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Abstract
A gas and crashed rock burst in 2009 in the Rudna Copper Mine was the motivation to re-investigate the dolomite succession 
of the first Permian cyclothem (Werra), which covers the ceiling section of the excavations. Gas traps were recognized by 
previous research; however, the stability of gas traps during mining operations has not been studied yet. Mitigation of future 
gas bursts requires a complex analysis of these gas traps, involving petrological, petrophysical and mechanical analysis of 
the reservoir dolomite facies. The results indicate the significant influence of dolomite texture, porosity and extent of late 
diagenetic dolomite cement on the reservoir and geomechanical properties, and the induced failure pattern of the dolomite 
facies. The mechanism of dolomite failure allowed for interpreting the degree of dolomite degassing during and after min-
ing operations.

Keywords Dolomite · Zechstein Limestone · Gas traps · Porosity · Permeability · Strength · Strain · Failure pattern · 
Cataclastic deformation band · Mining operations

Introduction

Gas traps in the Rudna Copper Mine have a very low oil 
industrial potential because of small thicknesses and high 
contents of nitrogen. However, the gas-saturated horizon 
causes a threat zone to the mining operations. Since 2009, 
when the first burst of gas and crashed rocks took place, a 
number of gas occurrences have been noted above the ceil-
ing of the excavations (Fig. 1b).

Gas occurs at the depth of ca. 1000 m b.s.l. (Fig. 1a, c) in 
dolo-grainstones with a higher porosity (> 2%) compared to 
other dolomites occurring below and above them (Fig. 2). 
The dolo-grainstones occur a few meters above the excava-
tions within rocks of the Werra cyclothem (Poszytek et al. 
2018). They are characterized by variable porosity from 2 
to 15% (Poszytek et al. 2018). So far, petrophysical analysis 
of the gas trap stability has not been performed. Based on 
experimental research (Wong and Baud 2012), a hypothesis 

was formulated that porosity is the most important factor dif-
ferentiating the geomechanical properties of dolomite build-
ing traps for gas. However, dolomite texture and distribution 
of pore volume may also have effect on the geomechani-
cal properties and the failure pattern (Patel and Shah 2015; 
Akram et al. 2017). The aim of this article is to describe the 
influence of petrophysical properties and failure patterns on 
the stability of gas traps during and after mining operations.

Geological setting

The Zechstein is a marine facies of late Permian (Lopingian) 
age located in the European Permian Basin. The Polish Per-
mian Basin represents part of the Southern Permian Basin, 
which extends from the UK in the west to Latvia, Lithu-
ania, and western Belarus in the east. The Zechstein Sea 
was created by rapid flooding of a late Permian intraconti-
nental topographic depression (Peryt et al. 2010). The Polish 
Permian Basin is an area of widespread cyclic carbonate 
and evaporite sediments, representing four cyclothems: PZ1 
(Werra), PZ2 (Strassfurt), PZ3 (Leine) and PZ4 (Wagner 
1994). The PZ1 (Werra) cyclothem is represented by Basal 
Limestone (Ca0), Kupferschiefer (T1), Zechstein Limestone 
(Ca1), Lower Anhydrite (A1d), Older Rock Salt (Na1), and 
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Upper Anhydrite (A1g) (Peryt and Oszczepalski 2007). The 
Zechstein Limestone is generally developed in two facies: 
platform and basinal (Peryt 1984). The platform facies are 
over up to 120 m thick and occur in the nearshore parts of 
the basin. The basinal facies do not exceed 10 m in thick-
ness. The Zechstein is covered by Mesozoic and Cenozoic 
sediments (Wagner 1994).

The Zechstein Limestone is well explored in the south-
western section of the Polish Zechstein Basin due to deep 
mining shafts and numerous boreholes documenting copper 

mineralization in the Lubin–Głogów area (Fig. 1) (Podemski 
1973; Oszczepalski 1980; Kijewski 1981). Exploitation of 
copper deposits is carried out from the topmost parts of the 
Weissliegend, the Kupferschiefer, and the basal part of the 
Zechstein Limestone (Piestrzyński 2007). Copper mines are 
localized at the boundary between the platform and basi-
nal facies of the Zechstein Limestone (Fig. 1). The basinal 
facies in this area are similar to those described from the 
northern section of the Fore-Sudetic Monocline (Peryt 1978; 
Peryt and Ważny 1980). Moreover, the middle part of the 

Fig. 1  Location of the study area
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Zechstein Limestone succession in the Rudna Copper Mine 
contains a ca. 1-m-thick unit of grainstone characterized by 
high porosity (up to 15%) and very low permeability (up to 
few mD) (Fig. 2—Poszytek and Suchan 2016). Gas accu-
mulations form small stratigraphic traps sealed by dolomite 
with low porosity and permeability (Poszytek et al. 2018).

A previous study has indicated that the Zechstein 
Limestone in the Rudna Copper Mine area is developed 
in the basinal facies (Poszytek and Suchan 2016) and has 
a thickness of about 10 m (Fig. 2). Based on the macro-
scopic description of cores and microscopic observations, 
four facies may be identified in the succession (Poszytek 
and Suchan 2016): dolomitic marl; dolo-mudstone; dolo-
wackestone and dolo-packstone; and dolo-grainstone. The 
dolo-grainstone is characterized by high porosity (up to 
15%) and low permeability (up to few mD), and creates a 
tight reservoir horizon saturated with gas (Poszytek et al. 
2018). Nitrogen (ca. 60%) predominates in the gas composi-
tion. Other components include carbon dioxide (ca. 20%), 

methane (up to 10%), higher hydrocarbons, carbon monox-
ide, and hydrogen. Gas pressure in the boreholes varies from 
0.6 to 2 MPa and changes over time. However, degassing 
disappears after 1 month from most boreholes.

Methods

The samples were taken from boreholes drilled in the ceiling 
of the excavations using small diameter, full-core technol-
ogy. The core diameter was approx. 3.6 cm. The excavations 
occur at the depth of 1000 m b.s.l. (Fig. 1c), where tempera-
ture is ca. 40 ºC. Boreholes were drilled to determine the 
presence of gas in the ceiling and the possible degassing 
of the rock massif. The gas reservoir horizon occurs a few 
meters above the ceiling of the excavations within Zechstein 
Limestone, which is part of the first Zechstein cyclothem 
PZ1 (Werra). The thickness of Zechstein Limestone is ca. 
10 m. Boreholes were drilled through Zechstein Limestone 

Fig. 2  Lithological–sedimentological log of the Zechstein Limestone in the borehole drilled in the ceiling of the excavation in the Rudna Copper 
Mine (Poszytek and Suchan 2016)
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and passed into the overlying anhydrite (Fig. 2). Thirteen 
boreholes located in the gas threat zone of the Rudna Copper 
Mine were selected for this study (Fig. 1). Fourteen samples 
were taken from the gas reservoir horizon (grainstones—
Fig. 2)—one sample from each borehole and an additional 
sample from borehole 7 (Table 1).

All samples were examined using tensile strength tests. 
Selected samples (Table 1) were examined using strength 
tests and triaxial compressive strength tests (Faculty of 
Geology, University of Warsaw). All samples examined by 
geomechanical tests were microscopically described before 
the tests. X-ray microtomography (MCT) analyses were 
performed before and after uniaxial compressive strength 
tests and triaxial compressive strength tests (Table 1). X-ray 
microtomography was conducted in the Oil and Gas Insti-
tute–National Research Institute in Kraków, Poland. X-ray 
microtomography (MCT) was performed to assess the pore 
distribution of the dolomite and to determine the fractures 
after uniaxial and triaxial compressive strength tests. Fail-
ure patterns developed during geomechanical tests were also 
described macro- and microscopically.

Microfacies analysis

Twenty-seven uncovered thin sections were made from the 
taken samples, which were then impregnated with blue resin. 
The thin sections were examined using polarizing and scan-
ning electron microscopy (Faculty of Geology, University 
of Warsaw) to recognize the structure, texture and porosity 
of the dolomite. The results were combined with previous 

detailed studies of the dolomite reservoir properties and 
diagenesis results (Poszytek et al. 2018).

Computed X‑ray microtomography

X-ray MCT is presently a state-of-the-art study method (Van 
Geet et al. 2001); it is a non-destructive technique allowing 
for 3D visualization of the internal structure of an object 
(Ketcham and Carlson 2001; Stock 2008; Zapalski and 
Dohnalik 2013; Couves et al. 2016; Poszytek et al. 2017, 
2018).

The measurements were performed with a Benchtop 
CT160Xi (Nikon) X-ray microtomograph. The X-ray source 
installed in the apparatus emits a conical beam of photons 
with an acceleration voltage in the range of 40–160 kV and 
a resolution up to 3 µm; the samples examined for this study 
had a resolution of 6 µm.

X-ray microtomography (MCT) analysis was carried out 
twice on samples prepared for mechanical testing: before 
and after uniaxial compressive strength tests, and triaxial 
compressive strength tests.

The results of the microtomographic studies were pre-
sented in the form of 3D visualizations of the pore space and 
on charts. 3D visualization enables a qualitative analysis of 
the characteristics of the pore space including the assess-
ment of the anisotropy of the sample’s pore network pattern 
(Svitelman and Dinariev 2013). In turn, charts showing the 
pore distribution display the quantitative characteristics of 
each sample and its comparison with the remaining sam-
ples. The quantitative evaluation of porosity was done using 
MAVI software.

Table 1  Methods used in study

Borehole 
numer/sample 
number

Tensile strength 
tests and micros-
copy observation 
before tests

Uniaxial compres-
sive strength tests 
and microscopy 
observation before 
tests

Triaxial compres-
sive strength tests 
and microscopy 
observation before 
tests

Computed microto-
mography before 
and after uni-
axial compressive 
strength tests

Computed 
microtomography 
before and after 
triaxial compressive 
strength tests

Failure pattern

1  +  + – – –  + 
2  + – – – –  + 
3  +  +  +  +  +  + 
4  + – – – –  + 
5  + – – – –  + 
6  +  + – – –  + 
7(a)  + – – – –  + 
7(b)  +  +  +  +  +  + 
8  + – – – –  + 
9  + – – – –  + 
10  +  +  +  +  +  + 
11  +  + – – –  + 
12  +  +  + –  +  + 
13  +  +  + –  +  + 
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3D visualization of the pore space was made using 
AVIZO software. Visualizing the pore network subdivided 
into subgroups was particularly useful. Each subgroup rep-
resents a set of interconnected pores that were not connected 
to other subgroups. The subgroups were subdivided into 
classes according to their volume (1 voxel = 6 × 6 × 6 µm = 2
16 µm3). Six volume classes were distinguished in the poros-
ity subgroups per logarithmic scale. The subgroups were 
marked with specific colors: 1–9 voxels—violet, 10–99 vox-
els—blue, 100–999 voxels—red, 1000–9999 voxels—green, 
10,000–99,999 voxels—white, > 100,000 voxels—yellow.

Additionally, porosity was also visualized on three per-
pendicular planes together with the fractures after uniaxial 
and triaxial compressive strength tests.

Charts of pore distribution were constructed based on 
the subdivision of the pore space into subgroups. The charts 
showed the percentage distribution of each particular volume 
class in the pore network, indicating which class dominated 
in the samples. A greater domination by high-pore classes 
(interconnected pores) means better reservoir parameters of 
the rock (Poszytek et al. 2017). Quantitative analysis of the 
variability of the pore network was based on charts showing 
the distribution of pore classes.

The values of porosity from X-ray microtomography were 
lower than from microscopic observations (Poszytek et al. 
2017). The reason was the resolution of X-ray microtomog-
raphy, which was 6 µm; in consequence, pores below 6 µm 
were not recognized by X-ray microtomography. However, 
X-ray microtomography results were the basis for compari-
sons of the samples before and after uniaxial compressive 
strength tests and triaxial compressive strength tests.

Geomechanical testing

The aim of the geomechanical testing was to determine the 
strength and deformation properties of the dolomite from 
the area of gas explosion hazard in the Rudna Copper Mine. 
Geomechanical testing included

– tensile strength tests using the Brazilian method,
– uniaxial compressive strength tests,
– triaxial compressive strength tests.

Splitting (indirect) tensile strength tests

The tensile strength was determined using the Brazilian 
test method, in accordance with the Polish Standard PN-G-
04302-97 (1997). The tests were performed on 14 dolomite 
samples. Drilling core sections with a diameter of approx. 
3.6 cm were cut to a height equal to half of the diameter.

The Brazilian test method consists of loading a cylindri-
cal rock sample with a compression force that is distributed 
evenly along the diametric line. During the tensile strength 

test, the load was continuously increased with a standard 
constant stress rate of approximately 0.3 MPa/s (load rate 
of 6 kN/min). The failure load (Pcr) was recorded with an 
accuracy to the nearest 0.1 kN. The splitting tensile strength 
(Rr) was calculated according to the formula:

 where Pcr maximum load applied at failure (N), h height of 
the specimen (mm), and d diameter of the specimen (mm).

Uniaxial compressive strength tests

Strength tests under uniaxial compression conditions 
allowed for determining

– the uniaxial compressive strength (Rc = σmax);
– two elasticity parameters: Young’s modulus (E) and Pois-

son’s ratio (v).

Uniaxial compressive strength tests were performed 
according to the Polish Standard PN-EN 1926:2007 (2007) 
test procedure “Natural stone test methods—Determination 
of compressive strength”, also referring to American and 
ISRM (International Society for Rock Mechanics) standards 
(ASTM D2938–95 1995; ISRM 2007a).

Eight dolomite samples were tested (Table 1). Samples 
were selected based on results of tensile strength tests. Drill-
ing core sections with a diameter of approx. 3.6 cm were 
cut to a length-to-diameter ratio equal to one. The strength 
tests were performed on samples after drying at 70 °C to 
a constant weight, with a thermal equilibrium reached at 
20 °C after 24 h. The strength tests were carried out in the 
MTS-815 rigid press produced by MTS System Corporation.

Load was applied continuously during the test, with a 
standard constant stress rate of 1 MPa/s. For samples with 
a diameter of about 37 mm, the load rate was 65 kN/min. 
Load changes (P), axial strain (εz) and lateral strain (εxy) 
were recorded. The value of volume strain (εv) was deter-
mined on the basis of the values of the axial strain and the 
lateral strain:

The value of the maximum load at failure (P) was deter-
mined to the nearest 1 kN. Next, the value of the uniaxial 
compressive strength (Rc = σmax) was calculated as follows:

 where P maximum load at failure [kN], and A cross-sec-
tional area  [mm2].

Experimental deformation stress–axial, lateral and 
volumetric strain curves (Fig. 3) were plotted during the 

Rr = 2Pcr∕�dh,

�v = �z + 2�xy.

Rc =
P

A
[MPa],
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tests. They were used as the basis for determining the elas-
ticity parameters according to Hallbauer et al. (1973) and 
Pinińska et al. (2015), and European and American Stand-
ards (Eurocod 7 – PN-EN-1997-2:2009 2009; ASTM Des-
ignation: D3148-02 1993):

– Young’s modulus (E) is defined as the average modulus 
of the relationship between the stress (σ) and the axial 
strain (εz) of the straight line portion of the stress–strain 
curve.

– Poisson’s ratio (v) is defined as the relationship between 
the axial strain (εz) and the lateral strain (εxy). Poisson’s 
ratio was determined in the full linearity range of all 
deformation characteristics, to the border of the micro-
dilatancy phase determined in accordance with the phe-
nomenological description of Hallbauer et al. (1973).

– The stress at the threshold of proper dilatancy (σD) is 
defined as strength corresponding to the maximal volu-
metric strain.

The scheme of strength determination for the threshold 
of proper dilatancy (σD) and the range of linear character-
istics for Young’s modulus (E) and Poisson’s ratio (ν) are 
presented in Fig. 3.

It should be emphasized that a crucial element assessing 
rock behavior under load is the determination of the thresh-
old of proper dilatancy at the boundary between stable and 
unstable cracking, indicating the loss of rock structure stabil-
ity (Łukaszewski 2013).

Triaxial compressive strength tests

Strength tests under triaxial compression conditions were 
carried out using a comprehensive multipurpose test unit 
with a thermocouple chamber. The key component of the 

test unit is the rigid strength press MTS-815 produced by 
MTS Systems Corporation.

The aim of the triaxial test was to determine two elastic 
parameters: Young’s modulus (E) and Poisson’s ratio (v) at 
in situ conditions. Single classic failure tests were performed 
under triaxial compression. The tests were conducted using 
MTS’s test and interpretation procedures, which are based 
on American standards (ASTM D2664-95a 1995) and on the 
recommendations of ISRM’s “Suggested Method for Deter-
mining the Strength of Rock Materials in Triaxial Compres-
sion” (ISRM 2007b), described in more detail further in this 
chapter.

Triaxial compressive strength tests were conducted on 
five cylindrical samples with a diameter of approx. 36 mm 
and a height of 72 mm (length-to-diameter ratio equal to 
two). The samples were taken from reservoir horizon in 
five boreholes (Fig. 2). They were previously examined 
by uniaxial compressive tests (Table 1). The samples were 
tested at temperature set to 40 °C and confining stress set to 
σ3 = 20 MPa, which corresponds to conditions at a depth of 
1000 m b.s.l.

The research used the single classic test. It is one of the 
three types of tests recommended by the International Soci-
ety for Rock Mechanics (ISRM) for triaxial compression 
testing (ISRM 2007b).

The test ran in two stages. First, confining stress was 
applied with a stress rate of 10 MPa/min. Second, the rock 
sample was axially loaded with a constant rate of strain equal 
to  10–5/s−1 until failure was observed.

During the compression stage, the axial and lateral strains 
of the samples were measured by extensometers. Real-time 
stress recording ensured obtaining deformation curves, 
which were the basis for determining Young’s modulus (E) 
and Poisson’s ratio (ν).

The values of Young’s modulus (E) and Poisson’s ratio 
(v), and the differential stress for the threshold of proper 
dilatancy (σ1–σ3)D were determined in the same way as in 
the uniaxial compressive strength tests.

Analysis of failure pattern

Samples after the geomechanical tests were analyzed mac-
roscopically for the description of the geometry and classi-
fication of the induced faults and fractures in relation to the 
dolomite facies. Thin sections of the samples after uniaxial 
and triaxial compression strength tests were cut perpendicu-
larly to the strike of the induced faults and fractures. It is 
significant that the mineral composition of the dolomite, 
especially the properties of anhydrite influenced the qual-
ity of the thin sections. Detailed analysis of microstructures 
related to the damage of the dolomite that have resulted 
from the geomechanical tests was obtained by means of the 
Polarizing Microscope Nikon Eclipse LV 100 POL with a 

Fig. 3  Scheme of determining the analyzed parameters based on uni-
axial strength tests
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scanning table. Acquisition of images was made using NIS 
Elements software.

Results

Dolomite facies and their porosity and permeability

The gas-saturated horizon occurs at the depth of 1000 m 
b.s.l. within the Zechstein Limestone, which is part of the 
first Zechstein cyclothem (Werra). The reservoir horizon 
contains dolomites with a variable texture and porosity 
(2–15%). Based on the previous studies (Poszytek et al. 
2018), dolomite from the reservoir horizon has been sub-
divided depending on its texture into dolosparite and 
dolomicrite. Dolosparite was then subdivided into two 
groups depending on its reservoir properties: dolosparite 
with high porosity and permeability (porosity 8–15%, per-
meability ca. 3.25 mD) and dolosparite with low porosity 

and permeability (porosity 4–8%, permeability ca. 0.06 mD). 
The dolomicrite is characterized by porosity of 2–4% and 
lack of permeability; therefore, it was termed the sealing 
dolomicrite. The reservoir properties of the reservoir hori-
zon are significantly influenced by sedimentary conditions 
and diagenetic processes (Poszytek and Suchan 2016). Res-
ervoir dolomite was formed as a result of redeposition from 
the carbonate platform to the basin plain. The most impor-
tant diagenetic process was dissolution of dolomite during 
burial and later cementation by dolomite.

Dolosparite with high porosity and permeability (Dsh)

The rock has a hypidiotopic texture and is composed of 
dolosparite, formed of subhedral and euhedral crystals ca. 
50 μm in size (Fig. 7a). Porosity occurs as inter-crystalline 
pores and voids partly cemented by euhedral dolomite crys-
tals. Anhydrite cement partly fills the pore space (Fig. 4a, 
b). Porosity calculated from microscopic images was > 8% 

Fig. 4  Microscopic views of different types of dolomite from the reservoir horizon in the Rudna Copper Mine (Poszytek et al. 2018-modified)
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(Poszytek et al. 2018). The pores varied in size from 10 to 
300 μm (Fig. 4b). Occurrence of big voids (> 100 μm) sug-
gests intensive dissolution of this dolomite during burial. 
However, all pores and voids are characterized by irregu-
lar shapes with sharp edges, which resulted from the partly 
cementation of the pores by euhedral and subhedral dolomite 
crystals (Fig. 4a). The pores were elongated; their length 
reached up to 300 μm, while the width was approx. 50 μm. 
Sometimes the pores were connected with each other by 
fine channels but in a very small area. A previous study 
of the reservoir properties indicates that the dolomite is 
characterized by high effective porosity and high content of 
isolated pores (total porosity ca. 15%)—Fig. 4c (Poszytek 
et al. 2018).

Dolosparite with low porosity and permeability (Dsl)

The rock has a hypidiotopic texture and is composed mainly 
of dolosparite, formed of subhedral and euhedral crystals 
ca. 50 μm in size. Porosity occurs as intercrystalline pores 
(Fig. 4d, e). Dolomite and anhydrite cements mostly filling 
the pore space formed zones without porosity (Fig. 4f, h). 
Porosity obtained from microscopic observations was 4– 8% 
(Poszytek et al. 2018). Pores with diameters of 5–50 μm 
dominated and were sometimes connected with each other 
by thin channels on small areas. The pores were irregularly 
shaped; some of them were elongated (Fig. 4d, e). Iso-
lated pores dominated. Dolomite texture and pore charac-
ter suggest that it was not intensively dissolved compared 
to the previously discussed dolomite (Dsh). Additionally, 
the formed pores were intensively cemented by dolomite. 
Therefore, this dolomite is characterized by reduced effec-
tive porosity and high content of isolated pores (total poros-
ity ca. 10%)—Fig. 4f (Poszytek and Suchan 2016).

Sealing dolomicrite (Dms)

The rock has a xenotopic texture and is mainly composed of 
dolomicrite, formed of anhedral crystals ca. 30 μm in size 
(Fig. 4g). Very fine porosity occurs as intercrystalline pores 
(Fig. 4h). Anhydrite and dolomite cement mostly fills the 
pore space. Porosity obtained from microscopic observations 
was 2–4% (Poszytek et al. 2018). Pores with diameters at 
5–10 μm dominated and created a very fine, diffuse porosity 
network (Fig. 4h). There were no connections between the 
pores. Dolomite texture and pore character suggest that this 
dolomite was probably not dissolved, because of low perme-
ability and low availability for fluids. Therefore, this dolo-
mite is characterized by the lack of effective porosity and a 
4% content of isolated pores—Fig. 4i (Poszytek et al. 2018).

Results of the applied methods are presented with regard 
to dolomite facies emphasizing the porosity observed before 
and after the geomechanical tests.

Computed microtomography

Computed microtomography analysis 
before geomechanical tests

Porosity of dolosparite with high porosity and permeability 
(Dsh) calculated from X-ray MCT exceeded 2% (Fig. 5a). 
Plots of the pore volume classes showed the presence of 
the highest class (> 100,000 voxels). However, this class 
did not dominate in the photomicrograph observations, 
with the prevalent classes being those of 1000–9999 and 
10,000–99,999 voxels (Fig.  5b). Porosity distribution 
was uniform in the 3D images. Pores with a smaller vol-
ume (1–999 voxels) were found in small, irregular areas 
between pores with larger volumes (> 1000 voxels). Larger 
pores (> 1000 voxels) were sometimes connected with thin 
channels over very small areas (Fig. 5a). Porosity in the 
horizontal plane was greater than that in the vertical planes 
(Fig. 5c), probably as a result of horizontal elongation of the 
pore shapes. The pores were not connected with each other 
in either orthogonal plane.

Porosity of dolosparite with low porosity and perme-
ability (Dsl) calculated from X-ray MCT was less than 2% 
(Fig. 5d). Plots of the pore volume classes show the absence 
of the largest class (> 100,000 voxels). Pores in the class of 
100 − 999 voxels prevailed (Fig. 5e). Pores on the 3D image 
were irregular and sometimes connected with each other 
(Fig. 5d). Porosity distribution over three orthogonal planes 
was similar, and the pores were not connected (Fig. 5f).

Porosity of sealing dolomicrite (Dms) calculated from 
X-ray MCT was less than 1% (Fig. 5g). Plots of pore vol-
ume classes show a clear dominance of the lowest volume 
classes (Fig. 5h), and pores with volumes of up to 99 voxels 
occupied more than 70% of the pore space. There were no 
pores with volumes > 10,000 voxels. Porosity distribution 
on three orthogonal planes was similar (Fig. 5i). The pores 
were very fine and not connected.

Computed microtomography analysis after uniaxial 
compressive strength tests

Porosity of dolosparite with high porosity and permeability 
(Dsh) decreased from above 2% to 1.4% (Fig. 6a, Table 2). 
The tests resulted in the formation of a steeply dipping frac-
ture (ca. 85º) with higher porosity in relation to the host 
rock (Fig. 6c). In addition, a distinct zone of higher porosity 
perpendicular to the fracture and with a dip angle of ca. 
50º is visible. Fracture porosity represents the highest class 
of porosity (Fig. 6b) and includes ca. 20% of the sample 
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porosity. Hence, rock fabric porosity is ca. 1.12%. This indi-
cates that the rock fabric porosity was reduced by almost 
50% after uniaxial compressive strength tests (Table 2). The 
distribution of pores indicates an increase in the percentage 
of pores in the II pore volume class at the expense of other 
classes (Figs. 5b, 6b).

Porosity of dolosparite with low porosity and permeabil-
ity (Dsl) decreased from 1.13 to 0.5% (Fig. 6d, Table 2). 
Fractures were not recognized in the samples (Fig. 6d, f). 
Nevertheless, a nearly horizontal discrete zone of higher 
porosity is clearly recognizable. The distribution of pores 
indicates an increase in the percentage of pores in the I 
and II pore volume classes at the expense of other classes 
(Figs. 5e, 6e).

Porosity of sealing dolomicrite (Dms) increased from 
0.63 to 0.9% (Fig. 6g, Table 2). Distinct fractures were not 
recognized in these samples (Fig. 6g, i); however, a discrete 
zone of pores was formed (Fig. 6i). The distribution of pores 
indicates a small increase in the percentage of pores in the 

I and II pore volume classes at the expense of other classes 
(Figs. 5h, 6h).

Computed microtomography after triaxial compressive 
strength tests

Porosity of dolosparite with high porosity and permeability 
(Dsh) decreased from 4.71 to 0.6% (Fig. 7a, Table 3). The 
tests resulted in the formation of a complementary system 
of two steeply dipping fractures with one being distinct, and 
the opposite one that is more widespread and forms a rather 
discrete zone—both with a higher porosity in relation to the 
host rock (Fig. 7a). The angle between the fractures is ca. 
30º. The distinct fracture represents the V and VI classes 
of porosity (Fig. 7b) and includes ca. 70% of the sample 
porosity. Hence, the host rock fabric porosity is ca. 0.18%. 
This indicates that host rock fabric porosity was reduced by 
more than 90% after the triaxial compressive strength tests 
(Table 3). The distribution of pores indicates an increase in 

Fig. 5  Results of MCT analysis before geomechanical tests (Poszytek et al. 2018, supplemented)
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the percentage of pores in the II pore volume class at the 
expense of other classes (Figs. 5b, 6b).

Porosity of dolosparite with low porosity and permeabil-
ity (Dsl) increased from 1.87 to 2.3% (Fig. 7d, Table 3). 
The tests resulted in the formation of one steeply dipping, 
distinct fracture of high porosity and two almost horizontal 
discrete zones of higher porosity in relation to the host rock 
(Fig. 7d). The fracture porosity represents the highest class 
of porosity (Fig. 7e) and includes ca. 50% of the sample 

porosity. Hence, the host rock fabric porosity is ca. 1.15% 
(Table 3). This indicates that the host rock fabric porosity 
was reduced by 60% after triaxial compressive strength tests. 
The distribution of the pores indicates a decrease in the per-
centage of pores in the II pore volume class at the expense 
of other classes (Figs. 5e, 7e).

Porosity of sealing dolomicrite (Dms) increased from 
0.63% to 1.6% (Fig. 7g, Table 3). The tests resulted in the 
formation of one less distinct fracture in comparison to 

Fig. 6  Results of MCT analysis after uniaxial compressive strength tests

Table 2  Porosity change after 
uniaxial compressive strength 
tests

Dolomite facies MCT primary 
porosity [%]

MCT porosity after uniaxial compres-
sive strength tests

Total 
porosity 
[%]

Fracture 
porosity 
[%]

Rock fabric 
porosity 
[%]

Dolosparite with high reservoir properties (Dsh) 2.04 1.4 0.28 1.12
Dolosparite with low reservoir properties (Dsl) 1.13 0.5 0.00 0.5
Sealing dolomicrite (Dms) 0.63 0.9 0.00 0.9
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other dolomite facies and a horizontal discrete zone—both 
of variable but generally higher porosity in relation to the 
host rock (Fig. 7g). The fracture porosity occurs in the V and 
VI classes of porosity (Fig. 7h) and includes ca. 20% of the 
sample porosity. Hence, the rock fabric porosity is ca. 1.28%. 
This indicates that the rock fabric porosity increased more 
than twice after triaxial compressive strength tests (Table 3). 
The distribution of pores indicates a decrease in the percent-
age of pores in the I pore volume class (Figs. 5h, 6h).

Geomechanical tests

Tensile (indirect) strength

The tensile strength (Rr) of the analyzed dolomite ranged 
from 7.3 to 17.1 MPa. It varied depending on the dolomite 
facies (Fig. 8). Dolosparite with low porosity and perme-
ability (Dsl) showed the highest tensile strength. Sealing 
dolomicrite (Dms) showed medium tensile strength, while 

Fig. 7  Results of MGT analysis after triaxial compressive strength tests

Table 3  Porosity change after 
triaxial compressive strength 
tests

Dolomite facies MCT primary 
porosity [%]

MCT porosity after triaxial compres-
sive strength tests

Total 
porosity 
[%]

Fracture 
porosity 
[%]

Rock fabric 
porosity 
[%]

Dolosparite with high reservoir properties (Dsh) 4.71 0.6 0.42 0.18
Dolosparite with low reservoir properties (Dsl) 1.87 2.3 1.15 1.15
Sealing dolomicrite (Dms) 0.63 1.6 0.32 1.28
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dolosparite with high porosity and permeability (Dsh) 
showed the lowest tensile strength.

The dolomite facies are characterized by a very similar 
deformation path; however, they may be differentiated by 
tensile strength (Fig. 9).

Uniaxial compressive strength

Large differences were also obtained for uniaxial com-
pressive strength (Rc). The values ranged between 77 and 
200 MPa. The differentiation depended on the dolomite 
facies and their different porosity (Fig. 10).

The highest values of uniaxial compressive strength 
(156–200  MPa) were obtained for dolosparite with 
low porosity and permeability (Dsl), while the lowest 
(77–103 MPa) for dolosparite with high porosity and perme-
ability (Dsh). In the case of sealing dolomicrite (Dms), inter-
mediate Rc values (123–144 MPa) were obtained (Fig. 10).

The values of Young’s modulus (E) were also variable. 
For the examined dolomite samples—under uniaxial com-
pression conditions—Young’s modulus E varied from 40.4 
to 76.2 GPa (Fig. 10). The lowest values (40.4–45.2 GPa) 
were observed for dolosparite with high porosity and per-
meability (Dsh). The highest values, 42.9–76.2 GPa and 
50.3–61.8, were obtained, respectively, for dolosparite with 
low porosity and permeability (Dsl) and sealing dolomicrite 
(Dms).

Smaller differences were obtained for the values of Pois-
son’s ratio under uniaxial compression conditions (Fig. 10). 
The highest v values (0.23–0.31) were observed for dolo-
sparite with low porosity and permeability (Dsl), interme-
diate ones (0.22–0.29) for sealing dolomicrite (Dms), and 
the lowest (0.24–0.26) for dolosparite with high porosity 
and permeability (Dsh). It should be noted that the maxi-
mum values in the variability ranges for the three different 
dolomite facies were much more variable than the minimum 
values.

Strain–stress curves obtained from uniaxial strength tests 
(Fig. 11) indicate that increase of porosity in the dolomite 
causes decrease of the vertical (stress) and horizontal (strain) 
ranges of the curves and their shapes. Increase of dolomite 
porosity causes decrease of uniaxial compressive strength, 
deformability, dip of the strain–stress curve, Young’s modu-
lus, and Poisson’s ratio.

The values of stresses at the threshold of proper dilatancy 
in absolute values in MPa (σD) and normalized values in 
relation to the maximum stress (σD/σmax) are also variable 
depending on the dolomite facies (Table 4) (cf. Łukaszewski 
2007). The threshold of proper dilatancy for dolosparite with 
high porosity and permeability (Dsh) is above 65% of the 
maximum stress, while the threshold of proper dilatancy 
for dolosparite with low porosity and permeability (Dsl) 
and sealing dolomicrite (Dms) is 43–60% of the maximum 
stress.

Triaxial compressive strength

The results of the triaxial compressive strength tests showed 
a similar variability of strength and strain properties for 
the particular dolomite facies as in the uniaxial compres-
sive strength tests (Fig. 12). The highest differential stress 
(269–291 MPa) was obtained for dolosparite with low poros-
ity and permeability (Dsl), intermediate (234 MPa) for seal-
ing dolomicrite (Dms), while the lowest (156 MPa) for dolo-
sparite with high porosity and permeability (Dsh).

Large differences between the dolomite facies were also 
observed for Young’s modulus obtained in triaxial compres-
sion conditions (Fig. 12). The highest values (59–64 GPa) 
were obtained for dolosparite with low porosity and perme-
ability (Dsl), intermediate (59 GPa) for sealing dolomicrite 

Fig. 8  Relation between porosity and tensile strength

Fig. 9  Axial stress vs. strain from uniaxial indirect tensile strength 
tests
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Fig.10  Relation between porosity and geomechanical parameters from uniaxial compressive strength tests

Fig. 11  Axial stress vs. strain 
from uniaxial compressive 
strength tests

Table 4  Results from uniaxial compressive strength tests

Dolomite facies Uniaxial compressive stress Young’s modulus Poisson’s ratio σD σD/σmax

Rc = σmax [MPa] E [GPa] ν [–] [MPa] [%]

Dolosparite with high reservoir properties (Dsh) 103 42.4 0.250 69 76
77 40.4 0.260 50 65
99 45.2 0.240 69 70

Dolosparite with low reservoir properties (Dsl) 200 50.3 0.280 86 43
156 61.8 0.230 93 60
179 53.9 0.310 94 53

Sealing dolomicrite (Dms) 144 76.2 0.290 78 54
123 42.9 0.220 65 53
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(Dms), and the lowest (50 GPa) for dolosparite with high 
porosity and permeability (Dsh).

Much smaller differences were observed for the values of 
Poisson’s ratio determined under triaxial compression con-
ditions (Fig. 12). Again, the highest values (0.2–0.29) were 
obtained for dolosparite with low porosity and permeability 
(Dsl), and the lowest (0.19) for dolosparite with high poros-
ity and permeability (Dsh). An intermediate value of 0.23 
was obtained for sealing dolomicrite (Dms).

The dolomite facies are characterized by a similar defor-
mation path; however, values of differential stress are vari-
able (Fig. 13). Stresses for proper dilatancy are also variable 
depending on the dolomite facies (Table 5). The threshold 
of proper dilatancy for dolosparite with high porosity and 
permeability (Dsh) is 100% of the maximum stress, while 
the threshold of proper dilatancy for dolosparite with low 
porosity and permeability (Dsl) and sealing dolomicrite 
(Dms) is 54–74% of the total stress.

Fig. 12  Relation between porosity and geomechanical parameters from triaxial compressive strength tests related to dolomite facies with differ-
ent reservoir properties

Fig.13  Differential stress vs. 
strain from triaxial compres-
sive strength tests related lo 
dolomite facies with different 
reservoir properties



453International Journal of Earth Sciences (2020) 109:439–463 

1 3

Failure pattern

Dolomite after tensile (indirect) strength

The tested rocks show penetrative failure within each dolo-
mite facies. The failure resulted in the formation of the wid-
est damage zone within dolosparite with high porosity and 
permeability (Dsh), reaching 22 mm (Fig. 14a). The damage 
zone reaches 16 mm within dolosparite with low porosity 
and permeability (Dsl) and it is localized as single or double 
open fractures within sealing dolomicrite (Dms) (Fig. 14b, 
c). The damage zone of dolosparite with high porosity and 
permeability (Dsh) comprises a network of interconnected 
open fractures, while the damage zone of dolosparite with 
low porosity and permeability (Dsl) comprises a set of open 
fractures. Spacing of the fractures reaches up to several 
millimeters in the central part of the sample and becomes 
denser towards the outer part of the sample on both sides. 
The fractures cut the dolomite independently of their textural 
heterogeneities. They show various traces, from curved and 
irregular (dolosparite with high-porosity and -permeability 
Dsh, dolosparite with low-porosity and -permeability Dsl) to 

almost straight (dolosparite with low-porosity and -perme-
ability Dsl, sealing dolomicrite Dms).

Dolomite after uniaxial compressive strength tests

Dolomite after uniaxial compressive strength tests shows the 
presence of individual shear fractures or sets of shear frac-
tures (Fig. 15a–c) variously distributed within dolosparite 
with high porosity and permeability (Dsh), dolosparite with 
low porosity and permeability (Dsl) and sealing dolomicrite 
(Dms). Traces of fractures are irregular. They tend to refract 
or die out at textural heterogeneities, e.g., larger grains of 
anhydrite.

Failure of dolosparite with high porosity and permeability 
(Dsh) resulted in the formation of individual shear fractures 
at ~ 30º to 40º with respect to the major principal stress σ1 
(Fig. 15a). The induced shear fractures show various devel-
opment, from gentle, almost difficult to trace, to distinct with 
a visible tendency for displacement. They show irregular 
branches and oversteps of segments that resulted in the for-
mation of isolated lenses. Occasionally, the induced shear 
fractures are aligned by thin, irregularly distributed white 

Table 5  Results from triaxial compressive strength tests

Petrophysical facies Differential stress Young’s modulus Poisson’s ratio (σ1–σ3)D (σ1–σ3)D/
(σ1–σ3)max

Porosity

(σ1–σ3)max [MPa] E [GPa] ν [–] [MPa] [%] [%]

Dolosparite with high reservoir properties (Dsh) 156 50.0 0.19 100 10.3
Dolosparite with low reservoir properties (Dsl) 291 59.2 0.21 215 74 6.4

271 63.8 0.29 145 54 5.5
269 65.5 0.20 178 66 7.1

Sealing dolomicrite (Dms) 234 58.6 0.23 128 55 3.1

Fig.14  Examples of dolomite samples after tensile strength tests within dolomite facies with different reservoir properties: a dolosparite with 
high reservoir properties (Dsh); b dolosparite with low reservoir properties (Dsl); c sealing dolomicrite (Oms)
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fault rocks that macroscopically can be defined as gouge (cf. 
Sibson 1977; Woodcock and Mort 2008).

Dolosparite with low porosity and permeability (Dsl) 
comprises distinct shear fractures at ~ 10º with respect to 
the major principal stress σ1 that are arranged in sets of a 
wide range (Fig. 15b). The fractures rarely continue along 
the whole sample and locally show an en echelon arrange-
ment. Damage zones show subsidiary shear fractures—their 
geometrical relation to the main shear fractures suggests that 
they correspond to R shear fractures (Riedel 1929).

Sealing dolomicrite (Dms) comprises individual sets of 
shear fractures at  ~ 10º with respect to the major principal 
stress σ1 (Fig. 15c). They continue along the core samples 
as arrays of segments with oversteps of up to 1.5 cm in size.

Thin-section analysis confirms the shear component 
along the fractures (Fig. 16) that shows segmented, irregular 
traces with an overstepping geometry. The apertures of the 
shear fractures reach up to 0.01 mm. They show the presence 

of fractured and comminuted mineral grains that can be 
classified as cataclastic rocks (e.g., Aydin 1978; Aydin and 
Johnson 1983). The thickness of cataclastic rocks reaches 
0.006 mm. The presence of subsidiary Riedel shears along 
the shear fractures and their overstepping geometry along 
with the grain size reduction within the fault rocks in rela-
tion to the host rocks allow to define them as shear cataclas-
tic bands (after Aydin et al. 2006).

Dolomite after triaxial compressive strength tests

Rock samples after triaxial compressive strength tests show 
the presence of small-scale normal faults and shear fractures 
at 25º–30º with respect to the major principal stress σ1. They 
are arranged in complementary conjugate systems composed 
of two sets of opposite dips that form an acute angle ranging 
from 40º to 50º (Fig. 17a–c). Dolosparite shows systems of 
normal faults with one predominant set that is present in 

Fig. 15  Shear fractures induced 
by uniaxial compressive 
tests: a shear fractures within 
dolosparite with high reser-
voir properties (Dsh); b dense 
set of shear fractures within 
dolosparite with tow reservoir 
properties (Dst) with subsidiary 
(R) shear fractures; c shear frac-
ture within sealing dolomicrite 
(Oms). Arrows show sense 
of movement along the shear 
fractures
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all samples and a second set that is less distinct (Fig. 17a, 
b), while dolomicrite shows a system of variously distrib-
uted shear fractures arranged in a dense network (Fig. 17c). 
Traces of induced structures within all dolomite facies are 
irregular, continuous or segmented, arranged in en echelon 
arrays. Contractional overstepping geometry of the segments 
resulted in the formation of a lensoidal or rhomboidal geom-
etry. The widely spread anhydrite assemblages of various 
size were encompassed or cut through by induced structures 
with a slight refraction of their traces (Fig. 17c).

Damage zones of induced faults within dolosparite with 
high porosity and permeability (Dsh) and dolosparite with 
low porosity and permeability (Dsl) show individual sub-
sidiary shear fractures classified as R shears (after Riedel 
1929). Damage zones of induced shear fractures within seal-
ing dolomicrite (Dms) are weakly developed—failure of the 
host rock is defined rather by a dense network of shear frac-
tures than the formation of associated subsidiary structures.

Rock samples after triaxial compressive strength tests 
show the presence of small-scale normal faults and shear 
fractures that are arranged in sets or systems. Systems of nor-
mal faults comprise complementary conjugate shear fractures 
that form an acute angle ranging from 40º to 50º (Fig. 17b, c).

Macroscopic analysis of induced fault and shear fracture 
networks in all samples revealed the presence of very thin 
zones of fine-grained gouge along them. The gouge thick-
ness changes within dolomite samples—it is related to the 
amount of displacement along the faults and shear fractures. 
The faults developed within dolosparite with high porosity 
and permeability (Dsh) show a displacement of up to 1 mm 
and within dolosparite with low porosity and permeability 

Fig. 16  Details of fracture propagation and failure of grains within 
compactive shear band nucleated within dolosparite with high reser-
voir properties (Dsh): a, b discontinuous trace of the shear fracture 
with local overstepping geometry; c cataclastic disintegration of 
grains along the fracture (lower part). The disintegrated grains have 
been partly mechanically lost during thin section preparation (central 
and upper parts)

Fig. 17  Small-scale faults and shear fractures induced by triaxial 
tests within: a dolosparite with high reservoir properties (Dsh); b, c 
dolosparite with low reservoir properties (Dsl); c sealing dolomicrite 

(Oms). Arrows show the sense of movement along the small-scale 
faults and shear fractures
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(Dsl)—up to 0.6 mm—while the shear fractures within seal-
ing dolomicrite (Dms) show rather a tendency for displace-
ment that is scarcely visible in a hand sample.

Thin sections indicate that the displacement along the 
faults within dolosparite with high porosity and permeability 
(Dsh), dolosparite with low porosity and permeability (Dsl) 
and sealing dolomicrite (Dms) resulted in fracturing and 
comminution of the host rock mineral grains and formation 
of cataclastic shear bands (Fig. 18a–c). The thickness of the 
cataclastic shear bands differs within samples from up to 
0.012 mm within dolosparite with high porosity and permea-
bility (Dsh), through up to 0.003 mm within dolosparite with 
low porosity and permeability (Dsl) to 0.002 mm within 
sealing dolomicrite (Dms) (Fig. 18a–c), which is consistent 
with the amount of displacement along the faults and shear 
fractures.

Discussion

The dolomite facies from the gas reservoir horizon are 
characterized by different textures, porosity, reservoir and 
geomechanical properties, and failure patterns (Table 6). The 

results are discussed with regard to the influence of dolo-
mite texture and porosity on their failure, the mechanism of 
different dolomite facies failure, and the gas trap stability 
during mining operations.

Influence of dolomite texture and porosity on their 
failure

Macro- and microstructural observations of failure within 
the dolomite samples confirm the dependence of dolomite 
failure on its porosity and texture (Figs. 14, 15, 17, 18), 
similarly as in other carbonate rocks (cf. Cilona et al. 2012; 
Bullock et al. 2016; Rybak-Ostrowska et al. 2017).

The failure pattern of dolomite resulting from uniaxial 
indirect tensile strength tests indicates a variable distribu-
tion of failure in relation to the texture and porosity of the 
dolomite facies defined by the decreasing width of the dam-
age zones and related decreasing density of fractures within 
damage zones from Dsh through Dsl to Dms (Fig. 14a–c). 
The formation of interconnected open fractures within dam-
age zones of Dsh and Dls may have relevant influence on 
the increase of permeability of Dsh and Dsl after failure. 
Additionally, the formation of open fractures within damage 

Fig. 18  Small-scale faults and shear fractures induced during triaxial 
tests: a, b fine-grained cataclastic shear bands within host dolomite: 
Dsh and Dsl petrophysical facies, respectively; the comminution 
affects all host grains including anhydrite patches (b); c narrow zone 

of slightly fractured host rock grains along a shear fracture within the 
petrophysical facies Oms. Arrows show the sense of movement along 
the faults and shear fractures
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zones of Dms may create effective porosity by connecting 
isolated pores within this rock. Correlating the results of 
uniaxial indirect tensile tests with excavation procedures 
in the Rudna Copper Mine, we suggest that drilling within 
Dms may liberate gas from the isolated pores and enhance 
its migration through induced fractures toward Dsh and Dsl. 
Moreover, drilling within Dsh and Dsl may provide addi-
tional pathways for gas migration.

The trend is also present in the results of uniaxial and 
triaxial compressive strength tests (Figs. 11, 13). However, 
they show the formation of cataclastic bands during fail-
ure of the dolomite facies (Fig. 16a, c). Dolomite with high 
porosity and permeability (Dsh) is characterized by the low-
est uniaxial and triaxial compressive strength (Fig. 13), due 

to high porosity and large size of pores (Fig. 4). Dolomite 
with low porosity and permeability (Dsl) reveals the pre-
domination of cementation over dissolution during diagen-
esis (Poszytek et al. 2018); hence, the pores are smaller 
(< 50 µm) than the pores in dolomite with high porosity and 
permeability (Dsh) (Fig. 4d–f). Low porosity of that facies 
may be correlated with the highest uniaxial and triaxial com-
pressive strength (Figs. 10, 12).

The failure pattern of dolomite resulting from triaxial 
compressive strength tests indicates that porosity and texture 
of individual facies controlled the thickness, geometry and 
density of induced cataclastic bands, as well as displacement 
along them (Figs. 17a–c, 18a–c). Macroscopic observations 
indicate a trend of increasing density of cataclastic bands 

Table 6  Summarized list of results

Analysis Samples: 1, 7(a), 7(b), 8, 11 Samples: 3, 9, 12, 13 Samples: 2, 4, 5, 6, 10

Dolomite texture Sparite Sparite Micrite
Dominant diagenetic features Intensive dissolution Intensive cementation Lack of dissolution
Effective porosity [%] 5 6 0.2
Permeability [mD] 3.25 0.06 0
Dolomite facies Dsh Dsl Dms
Tensile strength tests
 Microscopy porosity before tests 

[%]
8.9–12.3 4.8–7.1 2.3–3.5

 Indirect Tensile 7–10 12–17 11–13
 Dominant failure pattern Network of open interconnected 

fractures (width of damage zone 
up to 22 mm)

Set of open fractures (width of 
damage zone up to 16 mm)

Individual or double open fractures 
(width of damage zone up to 
8 mm)

Uniaxial compressive strength tests
 Microscopy porosity before tests 

[%]
8.9–12.3 4.8–7.1 2.3–3.5

 MCT porosity before tests [%] 1.4 1.13 0.63
 MCT porosity after tests [%] 1.12 0.5 0.9
 Uniaxial compressive stress 

[MPa]
77–103 156–200 123–144

 Young’s modulus [GPa] 40.4–45.2 50.3–61.8 42.9–76.2
 Poisson’s ratio [–] 0.240–0.260 0.230—0.310 0.220–0.290
 Proper dilatancy [%] 65–70 43–60 53–54
 Dominant failure pattern Individual shear fractures Set of shear fractures Set of shear fractures

Triaxial compressive strength tests
 Microscopy porosity before tests 

[%]
10.3 5.5–7.1 3.1

 MCT porosity before tests [%] 4.71 1.87 0.63
 MCT porosity after tests [%] 0.42 1.15 1.28
 Differential Stress [MPa] 156 269–291 234
 Young’s modulus [GPa] 50.0 59.2–65.5 58.6
 Poisson’s ratio [–] 0.19 0.20–0.29 0.23
 Proper dilatancy [%] 100 54–74 55
 Dominant failure pattern Set of microfaults cataclasis System of conjugate microfaults 

cataclasis
Dense system of conjugate shear 

fractures weak cataclasis
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within sets from Dsh through Dsl to Dms, with a switch 
from formation of one set of bands within Dsh to the system 
of conjugate bands within Dsl and Dms (Fig. 17a–c). While 
microscopic observations indicate decreasing displacement, 
the thickness and intensity of grain comminution of cata-
clastic bands from Dsh through Dsl to Dms are defined by 
decreasing porosity within facies, respectively (Tables 2, 3).

Results of microscopic observations indicate that the 
most important processes that created dolomite poros-
ity included late diagenetic dissolution and later dolomite 
cementation (Fig. 4). Dolomite with high porosity and per-
meability (Dsh) was subject to the most intense dissolution, 
after which pores were partly cemented by dolomite (Fig. 4). 
Hence, large sizes of pores are visible on the plot of pore 
distribution (> 100 µm—Fig. 4c). These large pores corre-
spond to vugs partly cemented by euhedral dolomite crystals 
(Fig. 4a).

Sealing dolomicrite (Dms) underwent weak dissolution, 
a fact that was caused by low permeability that impeded 
access for migrating waters (Poszytek et al. 2018). Hence, 
pores of Dms are small, not connected and dispersed in the 
rock fabric (Fig. 4d–f)—which is typical for dolomicrite 
(Lucia 2007). Based on recent studies (e.g., Akram et al. 
2017; Sabatakakis et al. 2008) one may expect that the fabric 
of dolomicrite could have predestinated this rock to higher 
uniaxial and triaxial compressive strength than dolosparite. 
By contrast, results of geomechanical tests evidence inter-
mediate uniaxial and triaxial compressive strength of sealing 
dolomicrite Dms (Figs. 11, 13). Correlating these results 
with porosity and occurrence of late diagenetic dolomite 
cements in the dolosparite facies, we assume that most prob-
ably the occurrence of these cements may have had impact 
on dolosparite strength. Thus, the highest strength of dolo-
sparite with low porosity and permeability (Dsl) is related 
to the high volume of late diagenetic dolomite cements. The 
lowest strength of dolomite with high porosity and perme-
ability (Dsh) is related to the low volume of late diagenetic 
dolomite cements.

In conclusion, the occurrence of dolomite facies with 
different petrophysical properties in the rock mass is deter-
mined by the extent of late diagenetic dolomite cements. 
Probably the dolomite facies occur as a mosaic with blurred 
and gradual boundaries between their different types. Such 
mosaic nature of the reservoir horizon results in reservoir 
and geomechanical barriers (dolosparite with low porosity 
and permeability and sealing dolomicrite) for gas migration 
and damage propagation.

Mechanism of dolomite damage

Results of experimental research (Figs. 9, 11, 13) indicate 
that the development of brittle deformation depends on 
dolomite texture and porosity (cf. Wong and Baud 2012). 

Laboratory and theoretical studies (Kemeny and Cook 1991; 
Zhu et al. 2011; Vajdova et al. 2012) show that pores and 
preexisting cracks within rocks are potential places for ten-
sile stress concentration and microfracture initiation during 
laboratory tests. Pore collapse and subsequent cataclasis on 
their borders play a crucial role in porous rocks (Vajdova 
et al. 2010, 2012). This process is described by the micro-
mechanical pore-emanated cracking model of Sammis and 
Ashby (1986). Conversely, preexisting cracks play a crucial 
role in low-porosity rocks. Further development of micro-
cracks in porous and non-porous rocks is compatible with 
the sliding wing crack model of Ashby and Sammis (1990). 
Based on these models, we conclude that the development 
of microcracks within dolomite caused primary dilatancy 
and strain hardening (Figs. 9, 11, 13). The secondary, more 
pervasive damage of the dolomite is related to the progres-
sive connection of microcracks that resulted in the formation 
of small-scale fractures and faults (Figs. 14, 15, 17).

Porosity reduction of dolosparite with high porosity and 
permeability (Dsh) and dolosparite with low porosity and per-
meability (Dsl), and porosity increase of sealing dolomicrite 
(Dms) after geomechanical tests (Figs. 5, 6, 7) indicate that 
dolomite with higher porosity shows a tendency to a non-elas-
tic compaction and shear enhanced cataclasis, while dolomic-
rite with low porosity shows a tendency to dilatancy, similarly 
as limestones (cf. Fredrich et al. 1989; Baud et al. 2000 ; 
Vajdova et al. 2004, 2010). The macrodilatancy threshold for 
dolomite with high porosity and permeability is higher (Dsh) 
than for dolomite with low porosity (Dsl and Dms) (Tables 4, 
5), which indicates different models of brittle deformation in 
dolomite with varying porosity (e.g., Vajdova et al. 2012).

Field and laboratory studies indicate that the cataclastic 
failure of porous rocks within deformation bands reduces 
porosity and permeability (e.g., Aydin and Johnson 1978; 
Knipe et al. 1997; Hesthammer and Fossen 2000; Fisher 
and Knipe 2001; Shipton et al. 2002; Fossen et al. 2007). 
However, recent studies indicate that the capability of defor-
mation bands to form barriers against fluid flow depends 
on the degree of cataclasis along with spatial distribution 
and thickness of bands within the host rocks (e.g., Rotevatn 
et al. 2009; Ballas et al. 2012, 2015; Soliva et al. 2013). 
Analogically, we interpret that the induced cataclastic fail-
ure of grains reduced dolomite porosity within deformation 
bands with the weakest comminution of grains in Dms. At 
the same time, failure of Dms resulted in denser distribution 
of bands. Thus, the induced cataclastic deformation bands 
may be potential capillary seals (e.g., Antonellini and Aydin 
1994) that may impede and/or reduce gas migration within 
dolomites. Moreover, the induced network of low-permeable 
cataclastic deformation bands may result in compartmen-
talization of the gas reservoir horizon similarly as in clastic 
hydrocarbon reservoirs (Leveille et al. 1997; Al-Hinaϊ et al. 
2008; Tueckmantel et al. 2012).
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As a consequence, the reduction of porosity within cata-
clastic deformation bands may induce gas liberation and 
its migration into induced small-scale compartments. This 
process may result in the increase of gas pressure within 
individual compartments. The compartmentalization of the 
samples defined by the network of deformation bands with 
increasing density from Dsh through Dsl to Dms suggests 
that the Dsl and Dms facies may provide the most overpres-
sured compartments. Coupling these interpretations with the 
results of indirect tensile strength tests, we suggest that the 
formation of cataclastic bands may liberate gas from the 
Dsh and Dsl into induced zones of interconnected fractures. 
At the same time, gas trapped in isolated pores within Dsl 
and Dms may be partly released; however, the network of 
deformation bands may create additional barriers for flow 
and result in gas pressure build-up within local small-scale 
compartments. This is, however, a subject that requires fur-
ther studies.

The presented results suggest that dolosparite with high 
porosity and permeability (Dsh) may be the most degassed 
medium by failure of pores and release of gas through the 
induced network of fractures. This interpretation is con-
firmed by decrease in porosity of Dsh at 60% and 90% dur-
ing uniaxial and triaxial strength tests, respectively (Figs. 6, 
7). As a result, at least 10% from primary porosity may 
remain intact within the Dsh.

Dolosparite with low porosity and permeability (Dsl) 
may be only partly degassed during and after failure. The 
remaining part of pores that did not fail (Figs. 6f, 7f) may 
still contain gas. Gas released from failed pores within Dsh 
and Dsl may flow through induced fractures or cumulate 
along induced cataclastic deformation bands. In effect, both 
dolosparite facies after failure still contain gas traps.

Gas released from isolated pores in sealing dolomicrite 
(Dms) could flow to the borehole through new cracks; how-
ever, part of the gas could have been accumulated in new 
pores created by dilatancy-related microcracking (Fig. 6i). 
The induced porosity may cause permeability increase.

The presented interpretation indicates that total degassing 
of the rock mass by drilling during mining operations is 
impossible, because gas traps remain in all dolomite facies.

Influence of mining operations on gas traps

Mining operations including borehole drilling and exca-
vating change the existing stress field around them (e.g., 
Zoback 2007). Boreholes drilled in dolomite may cause its 
damage similar to that observed at the tip of propagating 
dynamic raptures and immediately behind them (Dor et al. 
2006, 2009; Yuan et al. 2011; Doan and d’Hour 2012; 
Aben et al. 2016; Xu and Ben-Zion 2017). Laboratory 
experiments indicate that fault propagation is accompanied 
by intensive development of tensile cracks at the tip of 

faults (e.g., King and Sammis 1992; Reches and Lockner 
1994; Samudrala et al. 2002; Griffith et al. 2009; Ghaffari 
et al. 2014). An additional effect of fault propagation may 
be the pulverization of rocks in the front of the propagat-
ing tip (e.g., Dor et al. 2006, 2009; Billi and Di Toro 2008; 
Rempe et al. 2013).

We interpret that mining operations in the Rudna Cop-
per Mine probably change the stress field in the ceiling 
of the excavations and modify the pore pressure, which 
results in the differentiation of effective stress. This leads 
to the damage of dolomite in a low confining pressure 
environment. Based on the literature data presented above, 
we suggest that the drilling process could have affected the 
dolomite in the front of the drill tip by the development of 
a dense tensile crack network. Subsequent coalescence of 
cracks might have caused fragmentation of the dolomite. 
In consequence, the reduced cohesion of dolomite could 
have induced the rock burst in 2009.

The occurrence of gas within the dolomite is decisive in 
the initiation of dolomite damage during drilling—causing 
elevated pore pressure that reduces effective stress lead-
ing to dolomite damage (cf. Risnes and Flaageng 1999; 
Heggheim et al. 2005). In petroleum drilling, gas pressure 
is controlled by the selection of appropriate parameters 
of the mud. Properly selected mud controls the borehole 
surroundings and influences the damage of rocks in the 
close vicinity of the borehole (Ottesen et al. 1999; Moos 
et al. 2003; Zoback et al. 2003). However, gas flow is not 
controlled by mud in boreholes drilled in the ceiling of 
excavations in underground mines, because mud flows out 
of the borehole.

Assuming the wave nature of stress propagation in the 
rock mass (Tarasov et al. 2017), accumulation of stress 
might have occurred on the boundaries of dolomite facies 
around the boreholes. Based on this interpretation, we sug-
gest that the mosaic structure of the reservoir horizon causes 
the occurrence of mechanical boundaries between dolo-
sparite with high porosity and permeability (characterized 
by low strength) and the other dolomite facies (Dsl and Dms) 
with higher strength. Hence, dolosparite with high porosity 
and permeability (Dsh) can be strongly damaged close to the 
boundary with low-porosity dolomite with higher strength 
(Fig. 19). The damage of dolomite along the mechanical 
boundaries of dolomite facies with different petrophysical 
properties can be delayed; hence, gas flow to the boreholes 
often varies with time. Some of the drilled boreholes do not 
produce gas, due to the absence of gas or the strength of 
dolomite being high enough to withstand the stress around 
the borehole; as a result, the dolomite remains intact.

Gas leakage to the borehole ends after stabilization of 
stress and pressure, and depletion of gas resource after dam-
age of the dolomite around the borehole. The dimension of 
the degassing zone related to the damage area is difficult to 
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estimate without geophysical logs. However, the 6-m-high 
cavern that was formed in 2009 after the burst of gas and 
damage of rocks gives a hint on the scale and magnitude 
of the process. The cavern was created in the ceiling of a 
new excavation that was not secured with anchors yet. It 
caused the change of stress in the ceiling of the excavation. 
Gas occurring in dolosparite with high porosity and perme-
ability (with low strength) above the new excavation cre-
ated small stratigraphic traps surrounded by dolosparite with 
low porosity and permeability and sealing dolomicrite. The 
occurrence of gas contributing to the stress change resulted 
in a rapid damage of the gas trap. It created a new stress 
wave, which propagated through the surrounding dolomite 
to the boundary with the anhydrite in the top of the Werra 
dolomite. Stress was accumulated on the dolomite–anhydrite 
boundary and caused intensive damage of the dolomite, but 
the anhydrite horizon remained intact. Dolomite fragmenta-
tion and high gas pressure resulted in the burst of crushed 
rocks into the excavation.

Nowadays, copper mines in Poland expand their opera-
tions heading towards the north (Fig. 1). There are numerous 
gas deposits located several dozen kilometers to the north 
from the limits of the existing copper mines (Karnkowski 
1993; Poprawa and Kiersnowski 2010). These gas depos-
its occur within Rotliegend sandstones and in the Zechstein 
Limestone. Based on the interpretation presented above, we 
suggest that the risk of gas ejection can also be expected 
from the Rotliegend sandstones that occur in the floor of the 
excavations (Fig. 2). Hence, Rotliegend sandstones in that 
area should be re-investigated for the hazard of gas ejection 
that may be related to mining operations.

Conclusions

Based on the assembled data and available literature, we 
conclude that the nature of the reservoir horizon in the 
Rudna Copper Mine is related to its mosaic structure that 
depends on dolomite texture, extent of late diagenetic dolo-
mite cements, and porosity. These factors determine the 
petrophysical properties of dolomite facies, mechanical 
behavior of dolomite facies during laboratory tests along 
with the induced failure patterns.

The strength of dolomite within the reservoir horizon 
varies from the highest within dolosparite with low perme-
ability (Dsl) through sealing dolomicrite (Dms) to the low-
est within dolosparite with high porosity and permeability 
(Dsh). We interpret that it is positively correlated with the 
presence of late diagenetic dolomite cements within dolo-
sparites and the fine texture of dolomicrite. Thus, the mosaic 
structure of dolomite facies with variable strength produces 
an anisotropic reservoir horizon.

The induced failure of dolomite facies results in the 
reduction of their natural porosity. However, all dolomite 
facies show a tendency for partial preservation of these 
pores; therefore, they remain as gas traps. Additionally, the 
failure of sealing dolomicrite (Dms) enhances the develop-
ment of induced porosity by microcracking. This process 
may produce new induced traps for gas released from natural 
pores.

Failure patterns induced within dolomite facies are 
related to their texture and porosity. The dolomite facies 
show fracturing during indirect tensile strength tests and 
formation of cataclastic deformation bands during uniaxial 
and triaxial strength tests. The induced fractures may cre-
ate pathways for gas migration, while cataclastic bands may 
create capillary seals that impede and/or reduce gas migra-
tion within and between dolomite facies by the formation of 
small-scale compartments.

The mosaic nature of the reservoir horizon with blurred 
and gradual boundaries between its different dolomite facies 
creates reservoir and geomechanical barriers (dolosparite 
with low porosity and permeability and sealing dolomicrite) 
for damage propagation and gas migration during mining 
operations. The close neighborhood of dolomites with dif-
ferent geomechanical properties may increase the intensity 
of damage of individual facies. Hence, dolomite with lower 
strength can be strongly damaged close to the boundary with 
dolomite with higher strength.

The presented results have significant impact on the 
assessment of gas traps stability of excavations during min-
ing operations. Future plans for the exploitation of copper 
deposits in the neighborhood of the existing gas deposits 
in Poland should give reason for the re-investigation of the 
Rotliegend sandstone succession in the case of gas trap 

Fig. 19  Scheme of dolomite damage on the boundary with the obsta-
cle (based on Tarasov et al. 2017)
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occurrence in the floor of excavations in the Rudna Copper 
Mine. Moreover, the presented results are the base for plan-
ning of underground storage of mineral resources or wastes 
in closed mines.
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