase in the slippage of gas

Fig.5 Dependence of slippage

2.0
factors b, on Klinkenberg per-
meability coefficients kg 1.8 ¢
o
1.6
]
L]
1.4 °
L4
—_ 8
© °
a
E ()
~
Q

molecules on the pore walls. As a result, when gas flows
through pores that are similar in size to the gas particles, the
mean free path decreases causing slippage and an increase
in flow rate.

Comparison of rock permeability to He and CO, is shown
in Fig. 6, where the tested rocks were also assigned to appro-
priate groups, according to the classification proposed by
(Abuamarah et al. 2019). The sapropelic coal sample had
the highest permeability coefficients of up to 446 mD and
was classified as a very good permeable rock. The group of
good permeable rocks includes samples of spongiolite, sand-
stone, and limestone. The lowest permeability was found in
marble and granite samples, which were classified as tight
permeability rocks under confining pressure conditions.
This classification can be closely related to the porosities of
the samples (Table 1), where coal and spongiolite samples
had the highest values (38.40% and 45.69%), followed by
sandstone and marble (10.37% and 6.80%), and limestone
and granite samples had the lowest porosities (1.93% and
1.92%). Of course, these porosities were reduced during the
course of the measurement, as a result of increasing confin-
ing pressure.

Walsh fracture permeability

Using the Walsh permeability model (Walsh 1981), one
can describe the variation of the fracture permeability (k)
between two rough surfaces with respect to the change in
applied effective stress:

] . 3

“freen(z)] ]

l—b-(ae—aeo)
1+b’(‘7e_0'eo)

K

Ko

e He b,=1.07-exp(-0.009 - k)

* CO2 b,=0.60 - exp(-0.025 - k)
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k.. [mD]
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@ Springer



455 Page8of 14

Bulletin of Engineering Geology and the Environment (2023) 82:455

-8-Sandstone -e-Marble -e-Coal -o-Li
1000.0 === === e |
He  verY Goob PERMEABILITY!
1000 e —— —
§ GOOD PERMEABILITY}

e

g0 ———— — = — — — — — = ‘
£ FAIR i
= PERMEABILITY |
X 10— "—"——"—"—"—"————— — — — - i
POOR i
PERMEABILITY |
0l +——— — — == N —— — — — — — — — — — — —| |
PERMEABILITY |
0.0 :
0 5 10 15 20 25 30

Confining pressure [MPa]

-@-Sandstone -e-Marble
1000.00 --------

-o-Coal -0~

100.00 -w

-4
10.00 _'_‘k‘_{:—:. ___________

FAIR

PN . N ) A S PERMEABILITY

POOR |
PERMEABILITY
~ TIGHT |
PERMEABILITY

VERY TIGHT
PERMEABILITY |

15 20 25

Confining pressure [MPa]

Fig.6 Classification of the studied rocks in terms of their permeability to He and CO,

where k' [m? }—fracture permeability;o , = (p, — s+ p,,,) [MPa]
—effective stress, s [—]—effective Walsh stress factor;
K o [m?], o, [MPa}—reference permeability and reference
effective stress; a = 2 \/5 . ( Dio >7reﬂects the physical properties
of the fracture, where k[m] is the root mean square value of
the fracture surface height distribution and Dy[m]is the mean
fracture width at reference effective stresses o, and perme-
ability k; b [MPa‘l]—constant for Hertzian contact.

Based on the rock permeability test results (Table 2),
the dependence of the Walsh fracture permeability on the
effective stress can be determined by fitting Eq. (3) to the
measurement points. The Walsh equation obtained in this
way enables to describe the structure of the gas flow fracture
under the effective stress conditions (Table 3).

Based on the determined parameters of the Walsh Eq. (3),
model changes in fracture permeability were plotted by fit-
ting them to the measurement points (Fig. 7).

One of the benefits of using the Walsh model is the ability
to qualitatively and quantitatively determine the impact of
effective stress on permeability (Zhang et al. 2016; Chen
et al. 2016). By plotting the quotient of the fracture perme-

ability to the reference permeability <5> and the effective
Ko

stress (Fig. 8), it is possible to observe for which sample the
influence of the effective stress on the permeability was the
highest.

Based on the obtained results, it was found that the high-
est impact of effective stress was observed for the granite
sample, both in tests using He and CO,. This was shown by
the highest decrease in the relative permeability value Kio

where at an effective stress above 10 MPa, the permeability
of the granite sample was reduced by 100% relative to the
reference value k,, corresponding to o,,= 0.65 MPa. In turn,
the smallest effect of the effective stress was observed for
the sapropelic coal sample, for which the effective stress of
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30 MPa reduced its permeability by about 50% in relation to
He and about 30% in relation to CO,.

The Walsh model is a commonly used solution to describe
the fracture permeability-stress relationship. The fit obtained
with it enables the determination of parameters describing
the physical properties of the flow fracture. However, when
the seepage process is dominated within the micro-, meso-,
and macropores, the Walsh model is rarely used.

Structural properties

The pore structure of the rocks was determined on the
basis of nitrogen adsorption equilibrium points (LPNA).
The isotherms fitted to these adsorption equilibrium points
had the shapes of type III isotherms for all rocks, which
are characteristic of low-porous and non-porous materials.

Table 3 Values of Walsh fracture permeability Eq. (3) parameters for
all tested samples

Sample Gas a[-] b[-] «y[mD] o,[MPa]
Sandstone “Tumlin” He 0.088 0 129.6  0.75
CO, 0.071 0 994 0.71
Marble “Supikovice” He 0.036 0.034 0.241 0.56
CO, 0.128 0.066 0.123 0.56
Coal “Halemba” He 0.062 0 4464  0.87
CO, 0.011 0.004 176.6 0.88
Spongiolite “Opuka He 0.183 0 357.8  0.71
Benatky” CO, 0.038 0.023 101.0 0.63
Granite “Strzelin” He 0.267 0.018 498 0.65
CO, 0.298 0.059 321 0.65
Limestone “Czatkowice” He 0.016 0.003 253 0.55
CO, 0.097 0 19.1 055
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For most samples, the adsorption/desorption isotherm
before and after the permeability tests had a similar shape
and hysteresis loops with a small area were obtained.
The total adsorption capacity at p/p,=1 varied for dif-
ferent rocks (Fig. 9). The lowest values of N, adsorption
isotherm parameters were obtained for coal, marble, and
granite samples (Fig. 8a). In these samples, the N, adsorp-
tion isotherms before and after the permeability tests under
confining pressure conditions did not differ significantly.
The maximum adsorption capacity in the initial samples
was 0.16-0.22 cm®/g, and after the permeability tests it

o
N
o

Sandstone Tumlin

was 0.16-0.43 cm?/g. In the samples of limestone, spon-
giolite, and sandstone, higher values of the adsorption
capacity with respect to N, were obtained (Fig. 8b). In the
initial samples of limestone and sandstone, the adsorp-
tion capacity was 3.0—4.5 cm®/g and after the permeability
tests it did not change significantly (3.2-3.7 cm%/g). In
the spongiolite sample, before the measurement, the high-
est adsorption capacity was obtained—74.5 cm?/g, while
after the permeability measurements, it was significantly
reduced to 6 cm’/g.
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all samples

Based on the determined sorption isotherm, the structural
parameters were determined. For most of the samples, the
BET- and BJH-specific surface area parameters (mesopore
range) slightly decreased or did not change after the permeabil-
ity tests. In spongiolite and sandstone samples, the decrease in
these parameters was significant. In spongiolite, the specific
surface area was reduced from 22 to 26 m%/g to about 2 m?/g,
after permeability tests at confining pressure of up to 30 MPa.
The microporous specific surface area decreased from 12 m?/g
by nearly one order of magnitude, as did the volume of avail-
able pores. In the remaining rocks, the available surface area
of micropores and the volume of pores was slightly reduced.

The confining pressure had a high impact on the porosity
of the tested rocks (Table 4). A reduction in the porosity of
each sample was observed, with the highest decrease measured
for the spongiolite sample and it ranged from 45.7% before

1.000
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0.001 : : : : |
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permeability tests to 10.2% after permeability tests at confin-
ing pressures of up to 30 MPa. A more than two-fold decrease
in porosity was observed for limestone and granite, from 6.8
t0 2.9% and from 1.9 to 0.8%, respectively. The porosities of
the remaining rocks decreased relatively to 10% of the initial
value.

Conclusions

Rock is a geological discontinuous material that contains
solid components with varying values of density, compres-
sive strength, and solubility, as well as containing pore
voids and fractures. These pores may be filled with a fluid
of various properties, which may not be inert to the rocks.
This paper investigates the effect of confining pressure
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10.00

1.00 1

0.10 =

Adsorption capacity [cm3/g]

—Limestone
—Spongiolite =~ — before permeability test
—Sandstone - — - after permeability test
0.01 T T T T 1
b) 0 0.2 0.4 0.6 0.8 1

Relative pressure p/p, [-]

Fig. 9 N, adsorption capacities of various rocks before and after permeability tests under confining pressure conditions: a a group of rocks with
low adsorption capacities; b a group of rocks with higher adsorption capacities
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Table 4 Results of structural studies of rocks

Sample Before/after per- @, a, Sger N \ Dyiy Sprr Vorr
meability tests [%] [cm?/g] [m?/g] [m?/g] [mm>/g] [nm] [m?g] [mm®/g]
Sandstone “Tumlin” Before 10.37 4.48 2.06 2.39 4.37 11.7 1.07 224
After 9.73 3.73 1.24 1.55 5.75 14.8 0.76 1.93
Marble “Supikovice” Before 1.93 0.18 0.12 0.13 0.28 8.7 0.03 0.08
After 1.32 0.18 0.11 0.11 0.28 10.6 0.04 0.06
Coal “Halemba” Before 38.40 0.16 0.10 0.02 0.19 48.4 0.00 0.03
After 36.49 0.16 0.10 0.02 0.18 45.8 0.01 0.04
Spongiolite “Opuka Benatky” Before 45.69 74.47 22.20 26.42 113.1 17.1 11.78 37.59
After 10.20 597 1.81 2.05 8.92 17.43 0.89 2.52
Granite “Strzelin” Before 1.92 0.22 0.09 0.07 3.12 18.0 0.02 0.04
After 0.79 0.43 0.22 0.10 0.60 25.4 0.10 0.06
Limestone “Czatkowice” Before 6.80 3.01 0.79 0.84 4.37 20.8 0.47 0.48
After 2.85 3.21 0.72 0.77 4.68 243 0.48 0.44

where @,—open porosity; a,—sorption capacity at relative pressure p/p,=1; Sgp—specific surface area BET; Sj;;—specific surface area BJH;
Vg y—mesopore volume BJH; Dy, ,—average pore diameter BJH; S;,—specific surface area of micropores DFT; V,-—micropore volume

DFT

on permeability to two gases (He and CO,) with differ-
ent physical and chemical properties. Experiments were
performed on 6 different rocks on the original measuring
apparatus. Based on the experiments performed, the fol-
lowing conclusions can be drawn:

— The sapropelic coal sample had the highest permeability of
up to 446 mD in relation to He and was classified as a very
good permeable rock. The group of good permeable rocks
included samples of spongiolite, sandstone, and limestone.
The lowest permeability in relation to both gases was
found in marble and granite samples, which were classified
as poor and tight permeable rocks with coefficients below
1 mD and 0.1 mD under confining pressure conditions.

— The Klinkenberg slippage effect was almost twice as large
for He than for CO, and disappeared at gas permeability
coefficients above 120 mD for all samples.

— The highest impact of the effective stress was observed for
the granite sample, both in tests using He and CO,, where
at the effective stress above 10 MPa, the permeability of the
granite was reduced by 100%. The smallest impact of effec-
tive stress was observed for the coal sample, where at a stress
of 30 MPa permeability decreased by about 50% in measure-
ments with He and by about 30% in measurements with CO,.

— Based on the LPNA isotherm and the values of structural
parameters, the rocks were classified as low-porous and
non-porous. The porosity of the samples ranged from
a few to over a dozen percent. Only in the samples of
spongiolite and sapropelic coal the value of porosity was
much higher, in the range of 36-46%.

— In most rocks, the effect of the confining pressure
caused a slight change in the value of the specific sur-

face area and the volume of available pores. Only in the
spongiolite the structural parameters were significantly
reduced. The pores were closed and the specific surface
area decreased. The reduction of porosity and other
structural parameters of the rocks was mainly due to
the confining pressure reaching 30 MPa during per-
meability measurements. Another cause of changes in
structural parameters, but with a much smaller impact,
was the reaction with CO,.

The studied sedimentary rocks—sandstones, lime-
stones, and spongiolite—are subject to anisotropic
stresses in their natural state, which have different
properties in different directions. This is due to the
sedimentation that occurs gravitationally during the
formation of these rocks. The consequences of this
process are faulting, discontinuities, and cracks in the
structure of the rock. Experiments under confining
pressure conditions permanently altered the structure of
these rocks. In particular, in spongiolite and limestone,
porosity decreased by 78% and 59%, respectively. In
sandstone, there was a smaller change in porosity—by
7%—and a 40% decrease in BET surface area and pore
volume was observed.

The metamorphic rock—marble—had very similar struc-
tural properties before and after the experiments. This
was due to the fact that, under in situ conditions, the
marble is subject to isotropic stresses that are similar in
all three XYZ directions.

In sapropelic coal, the values of changes in porosity and
structural parameters were negligible. A decrease in the
porosity value of only 5% was observed. This was due to
the fact that sapropel coal has small pores in its structure,
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which are elastic. Thus, in the context of the nature of
rock deformation, it is an elastic rock and is characterized
by the ability to continuous deformation.

— In the tested granite, which has a brittle nature in the con-
text of rock deformation, fractures appeared as a result
of the experiments. The porosity value and pore volume
(BJH) were significantly reduced after the experiment by
59% and 81%, respectively.

The results of comprehensive studies performed under
confining pressure conditions represent an innovative
approach to the subject of rock permeability. The experi-
ments were carried out on a unique, original apparatus that
enables the determination of permeability parameters with
high sensitivity and accuracy. Simulation of conditions cor-
responding in situ enables observation of processes occur-
ring in pore space and fractures during gas flow. Both sedi-
mentary, magmatic, and metamorphic rocks were used in the
study. These rocks were classified into appropriate groups
based on permeability, and the effects of stress and gas trans-
port on the structure of these rocks were characterized. The
results presented in this article can be a source of knowl-
edge not only in the context of permeability and structural
properties of rocks in situ, but also provide information on
the correlation between these parameters. Therefore, they
are extremely valuable from the application point of view.
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