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Mechanical properties of rock salt from Mogilno salt dome

Introduction

Increasing interest in properties of salt rocks has been observed for a number of years
now. It is connected with the possibility to locate different strategic objects, such as e.g.
landfill sites or storage facilities for useful substances in salt orogens. For this purpose
Zechstein salt domes in the Polish Lowland are especially suitable. Considerable thickness of
salt masses, their cohesion and chemical inertness facilitate underground tankless storage
of oil derivatives and gases.

From the point of view of long-term stability of the storage facility it is necessary to
conduct geomechanical assessment of the orogen to know its actual behaviour. Usually such
an assessment is performed using numerical modelling based on results of laboratory testing,
averaged for the entire bed. Complex tectonics and diverse lithology within the salt dome
result in the necessary bed generalization, i.e. also recorded mechanical parameters. In reality
rocks contained in the salt orogen differ markedly, especially in terms of geomechanical
properties.

The study presents results of laboratory testing of geomechanical properties for different
rock types from the Mogilno salt bed, focusing on the determination of a dependence
between the state of stress and the state of strain and on the description of the course of
rheological processes. To realize this objective it was decided to study uniaxial compression
and creep, constituting the basis for the determination of geomechanical properties.
Recorded parameters were also used for comparison with those of salts in other bed
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Fig. 1. Location of the Mogilno salt dome (la) and geological subcrop map (1b) (without Cenozoic cover)
with location borhole M-24
la: Salt structures not piercing, salt pillows (1), partly piercing (2)
and completely piercing (3) the Mesozoic cover rocks
1b: 1 — Zechstein salt, 2 — Upper Trissic, 3 — Lower Jurassic, 4 — Middle Jurassic, 5 — Upper Jurassic,
6 — Lower Cretaceous, 7 — Upper Cretaceous, 8 — Cenozoic, 9 — cap rock

Rys. 1. Lokalizacja wysadu solnego Mogilno (1a) i szkic geologiczny (1b) (bez pokrywy kenozoicznej)
z lokalizacja otworu M-24
la: struktury solne nieprzebijajace, poduszki solne (1), czg$ciowo przebijajace (2) i catkowicie przebijajace
(3) mezozoiczna pokrywe wysadowa
1b: 1 — sole cechsztynskie, 2 — Trias gorny, 3 — Jura dolna, 4 — Jura $rodkowa, 5 — Jura gorna,
6 — Kreda dolna, 7 — Kreda gorna, 8 — Kenozoik, 9 — czapa gipsowa
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structures. The Mogilno I rock salt bed, constituting the south-eastern part of the structure,
had never been investigated in laboratory testing of geomechanical properties, in spite of the
20-year history of mining works in that area. Such studies were performed for the Mogilno II
bed, where the Mogilno Underground Cavern Gas Storage Facility is located (Kteczek et al.
1986).

1. Geological setting

Salt domes are one of the most characteristic structural elements of Zechstein — Mesosoic
of the mid-Polish basin (Marek, Dadlez 1997). Their linear dimensions and levels of
piercement of Mesosoic cover rocks are various (Fig. 1). Among them 10 pierce the
denudational-structural surface of Mesosoic deposits, and intrude into the cover of Ca-
enosoic rocks, and one reaches the contemporary topographic surface (Wapno salt dome).
The Mogilno salt structure is the one that completely pierces diapirs.

The Mogilno salt structure is about 30 km long, and up to 7 km wide (Fig. 1) and is the
NW-SE directed elongated structure. The longitudinal axis of the structure runs from the NW
towards the SE, at the angle of about 300°. In the central zone a small salt crest rises up. The
salt crest is about 8 km long, and up to 1 km wide and consists of a sequence of PZ2 (stassfurt
rock salt formations) and, on the flanks, PZ3 (leine) and PZ4 (aller) salt rock formations. The
main feature of this salt crest is the vertical arrangement of the layers of the three Zechstein
salt cycles. The internal structure of the salt body is very complex, including vertical or
steeply inclined and overturned fold axes.

At the present time different parts of this structure are used for gas storage (NW part of the
salt crest) and salt mining (SE part of the salt crest). The investigated core material comes
from the borhole number 24 which is located in SE part of the salt crest.

2. Material and methodology of laboratory analyses

Laboratory testing of salts from the Mogilno bed were conducted at the Department
of Geomechanics, Building Engineering and Geotechnics, the University of Science and
Technology in Krakoéw in February 2007. Rheological testing lasted longer and it was
completed in May 2007. Material for analyses came from the M-24 exploratory borehole
drilled in 2006, reaching the depth of 1 923 m. It is over 500 m deeper than boreholes drilled
previously in the Mogilno I bed. Several tests were conducted on collected core material and
in the borehole in order to determine the geological structure in the immediate vicinity of the
borehole (Fig. 2), including:

— description of lithology, performed by the Dzial Mierniczo-Geologiczny IKS

SOLINO,
— profiling, performed by Geofizyka Torun,



144

— analyses to determine detailed stratigraphy, performed by the German Institute of
Geology (BGR),

— analyses performed at the IKS SOLINO laboratory.

In the course of sampling for the purpose of laboratory analyses, at the turn of 2006 and
2007, a total of 28 sections were selected (NNS), exhibiting diverse lithology from depths
ranging from 353.8 to 1 905.8 m. They included twenty rock samples of cyclothem PZ2,
represented by grey and light grey rock salt, with varied grain size composition including
crystal salts as well as twenty two samples of upper and top surface salt rocks, with varying
contents of impurities, including also zubers (clayey salts) and anhydrites. Such a vast
variation of rocks is especially evident when analyzing results of weight by volume tests.
The values for rock salt ranged from 20.96 to 22.36 kN/m3, while for anhydrites they were
from 28.8 to 29.4 kN/m3.
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Fig. 2. Geological structure in the area surrounding borehole M-24 (after Bornemann et al. 2006)

Rys. 2. Budowa geologiczna w otoczeniu otworu M-24 (za Bornemann i in. 2006)
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Following the method developed at the University of Science and Technology of Krakow
34 test samples with a diameter of 55.0 = 0.1 mm and height of 110.0 £ 0.1 mm were
dry-rolled from the collected core material, preserving bottom parallelism, to be used in
uniaxial compression and short-term creep testing.

Material remaining from core cutting was dissolved in deionized water and quantitative
and qualitative analyses were performed for insoluble fractions. For all samples percentages
of the insoluble fractions were determined, next X-ray examinations were conducted
for 6 different lithotypes in order to determine their mineralogical composition. X-ray
examinations were performed at the Institute of Geology, the Adam Mickiewicz University
of Poznan.

2.1. Uniaxial compression samples

Tests were performed using a universal testing machine with a hydraulic drive, recording
axial and radial strain of the sample in the function of applied load, required for the
determination of strain parameters of the rock (Grzybowski 2007). In relation with expected
anisotropy of radial strain, sensors measuring horizontal strains were mounted in two
perpendicular directions, at 1/2 sample height, with the position of sensors selected on the
basis of assessed rock structure. Compressive strength was defined as a ratio of maximum
force, at which the sample was destroyed or at which axial deformations to the sample
cross-section surface were rapidly accelerated.

The effect of these tests was the determination of strain and stress characteristics for each
sample, consisting of curves of vertical strain €,, horizontal strain €, and volumetric strain g,
in the function of vertical strain. On the basis of their analyses strain parameters were
determined following ISRM recommendations:

— Young’s modulus [GPa]: as a mean at strain range of 20—-80% R

— The Poisson ratio [-]: within a range of transverse strain linearity.

2.2. Short-term creep tests

Creep was tested in an MTS 815 rigid testing machine in the static load control mode.
The MTS measuring system facilitates digital recording of strain using extensiometers, e.g.
in the form a chain, which measure circumferential strain, i.e. averaged for the entire sample.
In this case, in view of anisotropy of radial strain, mechanical displacement indicators were
used for measuring purposes, analogously as for uniaxial compression samples. Identical
loads were applied for all samples: 8, 16, 24, 32, 40 and 48 kN. Depending on loaded surface,
strain values differed slightly for individual samples. Tests lasted for two hours at each
load level.

It results from research conducted so far on salt that for pure science purposes the
rheological model of salt may be roughly described using the Maxwell creep model, which
at steady stress takes the form (Kleczek 1994):
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c
8(t)=70t+80

where:
€, — Initial strain at # = 0, resulting from loading the sample with stress o, [Pa],
A — coefficient of linear viscosity [Pas].

Thus, approximating the creep curve with a straight line, its slope may be interpreted as
creep velocity. It also needs to be stressed that numerical values of creep velocity and
coefficients of viscosity calculated on their basis, determined in short-term tests, are not
actual values found at the phase of steady-rate creep, which may be recorded only in
long-term tests (Flisiak 2004). However, they may be fully used to compare the behaviour of
individual lithotypes in the time function.

3. Assessment of geomechanical properties of salt rocks from the Mogilno
salt dome

3.1. Properties of salt rocks in temporary tests

Analysis of data collected from uniaxial compression testing showed considerable scatter
of strength values, which needs to be connected with the lithological facies of the rock
(Fig. 3). The biggest effect on the structure of a given rock was found for its strength and
dislocation properties and it may generally be assumed that the more fine-grained a given salt
is, the stronger it is. It also seems that the content of single fine anhydrite grains has a positive
effect on salt strength.

The group of strong rocks is opened by grey, medium- and coarse-grained salts of the PZ2
cycle. Their mean strength is 27.9 MPa. Maximum strength of 37.06 MPa was recorded for
a sample collected from the depth of 677 m and it was the highest value for all the tested
samples. This was coarse-grained salt with a rather marked content of single anhydrite
grains. According to geophysical data, in this interval there was also an elevated content of
kieserite. Younger salts collected from the depth of 1 078 and 1 111 m, with anhydrite and
clayey impurities, were also strong. Moreover, in the sample from the depth of 1 111 m quartz
was also detected in X-ray tests. Strength of these rocks was approx. 35 MPa, i.e. a value
comparable with those for both tested anhydrite samples. Salt rocks of the type used in salt
lamps, representing the youngest salts (Na4), were weakest. Despite considerable anhydrite
contents, especially in sample no. 1283/1, their mean ultimate compressive strength was
25.7 MPa.

Crystal salts, belonging to older salts, yielded inferior results in strength tests. Only one in
four tested samples exceeded the limit of 20 MPa, raising their mean strength to 19.7 MPa.
Those salts were destroyed very fast due to the formation of fissures at the grain boundary.
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Fig. 3. Stress and strain curves for rocks with different mechanical properties

Rys. 3. Krzywe naprgzenie—odksztatcenie dla skat o réznych cechach mechanicznych

Such a failure model was also observed in a separately analyzed sample no. 735/1, as a result
of one large crystal with a height of 8 cm being found in the mass of coarse-grained salt. The
sample failed due to creep embrittlement at a stress of 22 MPa, with smaller grains being
scattered and the large crystal remaining intact. This shows clearly that the failure resulted
first of all from conditions found at the grain level.

Rocks, also contained in the salt orogen, but exhibiting different geomechanical pro-
perties than rock salt, i.e. anhydrite and zuber (clayey salt), were strength tested as well.
A primary anhydrite sample (A3) collected at a depth of 1904—1905 m, as it has already been
mentioned, exhibited considerable strength in contrast to clayey salt (sample no. 1459/1),
which failed at a low stress level of 21 MPa. Much bigger differences between properties of
these rocks and rock salt was observed during analysis of strain testing results.

In case of anhydrite, the stress and strain characteristic is generally a straight line,
showing its elastic-brittle character. This rock is destroyed at high stress values and relatively
low strain values, with sample failure occurring suddenly, with no apparent acceleration, as it
is the case with rock salt. Concentration of stress in anhydrite results in the formation of
fissures and as a result of layers being cut into individual blocks (Spies et al. 1998). In mining
practice this means the risk of collapse in mining workings exploited under layers of
anhydrite. It also results from salt mining practice and from the analysis of geomechanical
models that the formation of a working in the vicinity of anhydrite rocks may result in the
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TABLE 1
Results of uniaxial compression tests
TABELA 1
Wiyniki prob jednoosiowego sciskania
Dilatancy
Sy b | Ry |G| o |2 ||
[MPa]

353/1 | Na2 | 16,36 0.84 5.13 1.03 | 0.38 | 038 | 2.13 | 6.66 | 3.77 | 8.30
462/1 | Na2 | 23.58 7.58 32.15 1.25 | 0.17 | 031 | 227 | 3.04 | 2.58 | 3.35
467/1 | Na2 | 26.95 2.53 9.39 1.01 0.27 0.41 2.69 3.55 5.13 5.98
610/1 | Na2 | 17.22 6.03 35.02 1.39 | 033 | 0.19 | 1.47 | 333 | 3.08 | 494
677/1 | Na2 | 37.06 9.26 24.99 1.20 | 0.14 | 023 | 412 | 509 | 6.82 | 7.79
680/1 | Na2 | 33.69 3.37 10.00 1.04 | 039 | 036 | 382 | 555 | 6.73 | 845
735/1 | Na2 | 22.66 1.68 7.41 1.18 0.45 0.45 2.05 341 3.67 5.02
748/1 | Na2 | 17.50 5.83 33.31 1.00 | 043 | 029 | 232 | 3.83 | 3.09 | 4.61
821/1 | Na2 | 27.79 8.42 30.30 1.50 | 0.25 | 0.30 | 2.00 | 1.81 | 3.24 | 3.05
859/2 | Na2 | 26.11 5.90 22.60 122 | 050 | 0.14 | 225 | 3.64 | 3.25 | 4.63
860/1 | Na2 | 29.27 3.34 11.41 1.05 | 048 | 031 | 3.19 | 6.05 | 447 | 733
1009/1 | Na2k | 31.16 5.05 16.21 1.52 | 049 | 049 | 294 | 509 | 4.00 | 6.15
1078/1 | Na3b3 | 35.37 5.90 16.68 124 | 035 | 037 | 345 | 411 | 578 | 6.43
1111/1| Na3b5 | 32.85 2.53 7.70 1.41 | 0.50 | 0.50 | 2.70 | 3.38 | 4.84 | 0.53
1170/1 | Nadal | 31.16 6.74 21.63 1.99 0.40 0.31 2.38 5.47 4.67 7.76
1198/1 | Nada2 | 27.79 421 15.15 133 | 036 | 046 | 229 | 294 | 390 | 4.57
1255/1| Nada3 | 23.58 3.37 14.29 277 | 040 | 032 | 1.53 | 431 | 3.82 | 6.59
1263/1 | Nada3 | 27.79 6.74 24.25 219 | 022 | 044 | 192 | 244 | 395 | 4.56
1283/1 | Nada3 | 26.11 6.74 25.81 223 | 040 | 0.21 1.46 | 322 | 1.71 | 3.46
1373/2 | Nada2 | 22.74 421 18.51 1.25 | 034 | 048 | 2.27 | 460 | 544 | 7.78
1408/1 | Nadal | 26.95 5.05 18.74 1.54 | 0.14 | 042 | 2.03 | 245 | 3.73 | 4.15
1459/1| Na3t | 21.06 9.26 43.97 293 | 039 | 050 | 091 | 089 | 0.98 | 0.95
1721/1 | Na3b | 21.90 2.53 11.55 1.77 0.29 0.44 1.69 2.78 3.56 4.65
1904/1| A3 | 35.25 16.72 47.43 16.26 | 0.44 | 0.50 | 0.31 | 0.83 | 091 1.42
1905/1| A3 | 32.61 22.58 69.24 17.78 | 0.50 | 031 | 0.26 | 0.43 | 0.47 | 0.64
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generation of fissures, which in consequence leads to an increase in rock mass permeability
(Kamlot in: Spies et al. 1998), which is precisely what engineers designing underground
storage facility are especially anxious to avoid.

In contrast to anhydrite, in situ rock salt does not have fissures, which is a consequence of
its plastic properties. In temporary tests it undergoes non-linear deformation throughout the
entire range of stress values and uniaxial compression load tests showed a practically
negligible share of elastic strain. Following the methodology given above, the following
parameters: Young’s E modulus and the coefficient of transverse strain, were applied in the
description of strain properties. Values of modulus of longitudinal strain are quite similar for
rock salts, being relatively low, below 2 GPa. Rocks with higher values of the moduli contain
larger amounts of impurities, such as zuber, anhydrites as well as salt rock type used to
produce salt lamps (1283/1). Due to the fact that rock salt exhibits relatively high anisotropy
of radial strain, the Poisson ratio was determined in two perpendicular directions. Anisotropy
of strain was probably connected with textural properties of rocks, as measured by the
difference between established values of the Poisson ratio. However, this problem should be
considered on the basis of a larger number of tested samples.

Deformation properties, similarly as in case of strength properties, exhibit considerable
scatter of values. The strongest salts were deformed most, and thus for sample no. 677/1
radial strain was 6.82%, which was recorded as the highest value. It needs to be stressed that
all salt samples exhibited larger horizontal than vertical strain Considerable strain was also
observed in crystal salt samples, in spite of slight strength. It is connected with the potential
of large crystals to be ecasily loosened and next ejected from sensor mounting sites. The
phenomenon of ejection of larger crystals from the surrounding salt mass was also observed
in medium-grained salts.

Rocks containing large amounts of anhydrite yielded to low values of strain. An example
in this respect may be a sample of rock salt of the salt lamp type, collected from a depth of
1283 m, where radial strain was slightly over 3%, while axial strain was respectively lower,
i.e. approx 1.5%. Obviously, an extreme example may be primary anhydrite with the CaSOy4
content of approx. 85% (sample no. 1904/1), where strain values did not exceed 1% initial
diameter or height.

The recorded fact that — starting from a certain stress value — horizontal deformations
are larger than vertical ones means that the process of deformation in tested samples is
accompanied by an increment in volume. This effect, known as dilatancy, in tested rock salt
illustrates effectively the fissuring deformation model by Nur (Nur, in: Kwasniewski 1986).
It assumes that initially closed microfissures become open again as a result of slip with
friction, e.g. at grain boundaries. With an increase in stress frictional resistance is overcome
in an increasing number of microfissures and thus increasing numbers of slips are initiated. It
results in an increase in rock volume, being the larger, the larger stress it is subjected to. The
opinion, expressed by Kwasniewski (1986) that dilatancy appears at limits close to yield
point and precedes the failure of the rock medium, is not confirmed in the tested rock salt
samples. In this case dilatancy occurs both at values of 0.05 R, (sample no. 353/1) (Fig. 4)
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Rys. 4. Krzywe odksztalcen objgtosciowych dla réznych soli

and 0.35 R, (610/1). It needs to be stressed that this variation is manifested not only within the
same stratigraphic group, but even in rocks with a similar structure. However, in most cases
the absolute increase in volume occurs at stress of approx. 0.2 R, whereas for zuber and
anhydrites it is much higher and thus for sample no. 1905/1 (anhydrite) it is as much as 0.7 R,..

3.2. Properties of salt rocks in rheological tests

Following the methodology presented above seven short-term creep tests were con-
ducted. Testing was carried out on rock salts representing three cyclothems found in the
Mogilno salt dome. Additionally samples differed in terms of their lithological facies,
including colour, grain size as well as the amount and distribution of impurities. As a result
creep curves were plotted with a large degree of variation, for which several common
objections may be formulated. An increment in stress was accompanied by a disproportionate
increment in strain, indicating non-linearity of the rheological model of rock salt. Analysis of
obtained results shows that even at lowest stress values creep does not disappear.

Creep velocity as well as the level of abrupt strain after loading strongly depend on the
lithological facies of a given rock. Variation includes both salts from different cyclothems
and the analyzed group of older salts. Figure 5 presents creep curves for seven salt samples
with information on their stratigraphy. The biggest value of initial strain was recorded for
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Rys. 5. Krzywe petzania probek soli z zaznaczeniem ich stratygrafii

sample 467/2 belonging to the group of older salts. The smallest deformability in the
analyzed set was found for salt type used to produce salt lamps (1255/2), belonging to the
youngest salts, which may be connected with elevated contents of impurities. It should be
emphasized here that curves representing older salts (Na2) had higher values of initial strain
and bigger creep velocity, except for the curve plotted for sample 610/2, exhibiting a similar
slope as the above mentioned sample 1255/2. Samples of the core collected from a depth of
610 m contained rather high amounts of impurities (approx. 5%) in the form of streaks, which
may explain the course of this curve on the graph.
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The next graph (Fig. 6) shows differences in rheological characteristics of individual
samples with different stratigraphy in the context of a wider stress range. Additionally,
calculated creep velocities were also plotted here. The number and form in which impurities
may be found may have a decisive effect on the character of salt creep, thus older salts as the
“purest” exhibit different properties than the other salts.

4. A comparison of recorded results with properties of salts from other facies

Available archive data were used to compare results of this study with parameters of other
investigated salt beds. Geomechanical properties of described facies presented there are
based mainly on studies of grey rock salt, i.e. apparently older. Unfortunately, the fact that
detailed descriptions of lithology and stratigraphy are not included in archive materials
makes it impossible to conduct direct comparisons of identical lithotypes. Another problem
is connected with diverse research methodologies adopted by authors of individual studies
(e.g. different sample sizes), which affects collected results.

Among all salt beds the biggest number of geomechanical studies was conducted on the
Gora diapir. Intensive mining works carried out in the Gora salt bed for many years as well as
the operation of the underground fuel storage facility resulted in the preparation of around
fifteen geomechanical studies. On their basis strength properties of salt from this bed are
considered advantageous, even more so than salts from the underground gas storage in
Mogilno (Branka et al. 2006).

The first immediate tests of rock salt from Goéra were conducted in 1972. They included
white and pink rock salts from five boreholes. The research method applied at that time
assumed the application of uniaxial compression tests on samples with slenderness ratio
A = 1, whereas present standards recommend, especially for salt, slenderness ratio A = 2.
As a result recorded results are most probably inflated.

For the purpose of geomechanical evaluation of storage chambers in the Gora salt bed
laboratory analyses of salts from two boreholes were conducted in 1998 (Kortas et al. 1999)
and it was found that their properties do not differ markedly from those of salts from other
beds. Uniaxial compressive strength ranged from 24.4 MPa to 39.1 MPa, on average
29.7 MPa from thirty tested samples, while final strain ranged from 1.8 to 3.3%.

Further drillings in the Goéra bed provided more research material to assess geome-
chanical properties of rocks from that bed. Results of tests conducted in 2002 were presented
in the geological and engineering documentation for the underground fuel storage facility in
Gora (Branka et al. 2006). Considerable uniaxial compressive strength of pink salt needs to
be stressed (over 40 MPa). It may be assumed that it is a younger or the youngest salt.
Geophysical data and chemical analyses from the interval of the occurrence of this salt in
borehole G-23 do not suggest any unusual mineral or chemical composition. For comparison,
the youngest lamp-type salt in the course of tests performed in this study exhibited much
lower strength.
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The adopted research methodology, developed at the Department of Geomechanics,
Building Engineering and Geotechnics, the University of Science and Technology in
Krakow (Kleczek et al. 1986), made it possible to compare the results with those from this
medium (Table 2). Analyzed rock salt did not differ much from salts from other beds. The
biggest differences in deformation properties were manifested when comparing Young’s
modulus E. It may be assumed that salts from the Gora and Dg¢bina beds (E < 1 GPa) are more
susceptible to plastic strain than salt from Mogilno, which was also recorded by other authors
(Branka et al. 2006; Flisiak 2004).

TABLE 2
Physical and mechanical parameters of rock salts from different beds
TABELA 2
Fizyczne i mechaniczne parametry soli kamiennej z réznych zi6z
Salt bed U‘[‘&V/V;gg]ht R, [MPa] E [GPa] Poi:i‘;“’s
Mogilno II 21,60 19,30-35,90 2,2-3,5 0,17-0,49
Sieroszowice 21,20 34,00 5,90 0,21
Gora:
white fine-grained salt 22,00 33,70 1,14 0,15
white coarse-grained salt 21,50 28,20 0,88 0,22
pink salt 22,00 41,40 12,26 0,22
Lubien Kujawski 21,20 - 1,92 0,45
Dgbina 21,49 37,30 0,65 0,48
Mogilno I:
grey medium- and coarse-grained salt 21,60-21,74 23,50-37,10 1,01-1,52 0,14-0,49
lamp-type sal 21,79-22,36 23,60-27,80 2,19-3,20 0,21-0,44

6. Concluding remarks

Geomechanical properties of salt rocks are an interesting and at the same time highly
complicated issue, analyzed in this paper. The primary research problem was to determine
numerical parameters defining physical properties of specific types of salt rocks, especially
to generate their stress and strain characteristics. Individual lithotypes were compared and
then results were referred to parameters from other analyzed salt beds.

Laboratory analyses of rock salt in Poland are rare. This results from their being
time-consuming, laborious and requiring unique equipment. Results presented here have
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considerable value for pure science, although they may not be used in case of engineering

calculations. It takes up to several months to obtain results which may be used in practical

applications.
A detailed recapitulation of this study is contained in the following conclusions:

1. The behaviour of analyzed rocks in conducted tests did not differ from that of rock salts
from other beds. A large scatter of values between individual lithotypes needs to be
stressed, which is probably connected with rock texture.

2. The most advantageous strength properties were found for older rock salts. The youngest
salts yielded worst results in uniaxial compression tests. Highly disadvantageous pro-
perties were recorded for older crystal salts, where slacking of the crystal structure
occurred at low stress values.

3. Compression of samples is accompanied by considerable strain, with radial strain being
bigger than vertical strain already at slight stress values. The participation of elastic strain
in total strain was very small.

4. Anhydrite and silty salts need to be classified to rocks with completely different
mechanical properties. Their characteristics over almost the entire load range may be
approximated with a straight line.

5. Rock salts exhibit rather considerable strain anisotropy. This might be the effect of crystal
anisotropy. In crystal salts it was additionally enhanced by easy loosening of individual
crystals.

6. Dylatancy occurs at stress from 5 to 30% strength. In this respect the scatter of numerical
values is large even for rocks with similar lithological facies. In anhydrite and silty salt an
increase in volume occurs at higher stress. This effect is connected with an increase in
rock permeability, which is especially important when using salt beds for storage
facilities.

7. Calculated creep velocities showed a non-linear dependence on the applied load. Mo-
reover, they probably depend on rock lithology, where pure salts had the highest
strain increments. The dependence of creep on rock stratigraphy, described in literature
sources, is also connected with lithology, with the decisive effect of the share and
distribution of impurities.

8. A comparison of strength testing results with parameters of other beds did not show
considerable differences. However, it seems that salts from Gora are on average stronger
than those from Mogilno. In this context we have to emphasize different research
methods used in laboratories, which have an effect on the recorded results.

9. Values of short-term creep velocity are much higher than those for long-term tests and
may not be used in model calculations. Such calculations also have to include the current
state of geological and engineering conditions. Thus, it is necessary to obtain the biggest
possible amount of information on lithology and mechanical characteristics of all rocks
contained in the salt orogen.
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WELASCIWOSCI MECHANICZNE CECHSZTYNSKICH SKAL SOLNYCH Z WYSADU MOGILNO

Stowa kluczowe

Skaty solne, testy laboratoryjne, wytrzymatos¢ i odksztatcalnosé, litologia, wysad Mogilno

Streszczenie

Wiasciwosci soli kamiennej stanowia interesujacy temat badawczy dla wielu naukowcow na catym $wiecie,
a od szeregu lat obserwuje si¢ wzrost zainteresowania ta problematyka. Wiaza¢ to nalezy z mozliwoscia
lokalizowania w gorotworze solnym r6znych obiektow strategicznych m.in. sktadowisk odpadow czy magazynow
substancji uzytecznych. Do tego celu szczegoélnie nadaja si¢ cechsztynskie wysady solne wystgpujace na Nizu
Polskim. Duze miazszo$ci mas solnych, ich zwigzto$¢ oraz chemiczna oboje¢tno$¢ umozliwiaja bezzbiornikowe
magazynowanie substancji ropopochodnych i gazow.

Z punktu widzenia dtugotrwatej statecznosci magazynu, konieczna wydaje si¢ geomechaniczna ocena goro-
tworu dla znajomosci jego zachowania si¢ w warunkach rzeczywistych. Zwykle oceng taka przeprowadza sig za
pomoca modelowania numerycznego opierajac si¢ na wynikach badan laboratoryjnych, usrednionych na cate
ztoze. Skomplikowana tektonika oraz zréznicowana litologia w obrgbie wysadu solnego powoduje koniecznosé
generalizacji ztoza, a wige i otrzymanych parametrow mechanicznych. W rzeczywistosci skaty wchodzace w sktad
gorotworu solnego znacznie rdznia si¢ od siebie, zwlaszcza wlasciwosciami geomechanicznymi.

Artykut przedstawia wyniki badan nad wtasciwosciami geomechanicznymi skat z wysadu solnego Mogilno,
na podstawie badan laboratoryjnych, w ktorych skupiono si¢ na wyznaczeniu zalezno$ci migdzy stanem na-
prezenia i stanem odksztalcenia oraz przebiegu proceséw reologicznych dla rdéznych typow skal. Do realizacji
takiego celu wybrano badania jednoosiowego $ciskania i pelzania, poniewaz w roznych laboratoriach catego
$wiata to najczeSciej one stanowia podstawe do okreslenia wiasciwosci geomechanicznych. Uzyskane para-
metry postuzyly takze do poréwnania ich z solami innych, lepiej rozpoznanych struktur. Ztoze soli kamiennej
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»Mogilno I”, stanowiace potudniowo-wschodnia cz¢$¢ struktury, nigdy nie bylo rozpoznawane pod katem la-
boratoryjnych badan geomechanicznych, pomimo ponad dwudziestoletniej historii robot gorniczych na tym
obszarze. Badania takie wykonywane byty jedynie dla ztoza ,,Mogilno II” (Kteczek, Flisiak 1986), gdzie zlo-
kalizowany jest podziemny magazyn gazu. Badania wtasciwosci mechanicznych soli prowadzono réowniez dla
ztoza Lubien Kujawski (Kteczek i in. 1978) oraz wysadu Goéra, dla ktorego zrealizowano najwigkszy zakres badan
(Kortas, Branka 1999; Branka i in. 2000).

Badania laboratoryjne wtasciwo$ci mechanicznych soli zostaly przeprowadzone w Katedrze Geomechaniki,
Budownictwa i Geotechniki Akademii Gorniczo-Hutniczej w Krakowie (Grzybowski 2007). Materiat do badan
pochodzit z odwierconego w 2006 roku otworu badawczo-eksploatacyjnego M-24 do glebokosci 1923 m, czyli
o ponad 500 m glebiej niz otwory odwiercone dotychczas w ztozu Mogilno 1. Ponadto wykonano inne badania
rdzenia wiertniczego: makroskopowy opis litologii, analizy bromowe i analizy chemiczne, a takze profilowanie
geofizyczne w otworze, majace na celu rozpoznanie budowy geologicznej w bezposrednim otoczeniu otworu
(rys. 2).

Do badan laboratoryjnych wybrano 28 odcinkéow (NNS) o zréznicowane;j litologii z przedziatu glgbokosci
353,8-1905,8 m. Wérod nich skaty cyklotemu PZ2, reprezentowane przez sol kamienna szara i jasnoszara,
roznoziarnista z solami krysztalowymi wilacznie, skaty soli mtodszych i najmtodszych, w réznym stopniu zanie-
czyszczonych, takze zubry (sole ilaste) oraz anhydryty. Tak duza réznorodnos$¢ skat jest szczegdlnie widoczna
podczas analizy wynikow badan cigzaru objgtosciowego. Rozrzut wartosci dla soli kamiennej wynosi od 20,96 do
22,36 kN/m3, a dla anhydrytu od 28,8 do 29,4 kN/m3.

Zgodnie z metodyka opracowana w AGH, z rdzenia wykonano 34 probki o $rednicy 55,0 + 0,1 mm i wysokosci
110,0 + 0,1 mm, metoda toczenia na sucho, z zachowaniem réwnolegtosci podstaw i przeznaczono do testow
jednoosiowego $ciskania i krotkotrwatego pelzania. Material, ktory pozostal z cigcia rdzenia, rozpuszczono
w wodzie dejonizowanej i dla czgsci nierozpuszczalnych wykonano analiz¢ ilosciowa oraz jakosciowa. Dla
wszystkich probek okreslono procentowy udziat frakcji nierozpuszczalnej, nastgpnie dla 6 réznych litotypow
wykonano badania rentgenowskie, dla ustalenia sktadu mineralnego. Badania RTG zostaty wykonane w Instytucie
Geologii UAM w Poznaniu.

Efektem prob jednoosiowego sSciskania bylo okreslenie naprgzen niszczacych R, granicy dylatancji oraz
charakterystyki deformacyjno-napr¢zeniowej dla kazdej probki. Na podstawie analizy przebiegu krzywych od-
ksztatcen pionowych &, poziomych &, i objgtosciowych €, okreslono parametry odksztatceniowe zgodnie z wy-
tycznymi ISRM: modut Younga, jako $redni w przedziale naprezen 20-80% R, oraz liczbg Poissona w zakresie
liniowosci odksztatcen poprzecznych (tab. 1 i rys. 3).

Proby petzania zrealizowano jako testy krotkotrwate, ze stopniowym dociazaniem po kazdym etapie dwu-
godzinnego petzania. Majac na uwadze stwierdzona w probach jednoosiowego $ciskania anizotropig odksztatcen
radialnych, ich pomiar wykonywano w dwoch wzajemnie prostopadtych kierunkach, ustalajac je na drodze oceny
makroskopowej utozenia ziaren. Wszystkie probki byty obciazone jednakowymi sitami osiowymi: 8, 16, 24, 32,
40, 48 kN. W wyniku okreslono predkosci pelzania zaleznie od stratygrafii i wielko$ci napregzen (rys. 51 6).

Analiza wynikow badan i ich odniesienie do wlasciwosci mechanicznych soli kamiennej z innych zt6z (tab. 2)
pozwolily na sformutowanie zarowno szczegétowych wnioskow o zwiazku wyksztatcenia litologicznego z za-
chowaniem sig probek, jak i wnioskow o charakterze ogdlnym. W szczegodlnosci stwierdzono, ze zachowanie sig
badanych skal w przeprowadzonych probach nie odbiega od zachowania soli kamiennych z innych zt6z. Zwraca
uwagg duzy rozrzut warto$ci pomigdzy poszczegdlnymi litotypami, co zapewne ma zwiazek ze struktura skaty.
Najwigksza wytrzymato$¢ posiadaja starsze sole kamienne, stabsze sa sole najmlodsze. Bardzo niekorzystne
wilasciwos$ci wykazuja sole starsze krysztatowe, gdzie rozluznienie struktury krystalicznej nastgpuje przy niskich
warto$ciach naprezen. Sciskaniu probek towarzysza duze deformacje, przy czym udziat odksztatcen sprezystych
w catkowitym odksztatceniu jest bardzo maty. Sole kamienne wykazuja znaczaca anizotropig odksztatcen, co by¢
moze jest efektem ukierunkowania krysztatdéw. W solach krysztatowych dodatkowo potggowane jest to poprzez
tatwe odspajanie sig¢ od siebie pojedynczych krysztalow. Dylatancja pojawia si¢ przy naprgzeniach od 5 do 30%
wytrzymato$ci, przy czym rozproszenie wartosci liczbowych jest duze nawet w przypadku skat o podobnej
budowie litologicznej. Obliczone predkosci petzania wykazuja nieliniowa zaleznos¢ od przytozonego obciazenia.
Ponadto zalezy ona od litologii skaly, przy czym decydujacy wptyw ma udziat i rozktad zanieczyszczen, a czyste
sole osiagaja najwigksze przyrosty odksztatcen.
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Do skat o zupetie innych wlasciwosciach mechanicznych nalezy zaliczy¢ anhydryt i sole ilaste. Ich charak-
terystyki mozna prawie w catym zakresie obciazen przyblizy¢ linia prosta, a wzrost objgtosci nastgpuje przy
wyzszych napre¢zeniach.

Zréznicowanie wartosci liczbowych poszczegdlnych parametrow wskazuje, ze do obliczen modelowych
nalezy takze uwzglednia¢ aktualny stan warunkow geologiczno-inzynierskich. W zwiazku z tym we wszystkich
nowych otworach jest niezbgdne uzyskiwanie jak najwigkszej ilosci informacji odnosnie litologii oraz cha-
rakterystyki mechanicznej wszystkich skat wchodzacych w sktad gorotworu solnego.

MECHANICAL PROPERTIES OF ROCK SALT FROM MOGILNO SALT DOME
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Rock salt, laboratory tests, strength and deformability, lithology, Mogilno salt dome

Abstract

The study presents results of laboratory testing of geomechanical properties for different rock types from
the Mogilno salt bed, focusing on the determination of a dependence between the state of stress and the state of
strain and on the description of the course of rheological processes. To realize this objective it was decided to
study uniaxial compression and creep, constituting the basis for the determination of geomechanical properties.
Recorded parameters were also used for comparison with those of salts in other bed structures. The Mogilno I rock
salt bed, constituting the south-eastern part of the structure, had never been investigated in laboratory testing of
geomechanical properties, in spite of the 20-year history of mining works in that area. Such studies were performed
for the Mogilno II bed, where the Mogilno Underground Cavern Gas Storage Facility is located.

The behaviour of analyzed rocks in conducted tests did not differ from that of rock salts from other beds.
A large scatter of values between individual lithotypes needs to be stressed, which is probably connected with rock
texture. Results presented here have considerable value for pure science, although they may not be used in case of
engineering calculations. Such calculations also have to include the current state of geological and engineering
conditions. Thus, it is necessary to obtain the biggest possible amount of information on lithology and mechanical
characteristics of all rocks contained in the salt orogen.



