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Abstract: The paper describes the results of laboratory tests of the strength of salt samples 
made as part of the HESTOR project in order to determine the mechanical parameters of 
salt. The tests were carried out using an Autolab 2000 apparatus which allows to simulate 
any load cycles. The tests were made by simulating the operation of the hydrogen storage 
cavern. In order to observe the differences in salt behavior depending on the sample medi-
um being stored during the test, gases were supplied: nitrogen, as an analogue of natural 
gas, and helium as a hydrogen analogue. 
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1.  Introduction
Strength tests to determine the mechanical parameters 
of salt were made using an Autolab 2000. The tests were 
carried out for both the “pure” salt sample and the sam-
ples to which nitrogen was supplied, as an analogue of 
natural gas and helium as a hydrogen analogue [1].

Autolab 2000 is a specialist apparatus for testing the 
strength and petrophysical properties of rock samples, ena-
bling the implementation of any load scenario in a triaxial 
stress system. The apparatus allows the examination of sam-
ples with a maximum core diameter of 102 mm (4 inches) 
and a length of up to 177.8 mm (7 inches). The maximum 
axial load on the tested core is up to 1890 kN, with the 
maximum sealing pressure up to 140 MPa. The maximum 
pore pressure in the core under test is also 140 MPa [2]. 

Measurements of mechanical properties of salt 
samples cut from selected locations consisted of plac-
ing a sample prepared in the form of a cylinder with 
a diameter of 1.5 inch and a height of 3–3.5 inch, so that 
the slenderness 2 (the height of the sample to its diam-
eter) was preserved, in a special rubber flange, which 
from the bottom and top is closed with steel pivots. Spe-
cial rings are mounted on them to place the LVDT sen-
sors around the sample, and then place it in the appara-
tus. The prepared salt sample is placed on the apparatus 
table (presented in Fig. 1) to which LVDT sensors are 
connected, which makes it possible to read the sensors 
in real-time using specialized software [2]. 

Fig. 1. The prepared salt sample during placement  
in the Autolab 2000 measuring cylinder

The sample placed on the table is closed into the 
pressure chamber of the apparatus. The chamber is 
filled with oil which creates peripheral pressure (seal 
pressure) around the sample. Then, by controlling the 
movable piston, pressure is applied to the salt sample 
previously described by distances, whereby the axial 
stresses in the test sample are induced. On  the basis 
of readings from linear and peripheral strain sensors, 
the computer software processes the obtained results. 
Thanks to this it is possible to determine mechanical 
parameters during a given measurement cycle [2].

2.  Laboratory tests of 
mechanical parameters of  
samples of salt cores 
as an elastic-plastic-viscous 
medium  
in cyclic load processes

To perform laboratory tests of mechanical properties, 
samples were selected from three different locations 
of the Polkowice-Sieroszowice Mine, representing 
various crystallographic salt structures [3–6]. Samples 
were made in the form of a cylinder with a diameter 
of 38.1 mm (1.5 inch) and a height of approx. 86 mm 
(3.4 inch), which were adjusted to the requirements of 
the Autolab 2000 apparatus [2].

The following sample description scheme was 
adopted: PS7, US2, SG2 indicates the location from 
which the given sample originated. Roman number I, 
II, III indicate the number of the sample that has been 
tested. The Arabic number 1, 2, 3 indicates the next test 
number for the given sample. Investigations of mechan-
ical properties of salts from selected locations were con-
ducted in short-term load cycles using the same scenario 
for selected samples. In the case of samples where no gas 
was supplied, a confining pressure was set to 10 MPa.

For samples where gas (nitrogen or helium) was 
supplied at pressure 5 MPa, the confining pressure was 
increased to 15 MPa to maintain the same test condi-
tions as for the “clean” samples. For all samples, the ver-
tical pressure was set at the beginning of the test so that 
the piston loading the sample adhered to it but did not 
load it – without any initial deformation.

The test scenario was as follows: after setting the 
confining pressure (and the saturation pressure), the 
salt sample was left until the deformations observed in 
the graph (live data) showing that the sensors remained 
unchanged. Depending on the sample, it took 0.5–2.5 h. 
In the next step, the axial load of the sample was set by 
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changing the pressure exerted by the piston loading the 
sample (the pressure exerted by the piston). The amplitude 
of this load was 4 MPa. After reaching 4 MPa, the load 
was removed. For the tests, a load speed of 0.006 MPa/s 
was adopted, i.e. the loading time was 666.7 s and the 
same unloading time. In order to compare the impact of 
the speed of a given load on the obtained results, during 
the tests it was decided that for one load of the same sam-
ple, a 10× speed higher, i.e. 0.06 MPa/s, would be used. 
The loading time of the sample in this case was therefore 
66.7 s and the same unloading time. Each of the tested 
samples was loaded 3 times, with a 48–72 hour period 
between successive loads. At that time, the sample was 
removed from the apparatus – unloaded.

It should be emphasized that the adopted research 
scenarios assumed non-destructive testing, as the sam-
ples used were to be comparably tested to determine 
permeability. Therefore, the tests were performed in 
the lower range of loads used for salt, which translates 
into Young’s modules being obtained which belong to 
this load range. At higher loads and relieves, the values 
obtained can be greater, even five times as much.

The tests were performed using LVDT (Linear 
Variable Displacement Transducer Test) sensors. These 
sensors operate on the principle of an induction coil 
producing 0–10 V voltage. Through the software, the 
signal from the sensors is converted into a displace-
ment value. Each time the prepared sample was placed 
on the Autolab 2000 table, the LVDT sensors were cal-
ibrated by placing the sensor core as close as possible 
to the center of the coil. The calibration was made by 
setting a voltage close to 1.5 V for axial sensors and a 
value close to 5 V for a radial sensor, so that the range of 
sensor readings was as large and as accurate as possible. 
However, the high sensitivity of the sensors means that 
even after the calibration is carried out directly on the 
sample, there is the phenomenon of “initial deforma-
tion” of the sample that can also be caused by the reac-
tion of the sensors to apply the initial axial pressure to 
the sample (touching the sample by the loading piston).

During the test, the readings of deformation val-
ues of samples from 2 linear strain sensors (LVDT1, 
LVDT2) and a radial strain sensor (LVDT3) were car-
ried out. The examples of data from LVDT sensors 
obtained during testing are shown in the diagrams pre-
sented in Figures 3, 5 and 7. With the use of LVDT sen-
sors, the computer software allows the reading of axi-
al deformations (change of sample height) and radial 
(change of sample diameter) as the ratio of the sample 
height/diameter (before the start of the test) to the cur-
rent value of this parameter. 

� �
�l
l

 
(1)

The accuracy of LVDT sensors allowed us to 
obtain results with an accuracy of 10–16, hence the unit 
in which the presented results in the graphs is “1mε” 
(as described in the Autolab 2000 charts), i.e. 1‰. On 
the basis of readings from sensors inside the apparatus 
allowing control over the pressure loading the sample, 
the software automatically determines the values of the 
Young’s modulus and Poisson’s coefficient for the test-
ed sample. In combination with the high sensitivity of 
LVDT sensors, the Autolab 2000 apparatus allows the 
values of these coefficients to be obtained with an accu-
racy of 10−9, however for the purpose of determining 
these parameters for salt, such high accuracy is not 
required, hence the accuracy of these 10−3 values in the 
results presented in Tables 1–3 [2].

3. Test results

Sample PS7

Sample PS7 is presented in Figure 2. This is a very clean 
sample with large salt crystals, a white-colored crystal. 
The halite crystals have sizes up to 3 cm. Their outlines 
are xenomorphic, uneven and show no elongation. 
Occasionally, pollutants appear in the form of small 
anhydrite streaks distributed along the boundaries of 
the halite crystals [5].

Fig. 2. Sample PS7 – halite crystals have sizes up to 3 cm. 
Their outlines are xenomorphic and showing no elongation

The example of deformation diagram obtained dur-
ing the tests of samples PS7 are presented on Figure 3.  
The diagram include direct readings from sensors 
LVDT1, LVDT2 (axial deformations – decrease of the 
sample height), LVDT3 (radial deformations – reduc-
tion of the sample diameter). When comparing individ-
ual diagrams, it can be noticed that axial deformations 
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during the tests for samples from this location did not 
exceed 0.3‰. After unloading the sample, its total strain 
did not exceed 0.15‰. However, radial deformations 

only occurred when the maximum load of the sample 
was reached. After relieving the samples, they returned 
to their original level.

Fig. 3. The reading diagram from sensors LVDT 1, 2, 3 obtained during the test for sample PS7-I 3

Table 1. Results obtained during testing the PS7 sample

Sample
Sample  

diameter 
[mm]

Sample 
height 
[mm]

ν E [GPa] Tempera-
ture [°C]

Pore 
pressure 
[MPa]

Confining 
pressure 
[MPa]

Gas in the 
pores

Loading  
speed 

[MPa/s]

Ps7-I 1 38.15 86.85 0.205 13.790 16.809 0.00 10.175 none 0.006

Ps7-I 2 38.15 86.85 0.133 8.659 16.311 0.00 10.153 none 0.006

Ps7-I 3 38.15 86.85 0.181 9.605 16.113 0.00 10.153 none 0.06

Ps7-II 1 38.10 86.80 0.225 26.989 17.145 5.00 15.186 N2 0.06

Ps7-II 2 38.10 86.80 0.229 26.824 16.347 5.00 15.181 N2 0.06

Ps7-II 3 38.10 86.80 0.207 20.866 16.604 5.00 15.173 N2 0.006

Ps7-III 1 38.05 86.65 0.230 21.162 16.563 5.00 15.185 He 0.06

Ps7-III 2 38.05 86.65 0.235 15.793 16.873 5.00 15.191 He 0.006

Ps7-III 3 38.05 86.65 0.248 21.197 16.2996 5.00 15.174 He 0.06
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In samples from the PS7 location (Tab. 1), Pois-
son’s values obtained during tests of “clean” and gas-sat-
urated samples fluctuated in the range of 0.13–0.24, 
while the Young’s modulus for samples without satura-
tion varies between 8.65–13.78 GPa. For samples “with 
helium”: 15.7–21.19 GPa, and the highest value was 
obtained for samples which were saturated with nitro-
gen: 20.86–26.98 GPa.

On the basis of the obtained results, it can be 
concluded that the gas saturation has no  effect on 
the change of the Poisson coefficient, while the salt 
subjected to gas saturation shows an increase in the 
Young’s modulus. The spread of the obtained results, 
both for nitrogen and helium, does not allow for 
unambiguous confirmation of whether the type of 
gas used affects the differences in the Young’s mod-
ulus obtained.

Sample US2

This sample is presented in Figure 4. It is a light gray, 
medium and coarse crystalline salt with halite crystals 
up to 1 cm. A rock with a random texture, in places the 
halite crystals have a slight elongation. After a few hits 
the sample becomes crumbly, “sugary” [7].

Fig.  4. Sample from the US2 location – in the picture visible 
light gray, medium-crystalline salt construction

The example graph of deformations of samples 
from the US2 location during the tests are presented in 
Figure 5. The deformation scale for US2 samples does 
not exceed 0.3‰ relative to the state at the beginning 
of the load cycle.

It should be noted that the LDVT1, LDVT2 dia-
grams for US2 and 1, 2, 3 trials show only a very low 
amplitude, which is due to the large y-axis range. The 
large “initial deformation” of the US2-I sample is prob-
ably caused by inaccurate calibration of the sensors 
before the start of the test, hence the high “initial strain” 
value for this sample [8].

Fig.  5. The reading diagram from sensors LVDT 1, 2, 3 obtained during the test for sample US2-II 1
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Table 2. Results obtained during testing the US2 sample

Sample
Sample 

diameter 
[mm]

Sample 
height 
[mm]

ν E [GPa] Tempera-
ture [°C]

Pore 
pressure 
[MPa]

Confining 
pressure 
[MPa]

Gas in the 
pores

Loading 
speed 

[MPa/s]

US2-I 1 38.05 86.00 0.303 6.361 17.189 5.00 12.226 N2 0.06

US2-I 2 38.05 86.00 0.304 4.137 17.550 5.00 15.254 N2 0.006

US2-I 3 38.05 86.00 0.323 5.792 17.431 5.00 15.272 N2 0.006

US2-II 1 38.50 88.25 0.181 9.624 16.921 5.00 15.254 He 0.06

US2-II 2 38.50 88.25 0.250 12.661 17.000 5.00 15.222 He 0.06

US2-II 3 38.50 88.25 0.208 7.205 16.436 5.00 15.230 He 0.006

US2-III 1 38.15 85.75 0.268 11.776 16.851 0.00 10.163 none 0.06

US2-III 2 38.15 85.75 0.298 8.108 16.482 0.00 10.167 none 0.006

US2-III 3 38.15 85.75 0.310 14.494 16.661 0.00 10.177 none 0.006

For the “clean” samples from US2 location (Tab. 2), 
Poisson’s ratios of 0.26–0.31 were obtained, for sam-
ples saturated with nitrogen: 0.30–0.32, while for heli-
um-saturated samples, the values   of this coefficient var-
ied within 0.18–0.25.

The Young’s modulus values   were respectively: 8.1–
14.5 GPa for “pure” samples, 4.13–6.36 GPa for samples 
saturated with nitrogen, 7.2–12.66 GPa for samples sat-
urated with helium. On the basis of the obtained results, 
in the case of Poisson’s coefficient one can notice a slight 
decrease in its value with samples with helium. Howev-
er, on the basis of the value of this coefficient obtained 
for the “pure” and saturated with nitrogen, the effect of 
gas saturation on the change of the Poisson coefficient 
cannot be confirmed.

In the case of Young’s modulus, the lowest values   of 
this parameter were obtained for samples saturated with 
nitrogen, which may indicate a weakening of the geome-
chanical properties of salts under the influence of gas. 
However, already the comparison of the values   obtained 
for “pure” and helium samples, the differences in the val-
ues   of this parameter are not so clear and do not allow 
unambiguous confirmation of this conclusion.

Sample SG2

A sample of white or light gray medium crystals with 
a random texture (Fig. 6). The sample is similar to sam-
ple US2, and after a few hits it becomes scattered. The 
halite crystals have sizes of about 3 to 7 mm [7].

A sample deformation diagram obtained during 
the tests of samples from the SG2 location is present-

ed in Figure 7. When comparing individual diagrams, 
it can be noticed that the scale of axial deformations 
during the tests, for samples from this location did not 
exceed 0.3‰, while radial deformations for SG2 sam-
ples were practically non-existent.

For the “clean” samples from SG2 location 
(Tab. 3), Poisson’s values   of 0.05–0.10 were obtained, 
for samples saturated with nitrogen: 0.13–0.21, while 
for samples saturated with helium, values   of this coef-
ficient were obtained: 0.13–0.22. In the case of Young’s 
modulus, the values   were respectively: 13.05–14.06 
GPa for “pure” samples, 19.98–25.12 GPa for nitrogen 
saturated samples and 22.23–30.62 GPa for helium 
saturated samples.

Fig. 6. Salt sample SG2. The picture shows a disorderly,  
medium-crystalline salt structure

In the case of samples from this location, a large 
difference in the obtained parameter values   is notice-
able compared to the tested salt samples from other 
locations. This may be due to the significant differences 



11

Determination of mechanical parameters of salts in the cyclic load processes corresponding to the operation...

in the mechanical properties of the salt from this loca-
tion, which can be influenced by inclusions inside all of 
the salt samples from this location. In the case of sam-
ples saturated with nitrogen and helium, there is also 

a clear increase in the value of the tested parameters, 
however, based on the conducted tests it is impossible 
to clearly indicate whether the type of gas used affects 
the values   obtained.

Fig. 7. The reading diagram from sensors LVDT 1, 2, 3 obtained during the test for sample SG2-I 1

Table 3. Results obtained during testing the SG2 sample

Sample
Sample 

diameter 
[mm]

Sample 
height 
[mm]

ν E [GPa] Tempera-
ture [°C]

Pore 
pressure 
[MPa]

Confining 
pressure 
[MPa]

Gas in the 
pores

Loading 
speed 

[MPa/s]

SG2-I 1 38.05 86.02 0.056 13.377 17.278 0.00 10.205 none 0.006

SG2-I 2 38.05 86.02 0.105 14.060 17.142 0.00 10.200 none 0.06

SG2-I 3 38.05 86.02 0.096 13.058 16.101 0.00 10.145 none 0.06

SG2-II 1 38.15 85.8 0.132 23.176 15.667 5.00 15.188 N2 0.006

SG2-II 2 38.15 85.8 0.163 19.984 17.689 5.00 15.251 N2 0.006

SG2-II 3 38.15 85.8 0.215 25.120 13.584 5.00 15.101 N2 0.06

SG2-III 1 38.17 86.91 0.156 30.615 17.149 5.00 15.204 He 0.006

SG2-III 2 38.17 86.91 0.134 22.231 16.175 5.00 15.195 He 0.006

SG2-III 3 38.17 86.91 0.218 26.785 12.933 5.00 15.121 He 0.06
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4.  Conclusions
The results of mechanical properties tests for samples 
from the US2 location confirm the average values of the 
Young’s Module obtained so far in uniaxial mechanical tests 
(E ≈ 8 GPa). However, for samples from the location of SG2, 
PS7, higher values of the Young’s modulus were obtained, 
which may be due to the overly large number of crystals in 
relation to the total size of the tested sample or/also a larg-
er number of anhydrite inclusions inside the salt samples.

During the tests, the long relaxation time of the salt 
was indirectly confirmed – for the tested samples at the 
repetition of the load cycle even after 2–3 days higher val-
ues of the Young’s modulus were obtained. It may also be 
due to stress reinforcement of the sample. On the other 
hand, the Poisson ratio was similar for each specific sample.

During the determination of the Poisson ratio, 
similar values were obtained for the majority of samples 
ranging from 0.1 to 0.3. This may indicate that the con-
struction of salt crystallographic salt does not directly 
affect the value of this coefficient [9].

During the tests carried out with the use of two 
sample loading speeds (0.006 MPa/s and 0.06 MPa/s), 
no unambiguous effect of the speed of the given load 
on the obtained values of mechanical parameters of the 
tested samples was observed.

The results of laboratory tests of mechanical 
properties with nitrogen and helium saturation did 
not show significant differences in the mechanical 
parameters tested. It confirms that it is possible to 
store hydrogen in salt caverns and the storage will not 
be significantly different from the case of natural gas 
storage [10].

Funding: This research was funded by National Centre 
for Research and Development (Grant No.  GEKON1/
O2/214140/23/2015).

Acknowledgments: The author would like gratefully 
acknowledge the financial support from the Nation-
al Centre for Research and Development (Grant  
No.  GEKON1/O2/214140/23/2015).

References

[1] Schlichtenmayer M., Bannach A.: Renewable Energy Storage in Salt Caverns – Behavior Comparison of Methane, 
Hydrogen and Air in Rock Salt. SMRI Research Project Report RR2015-1, 2015. Freiberg, Germany. 

[2] Polański K., Serbin K., Smulski R., Wiśniowski R., Stryczek S., Urbańczyk K., Burliga S., Lankof L., Kuźniar-
-Klimkowska A., Węgrzynek A., Piotrowski M.: Magazynowanie energii w postaci wodoru w kawernach solnych, 
Zadanie 3: Badania laboratoryjne i in-situ dla określenia warunków szczelności kawerny magazynowej. Sprawoz-
danie z prac wykonanych w okresie II 2015–IX 2017 przez zespół Akademii Górniczo-Hutniczej im. Stanisława 
Staszica w Krakowie. Kraków 2017, pp. 83–126.

[3] Burliga S.: Internal structure of subhorizontal bedded rock salt formation in the area of Sieroszowice – meso- and 
micro-structural investigations. Gospodarka Surowcami Mineralnymi, vol. 23,  2007, pp. 51–64.

[4] Kłeczek Z., Zeljaś D.: Naukowe podstawy i praktyczne zasady budowy w Polsce podziemnego składowiska odpa-
dów niebezpiecznych (Scientific basis for and practical principles of construction Poland underground repository of 
hazardous waste), [in:] R. Zając (red.), Innowacyjne techniki i technologie mechanizacyjne. Monografia. Instytut 
Techniki Górniczej KOMAG, Gliwice 2012, vol. 12, pp. 217–219.

[5] Ślizowski J., Urbańczyk K., Lankof L., Serbin K.: Analiza zmienności polskich pokładów soli kamiennej w aspekcie 
magazynowania gazu. Wiertnictwo, Nafta, Gaz, vol. 28, no. 1–2, 2011, pp. 431–443.

[6] Ślizowski J., Wojtuszewska K., Wiśniewska M.: Pojemność komór magazynowych gazu w pokładowych złożach soli 
na monoklinie przedsudeckiej. Zeszyty Naukowe IGSMiE PAN, 2009, pp. 5–11.

[7] Stasik I.: W sprawie nomenklatury, terminologii i nazewnictwa skał solnych. Przegląd Geologiczny, vol. 36, no. 5, 
1988, pp. 294–297.

[8] Zeljaś D.: Własności reologiczne soli kamiennej złoża monokliny przedsudeckiej – Rheological properties salt seam 
of Sudetic Monocline, [in:] A. Klich, A. Kozieł (red.), Innowacyjne i przyjazne dla środowiska techniki i technologie 
przeróbki surowców mineralnych: bezpieczeństwo – jakość – efektywność: praca zbiorowa: monografia. Instytut 
Techniki Górniczej KOMAG, Gliwice 2011, pp. 257–267.

[9] Zeljaś D.: How to localize an Underground Gas Storage (UGS) in a salt structure of the Fore-Sudetic Monocline in 
light of its geomechanical properties. AGH Drilling, Oil, Gas, vol. 33, no. 4, 2016,  pp. 699–711. 

[10] Ślizowski J., Smulski R., Nagy S., Burliga S., Polański K.: Tightness of hydrogen storage caverns in salt deposits. 
AGH Drilling, Oil, Gas, vol. 34, no. 2, 2017, pp. 397–409.


