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Abstract 
The microstructure of pores in rocks includes the shape, size, volume distribution and connectivity of 

pores and cracks and has a significant influence on large number of properties such as the strength of 

the rock, its deformation and fracture behaviour. Together with the related rock permeability, it is the 

decisive factor in assessing the suitability of the rock host environment for demanding technical 

applications such as the geological disposal of high-level radioactive waste or carbon sequestration. 

The rock permeability therefore not only reflects the physical and petrographical properties of the rock 

material itself, but also depends on the intensity of the rock failure. The state of stress that leads to the 

closing of the pore system reduces the rock permeability. Conversely, the rock damage processes 

induced by continued loading cause the origin and development of cracks, which often very 

significantly increases the rock permeability. This close relationship between the permeability of the 

rock to fluids and the stress state, respectively the degree of failure of the rock material, thus means 

that the change in permeability coefficient values during loading can be used as a very sensitive 

indicator for measuring the progress of the failure process of test specimen. Five different types of 

rocks were used for observing the changes in gas permeability during compressive loading, including 

conglomerates, sandstones and migmatite. The permeability measurement equipment consists of a 

KTK 100 triaxial chamber adapted for the passage of gas. The ZWICK 1494 mechanical press was 

used as a source of axial stress. The measurements were carried out on cylindrical test specimens with 

a diameter of 48 mm and a height of 96 mm. It was found that an increase in gas permeability due to 

the formation of microcracks occurs when ca 70-90 % of the maximum loading force is applied. 
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1  Introduction 
Textural aspects of the rock such as porosity, pore microstructure and related rock permeability as well 

as rock fabric anisotropy are crucial factors when assessing the suitability of the rock environment for 

such serious engineering challenges as high-level radioactive waste disposal, natural gases production 

and/or carbon dioxide sequestration (Delay et al. 2014; Goral et al. 2020; Liu et al. 2018; Zhao et al. 

2022). Pore microstructure in rocks regards size, shape, volume concentration, distribution and 

connectivity of pores and cracks and has a substantial impact on many macroscopically observed 

properties such as rock strength and its deformation and fracture behaviour (Zhang and Wong 2018). It 

follows from the above that effective porosity and permeability are two absolutely fundamental 

parameters used to characterize not only porous media, but all rocks in general. Both properties 

represent inherent parameters, but their values determined by measurement are not only influenced by 

the rock itself but also depend on fluid properties and test conditions (Tan 2013). 

It is moreover obvious that porosity and permeability reflect not only petrography, microstructure and 

physical properties of the rock, but they are also very sensitive to the stress state and the degree of 

rock failure (Konečný and Kožušníková 1996; Konečný and Kožušníková 2011; Luo et al. 2011; Yang 

et al. 2007; Zhao et al. 2022). Two different phases are very well distinguishable throughout the rock 

permeability evolution during the whole stress-strain process. In the first stage, permeability decreases 

as a result of axial compression due to closure of the rock pore space. In the second phase, 

microcracks develop in the test specimen, which represent important paths for the passage of the 

filtration media, thus the rock permeability increases. Finally, when the tested rock fails, the increase 

in permeability is very high and can reach several times the initial permeability value (Kožušníková 

and Konečný 2011; Wang et al. 2022). 

The well-known and above-described close relationship between the permeability of rock for fluids 

and the stress state, or the degree of failure of the rock material also means that the changes of the 

permeability coefficient during loading can be successfully used as a very sensitive indicator to assess 

the progress in the failure process of test specimen. Therefore, the main objective of the presented 

research was to determine the stress level at which cracks initiate and propagate within the rock, on the 

basis of continuously measured changes in rock permeability during loading. Five different rocks from 

conglomerate, sandstone and migmatite groups were used for this purpose. 

2 Rock material and test specimens used for experiment 
The following types of sedimentary and metamorphic rocks were used for observing changes in 

permeability during loading: (i) coarse grained sandstone to sandy conglomerate from the former Lazy 

hard coal mine, (ii) medium-grained sandstone from the former Staříč hard coal mine (Vavro et al. 

2019), (iii) fine- to medium grained glauconitic sandstone from the Řeka quarry, often referred to in 

literature as Godula sandstone (Vavro et al. 2016), (iv) fine- to medium-grained quartz sandstone from 

the Kocbeře quarry (Kytýř et al. 2024; Vavrik et al. 2021), and (v) stromatic migmatite from the 

former Rožná I uranium mine (Bukovská et al. 2019; Souček et al. 2017). 

Physical and mechanical properties of studied rocks are presented in Table 1. 

Table 1 Mean values of selected physico-mechanical parameters of rocks used for experiment (according to own 

measurements and data published in above mentioned literature) 

Rock property 
Lazy 

sandstone 

Staříč 

sandstone 

Řeka 

sandstone 

Kocbeře 

sandstone 

Rožná 

migmatite 

Bulk density kg·m–3 2480 2520 2530 2210 2740 

Total porosity vol. % 7.7 5.7 5.9 14.3 0.7 

Open porosity vol. % 6.9 5.1 5.5 10.6 0.4 

Water absorption capacity wt. % 3.0 1.5 2.1 4.2 0.1 

Ultrasonic wave velocity km·s–1 3.37 3.56 3.83 3.21 4.48 

Uniaxial compressive strength MPa 108 151 126 72 122 

Splitting tensile strength MPa 5.1 7.0 5.7 4.0 10.3 

Note: strength properties were tested on dried test specimens 

Selected rocks include representatives of building and sculpture stones, sediments of coal-bearing 

formations of the Upper Silesian Coal Basin as well as rocks from the Bukov underground research 
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facility. To measure rock permeability, standard test specimens with diameter (D) of 48 mm and 

length (L) of 96 mm, i.e. with slenderness (L/D) ratio of 2.0 were drilled from the rock blocks. In the 

case of Lazy, Staříč and Kocbeře sandstones, core drilling was carried out perpendicular to the 

sandstone bedding planes. For the Řeka sandstone, test specimens were prepared in two directions 

with respect to the rock fabric anisotropy, both perpendicular and parallel to the bedding surface. In 

the following text, the drilling direction parallel to bedding planes will be designated by the letter "P", 

the samples with the designation letter "K" were prepared perpendicular to rock bedding. In the case of 

Rožná migmatite, drilling was performed in the direction oblique (ca 45) to the metamorphic 

foliation. 

3 Measuring equipment and methodology of the experiment 
The main constituent part of laboratory equipment for measuring gas permeability of rocks is 

represented by a KTK 100 triaxial cell (UNIPRESS, Poland) modified for gas passage. Basically, it is 

the so-called “false triaxial apparatus”, where the confining pressure (2=3) is applied to the test 

specimen through hydraulic oil pressure which, with the current design of the device, can reach a 

value of up to 30 MPa. The source of axial stress (1) is the computer-controlled mechanical press 

ZWICK 1494 (Zwick/Roell, Germany) with the maximum force of 600 kN. Nitrogen is used as the 

gas medium for permeability measurements. Due to its properties and the short duration of the 

experiment, nitrogen can be considered an inert gas, which does not react with the rock material. 

The device allows two methods of measurement, namely permeability measurement during the 

increase of hydrostatic (confining) pressure and permeability measurement with axial stress 

increasing. A more detailed procedure and measurement conditions for both of these methods are 

given in Konečný and Kožušníková (1996), Konečný and Kožušníková (2011) and/or Kožušníková 

and Konečný (2011). For the purposes of presented experiment, the measurement regime at a constant 

confining pressure and increasing axial stress was applied. In this case, the test specimen was covered 

with a rubber membrane, then clamped in jaws of the press machine and the confining pressure was 

set to the required value of 3 MPa. Subsequently, the axial stress was gradually increased by the 

movement of the press jaws (1>2=3) up to the failure of the test specimen. Throughout the 

duration of the experiment, the nitrogen pressure was regulated from the gas pressure vessel using the 

control valve so that it was kept at the required value of 3 MPa. For this type of experiment with 

continuous measurement of the volume of passed gas, it was necessary to measure the flow values at 

regular intervals, which was ensured by using several flow meters with different ranges. The volume 

flow of nitrogen was measured and permeability was assessed using Darcy’s law (ASTM 1990). A 

diagram showing the measuring equipment is presented in Fig. 1. 

 
Fig. 1 Diagram of the equipment for measuring gas permeability 

4 Experimental results 
The results of the measuring gas permeability of rocks during loading with the aim of using gas 

permeability as an indicator of the moment from the crack begins to propagate are shown in Fig. 2 to 

Fig. 7. Overall evaluation of measurement results in the form of determining the level of the loading 

force required for crack initiation and propagation is presented in Table 2. 
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Fig. 2 Influence of increasing axial stress on gas permeability for Lazy sandstone 

From Fig. 2 it is evident that during loading the sandstone from the Lazy mine, its pore space 

gradually closes, while from the level of 115 MPa, on the contrary, a significant increase in gas 

permeability is visible. 

 
Fig. 3 Influence of increasing axial stress on gas permeability for Staříč sandstone 

As can be seen from Fig. 3, the gas permeability of the Staříč sandstone during loading is very similar 

to the behavior of the Lazy sandstone (Fig. 2). Even here, the pore space of the Staříč sandstone 

gradually closes during the first phase of loading, but from a value of 120 MPa, on the contrary, the 

gas permeability increases significantly due to the opening of microcracks. 

 
Fig. 4 Influence of increasing axial stress on gas permeability for Řeka sandstone (“K” direction) 
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Compared to the Lazy and Staříč sandstones, the Řeka sandstone shows a somewhat different course 

of gas permeability under loading. In the samples in the "K" direction (Fig. 4), the pore space is closed 

at about 120 MPa, while the gas permeability value does not change much up to a loading value of 175 

MPa. The increase in permeability then occurs from the level of 175 MPa, until the sample ruptures. 

 
Fig. 5 Influence of increasing axial stress on gas permeability for Řeka sandstone (“P” direction) 

In the P direction (Fig. 5), the gas permeability values of the Řeka sandstone decrease to a stress level 

of ca 40 MPa, then they are almost constant up to 165 MPa, when it then increases rapidly. 

 
Fig. 6 Influence of increasing axial stress on gas permeability for Kocbeře sandstone 

The Kocbeře sandstone (Fig. 6) is similar to the Řeka sandstone in terms of the delay between the 

decrease (ca 90 MPa) and increase (150 MPa) in gas permeability during loading. 

 
Fig. 7 Influence of increasing axial stress on gas permeability for Rožná migmatite 
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On the other hand, the Rožná migmatite (Fig. 7) is similar to the Lazy and Staříč sandstones in terms 

of gas permeability during the loading process. The pore space of the Rožná migmatite gradually 

closes, while from the level of 110 MPa, on the contrary, a significant increase in gas permeability is 

visible. 

For each tested rock, the values of the maximum force at rock failure (Fmax) and the force at which a 

significant increase in gas permeability occured thanks to the formation of cracks due to compression 

loading (Fop) are presented in Table 2. It is evident from the data that this significant increase in gas 

permeability of the rocks was found when approximately 70-90% of Fmax was reached. 

Table 2 Comparison of maximal loading force and crack opening force for tested rocks 

Rock 
Maximal loading force   

Fmax kN 

Crack opening force        

Fop kN 
Fop/Fmax ratio  

Lazy sandstone 147 115 0.78 

Staříč sandstone 176 120 0.68 

Řeka sandstone “K” 199 175 0.88 

Řeka sandstone “P” 189 165 0.87 

Kocbeře sandstone 205 150 0.73 

Rožná migmatite 123 110 0.80 

5 Conclusions 
The influence of the stress state, respectively the degree of failure during compressive loading on gas 

permeability was studied on five selected types of rocks encountered in construction and geotechnical 

practice. Despite their different origin and mineralogical composition, the studied rocks showed 

similar behavior to some extent regarding the influence of applied stress on gas permeability. 

Based on the laboratory measurements, it can be stated that the stress which leads to the closing of the 

pore system at the same time reduces the gas permeability of the rock material. On the other side, 

material-disturbing processes induced by continuous and increasing loading cause the initiation of 

microcracks, which increases the ability of the rock material to pass fluids. This is subsequently 

manifested by an increase in permeability, often very significant. 

The main findings obtained during this initial study can be summarized as follows: 

 It was found that a significant increase in gas permeability due to the formation of microcracks 

occurs at a level of approximately 70-90% of the maximum loading force. This finding is fully 

consistent with data published, for example, by Zhang et al. (2020) for compression or by Zietlow 

and Labuz (1998), Vavřík et al. (2021) or Kytýř et al. (2024) for flexural loading mode. 

 At the same time, it was shown that while in some studied rocks (Lazy and Staříč sandstones and 

Rožná migmatite) an increase in gas permeability occurs immediately after the previous reduction 

of pore space, in others (Řeka and Kocbeře sandstones) there is often a relatively long delay 

between these two phases. 

 In the case of the Řeka sandstone, no significant effect of textural anisotropy in the form of 

sandstone bedding planes was found, either on the value of the maximum load at failure or on the 

force value at which gas permeability increases due to the formation of microcracks. However, this 

issue will be the subject of more detailed research in the future. 

In this connection, the measuring changes in the gas permeability coefficient turned out to be sensitive 

method for determining the degree of the test specimen failure. It can thus represent an alternative to 

other methods to studying failure process in rocks such as acoustic emission or X-ray computed 

micro-tomography (Vavřík et al. 2021; Kytýř et al. 2024; etc.). 
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