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Fig. 4. A shape of the caverns projected in a 3D numerical model

Fig. 5. The geological structure projected in the numerical model that comprises analysed part of the Mechelin-
ki salt deposit. This figure presents the part of the numerical model which includes the rock salt and the under-

lying anhydrite and the overlying Zechstein beds

were bigger (about 20 m). The boundary conditions of the numerical model were introduced by 
blocking the displacement in the perpendicular direction to the bottom and the side planes. The 
value of the hydrostatic stress changed within the depth from zero at the surface to 33.6 MPa at 
the bottom of the 3D model. 
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3.4. Material models and parameters

The mechanical behavior of the rock mass surrounding the analysed caverns was simulated 
based on the constitutive models and the mechanical parameters of the rock salt and the nonsalt 
rock. The constitutive models of the materials describe the stress-strain behavior in response to 
the applied loads. In numerical modelling, two constitutive models were applied to describe the 
mechanical response of the surrounding rocks on the storage cavern: a two-component Norton 
Power Law with a Mohr-Coulomb plasticity criterion, and the Mohr-Coulomb elastic-plastic 
model. These models were chosen as they reflect the complexity of mining and the geological 
conditions, but also because they simulate the elastic-plastic response of rocks and the viscoelastic-
plastic behavior of rock salt.

The parameters required specifying the material strength and the mechanical behavior for the 
nonsalt rocks and the rock salt were determined in laboratory tests. Four types of materials were 
distinguished for the needs of the numerical modelling: rock salt, anhydrite, rocks e.g. dolomite 
or limestone and soils. The parameters applied to the numerical calculations were based on the 
results of the laboratory tests and literature data (Tab. 1). 

TABLE 1

Mechanical parameters applied in the geomechanical analysis

Parameters Anhydrite Rocks Soils Rock salt
Bulk density [kg/m3] 24 24 24 24

Young’s modulus [MPa] 12 000 10 000 100 5 000
Poisson’s ratio [-] 0.20 0.25 0.25 0.45
Cohesion [kPa] 4 000 5 000 10 10 990

Internal friction angle [°] 35 40 25 36.4
Tensile strength [kPa] 1 000 2 000 10 2 000

In addition, creep parameters for rock salt (determined in laboratory tests and calculated 
based on the Norton Power law) were n = 5.0 and A = 1.08 ·10–45 Pa–5.0 s–1. 

3.5. The conditions of stability analysis

Stability analyses were carried out for a period of 9,5 years, and consisted of three phases: 
leaching, 4 years when the caverns were filled with brine and 5 pressure cycles when the cavern 
pressure oscillates between the minimum 4 MPa to the maximum 17.5 MPa. Numerical analysis 
was performed for each cavern separately and for the group of all three caverns altogether as 
well (K-6, K-8, K-9).

A stability assessment of the caverns included the determination of the strength/stress ratio, 
the displacements, the von Mises stress and the vertical stress. The strength/stress ratio analysis 
has indicated the endangered area in the sidewalls of all analysed caverns and in its surrounding. 
The strength/stress ratio equal to 1.0 implies a cavern failure. Consequently, the strength/stress 
ratio is called a factor of safety. Displacements at the sidewalls as well as at the bottom and the 
roof of the caverns in different cross-sections were analysed. The displacements illustrate the 
decrease in the cavern volume with time  (cavern convergence) caused by the salt creep. Moreo-
ver, the von Mises stress and the vertical stress were calculated in order to evaluate the stability 
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Fig. 6. Maximal values of displacements for each cavern immediately after leaching. The highest values of 
displacement are circled in black
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Fig. 7. The maximal values of displacements for each cavern at the end of the operation period 
(after 9.5 years). The highest values of displacement are circled in black
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Fig. 8. The maximal values of displacements for the group of caverns at the end of the brine storage period 
(after 4 years). Displacements above 20 cm are marked in red
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Fig. 9. Maps of the von Mises stress for each cavern at the end of the operation period (after 9.5 years). 
The highest values of the von Mises stress are circled in black
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Fig. 10. Maps of the von Mises stress for a group of caverns at the end of the brine storage period 
(after 4 years). Areas characterised by the von Mises stress of 25.0 MPa are circled in yellow
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Fig. 11. Map of the vertical stress for a group of caverns at the end of the brine storage period 
(after 4 years). The highest values of vertical stress are marked in light green
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to the zones in which the diameter of caverns changes significantly (in a vertical cross-section) 
and irregularities in cavern shape are visible. The maximal value of the von Mises stress in these 
zones is 9.0 MPa. Other areas of stress concentration, where the von Mises stress value reaches 
11.4 MPa (K-8 cavern), are located below the caverns bottom, at the lower anhydrite layer (A1d). 

In the numerical calculations performed for the group of all three caverns, the expected 
values of the von Mises stress are higher than determined in the analysis performed for each 
cavern separately, and locally reach 25.0 MPa at the end of the brine storage period (Fig. 10). The 
higher von Misses stress value results from different conditions during the performed numerical 
calculations. In the numerical analysis performed for the group of caverns, the interaction between 
the caverns and the additional stress concentrations were assumed.

Moreover, the maximum vertical stress determined for the group of the three analysed caverns 
amounts to 30.0 MPa at the end of the completion period and 26.0 MPa at the end of the brine 
period. The indicated areas, characterised the by maximal value of the vertical stress, are connected 
with the changes in the shape of the caverns. It was indicated that stress is concentrated in these 
areas where a cavern diameter changes within a few meters (in the vertical cross-section). The 
determined areas are more extensive in the first period (immediately after leaching). On the map 
(Fig. 11) there are five zones associated with the irregularities in the shape of caverns, including 
the contact between rock salt and anhydrite interbeds. In the second period (brine storage period), 
there are three areas associated with contact zones. 

In addition, the convergence for all caverns was calculated. The rate of convergence in 
the studied caverns was the highest (0.6%) immediately after leaching and gradually decreased 
with time. The average convergence at the end of the brine storage period is expected to reach 
1.63%. At the end of operation period (after 9.5 years), the predicted convergence of each cavern 
amounts to: 4.82% for the K-9 cavern, 4.68% for the K-6 cavern and 4.46% for the K-8 cavern.

Finally, the strength/stress ratio, which is considered being a safety factor, in the rock mass 
surrounding the caverns was analysed for each cavern. The strength/stress ratio ranged from 
3.5 to 4 at  sidewalls of caverns, however this value locally dropped to 2.5. The low value of 
the safety factor is associated with the area where a shape of caverns is irregular (Fig. 12). The 
results determined for each cavern were confirmed by an analysis performed for the group of 
all three caverns (Fig. 13). 

5. Conclusions

The results of the 3D numerical modelling had indicated that the stability and integrity of 
the analysed caverns are not expected to be affected in the assumed operation conditions and time 
period (9.5 years). The strength/stress ratio (considered as a factor of safety) in the rock mass 
surrounding the analysed caverns is predicted to reach 3.5-4.0. In the areas where the  shape of 
caverns is irregular, the strength/stress ratio decreases to 2.5. However, these areas occur locally 
and are associated with the completion period (immediately after leaching). Consequently, these 
local decreases, when considered as a factor of safety, are not expected to have a significant 
influence on the long term stability of the caverns.  

The predicted distribution of the von Mises stress that is equivalent to the primary and the 
secondary creep rate is differentiated within the rock salt and the nonsalt rocks surrounding the 
analysed caverns. The highest value of the von Mises stress is associated with the lower anhydrite 
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Fig. 12. Map of strength/stress ratio for each cavern immediately after leaching. 
Areas with low strength/stress ratio are circled in black
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Fig. 13. Map of strength/stress ratio for the group of caverns immediately after leaching. 
Low strength/stress ratio areas are marked in dark blue






