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O. SUMMARY 

The salt diapir at LI. Torup was investigated by D.O.N.G. 

in 1978 to 1981 for the possible use as base rock for deve­

lopment of caverns. The geological and geophysical investi­

gations consisted of a 12-fold reconnaissance seismic sur­

vey, to supplement previous seismic surveys, a densely spa­

ced surface - gravity survey and the drilling of 8 bore­

holes of which the 6 were prepared for a subsequent leach­

ing. A geological model has been developed based on the o­

riented drill cores taken in each drill hole. The inclina­

tion (dip and strike) of the salt structure was measured to 

700 C - 90 0 C leading to reduced compression yield stress, 

when loading the cores uniaxial and made further triaxial 

test necessary. 

The Danish Authorities (DEA) participated in the interpre­

tation of the initial results and a set of guidelines were 

issued as a frame of regulations for the design of ca­

verns. Based on extensive laboratory test programmes the 

caverns were designed, using Finite Element Calculation 

Programmes and a set of material laws, (S. Krenk, Menzel/ 

Schreiner, Burger's modified). Presentation of the major 

findings are that no stability rupture will occur but sub­

stantial creep is to be suspected if internal pressure 

falls to around 8 MPa. 

The layout of the gas plant includes intake pump station 

and dilution station at Virksund, leaching water and brine 

discharge pipelines, high pressure leaching facilities and 

blanket gas installations. A thorough design procedure has 

been followed through basic design, technical notes on de­

tail investigations and latest detailed design. 
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1. INTRODUCTION 

The Danish natural gas project was initiated with the for­

mation of the limited company "DANSK OLIE & NATURGAS" in 

1972 for the commercial use of the natural gas production 

at the "DAN-feltet". However, the feasibility studies and 

the technical viability of the project as part of the 

Government's energy plan of 1976 permitted the design of 

the system to start only in 1978. In March 1979 a contract 

between D.O.N.G. and D.U.C. was signed on a gas volume of 

55 mia. m3 to be delivered from 1/10 1984 to 1/10 2009. For 

the gradual introduction of gas into the Danish market 

D.O.N.G. signed with Ruhrgas AG for the delivery of ap­

proximately 200 mio. m3 from 1/10 1982 to 30/9 1986. 

The time schedule for the construction phases are the fol­

lowing: 

1982 Land pipelines and regulator stations on the Fr0s1ev­

Egtved alinement (D.O.N.G.). Distribution net works 

in region south (Naturgas Syd I/S). 

Laying of marine pipelines from Tyra in the North Sea 

to land. 

Laying of pipelines between Jylland and Fyn and be­

tween Fyn and Sj~lland. 

1983 Land pipelines and regulator stations on the Egtved 

Storeb~lt alinement. 

1984 Land pipelines and regulator stations on the Store­

b~lt - Copenhagen alinement and the Egtved-Nybro ali­

nement. 

Completion of the gas treatment plant at Nybro. 

1985 Partial completion of the Egtved - LI. Torup aline­

ment and first cavern leached for gas storage at LI. 

Torup. 
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1986 Land pipelines and regulator stations on the Egtved -

Ll. Torup alinement. Completion of the gas handling 

plant Ll. Torup. 

2. INITIAL STORAGE INVESTIGATIONS 

Investigations of a salt diapir at Ll. Torup (Tostrup salt 

dome) the well To-3 and To-4 gave negative results as to 

the leachability of the salt. The strength of the salt was 

further questioned for the To-5 well as uniaxial strength 

for the Danish salt was far below the strength of German 

salt from the same formations. 

While the well drilling programme was continued, the initi­

al discouraging results gave reason for alternatives being 

considered at Parup in a similar salt diapir or at T0nder 

in a nitrogen filled reservoir. 

3. GEOLOGICAL MODEL 

The Tostrup salt dome is one in a group of around 25 salt 

structures discovered in middle- and northern Jutland by 

geophysical investigations and test drilling. Of these 

structures 16 can be named genuine salt diapirs, the rest 

have not reached the diapiric stage remaining as salt pil­

lows at a depth beyond 2000 meters. The locations of the 

salt diapirs are shown on Fig. 1. 

The nomenclature used for describing the salt layers are 

the German for the North German Zechstein bassin. They are 

from the oldest to the youngest: 

Zechstein 1 (Z-1), the Werra-Series 

- Werra rocksalt (Na 1) 

- Deckanhydrit (A 1r) 



Zechstein 2 (Z-2), the Stassfurt-Series 

- Hauptanhydrit, Stinkschiefer, 

Anhydritknotenschiefer (Ca 2) 

- Basalanhydrit, Flaseranhydrit (A2) 

- Stassfurt - rocksalt (Na 2) 

- Potash layer Stassfurt (Veggerby) (K2). 

Zechstein 3 (Z-3), The Leine - Series 

- Grauer Salzton (salt clay) T3 

- Leine - rocksalt (Na3) 

The youngest layer the Z-4 has not yet been found at the 

Tostrup salt diapir. 

4. 

The surface of the caprock was registered by a 3-line 6-

fold reconnaissance seismic survey in 1973-74 supplemented 

with a 2-line 12-fold reconnaissance seismic survey in June 

1981.(1). The flanks and the overhang of the structure was 

determined from a densely spaced surface-gravity measure­

ment (2). The evaluation of the structure is based on a 

Bouguer Anomally Map and six Residual Gravity Maps. The 

dome is eDiptical with the main axis of 6 km almost north­

south and the little axis of 4 km west-east. Overhang is 

non-existent on the southern and northern flank according 

to the gravimetric survey and reaching its maximum of 

appro 600 meters on the eastern flank. The crest of the 

caprock is situated 1,5 km south-west of the drilled area, 

approximately 100 meters below surface. (Coordinates 90 25', 

560 38') (Fig. 2 and 3). 

The thickness of the salt dome caprock consisting of anhy­

drite dolomite and gypsum varies between 33 meters at To-l 

and 99 meters at TO-2 near the crest of the dome. The over­

burden of the salt dome is chalk and limestone from Upper 

Cretaceous overlaid with around 30 'm loose sediments of 

mainly glacial sand. 
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The To-1 and To-2 were drilled as exploration wells for 

hydrocarbons in the year of 1951. The To-1 well encountered 

a pocket of high pressure gas released when drilling in the 

salt at a depth of 503 m. The To-3 to To-10 have been 

drilled by D.D.N.G. when exploiting the possibilities for 

high pressure natural gas storage (To-3 and To-4 in 1978/79 

and To-5 to To-10 in 1980/81). 

The geological profiles of the wells are shown on Fig. 4 

and Fig. 5 (3). The To-3 and To-4 wells drilled to a depth 

of 1593 meters and 1610 meters penetrated sequences of the 

Zechstein 1-3, potash salts, salt clay, "Stinkschiefer", 

dolomites and anhydrites. The To-3 well stuck residual gas 

in the dolomite - stinkschiefer in the transition zone from 

Z-l to Z-2 at a depth of 359 to 394 meter. 

The detection of rocksalts, potash salts, salt clays, anhy­

drites and dolomites of 3 Zechstein cycles (Zl to Z3) in 

the relatively small area in which To-5 to To-l0 are situa­

ted picture the intensive internal techtonics of the salt 

dome. The plastic saltrock masses have followed their own 

deformation laws, leading to the typical phenomena of flow 

folding. The normal salt lay thicknesses are thinned out by 

the flow process on anticlinal and synclinal flanks and ac­

cumulated far above the normal thickness in the anticlinal 

and synclinal (normal thickness for the Stassfurt rocksalt 

layer is 400-500 m and for the Veggerby potash layer 

6-8 m). Brittle rocks, such as anhydrite and dolomite have 

not normally withstood the deformation of the salt and are 

broken up into individual blocks isolated in the rock 

salt. Major anticlines and synclines have been subdivided 

by special folds with axes dipping at random. The dip of 

the layers can be horizontal, steep and the layers can even 

be turned upside down. 
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In all the wells To-3 to To-10 oriented cores were taken 

(Fig. 6 to 8 ). The To-5 to To-10 cores show intensive fol­

ding with steepy dipping fold axes finally forming the 

folds typical for salt domes ("Kulissen Falten"). When com­

bining the results from all 6 wells the geological model 

suggested (3) is a steep almost vertical large anticline 

opening to the SW with the Werra-salts Z-l at the center. 

4. ROCK MECHANICAL INVESTIGATIONS 

Rock mechanical laboratory test on cores extracted from the 

TO-5 well showed unexpected low uniaxial strength. 

While continuing the exploration drilling program changes 

were introduced into the overall organization of the evalu­

ation of the feasibility of cavern construction in the Tos­

trup Salt dome. The Danish Energy Agency, executing agency 

on behalf of the Ministry of Energy, was joined by the Re­

search Institute Ris0 and the Consultant Dr. E. Passaris in 

issuring Guidelines for design of caverns, (4). On the 

other side KBB with Professor Dreyer, Dr. Rokahr and Dr. 

Lux acted as consultants to D.O.N.G. 

Uniaxial compression test were made on app. 10 cores in 

each executed well based on these and on model tests per­

formed by professor Dreyer it was concluded that caverns 

could be constructed at the TO-S to TO-10 locations. A the­

oretical approach to approval of cavern design was further 

requested by the Danish Energy Agency in the Guidelines. 

Laboratory test made by Dr. Rokahr and Dr. Lux on the TO-6 

rock-salt material parameters showed equally low uniaxial 

strength (5) (and Fig. 9 to 11). However, when applying a 

confining pressure on the cores as expected the compression 

strength raised considerably (Fig. 12 to 14). At a confi­

ning pressure of app. 9 MPa the failure strength was as for 
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other known North German Salt types (Fig. 15). Qualitative­

ly it is further seen form TO-5 to TO-10 that increasing 

the dip of the rock salt layers when bedding planes coinsi­

ded with this gives decreasing uniaxial failure strength 

(compare Fig. 6 to Fig. 8 with Fig. 11). The experience 

gained on Tostrup cores confirms the general experience 

that the influence on failure strength from stratification 

deminishes as the isotropic stress increases. 

According to the Guidelines the cavernS should be designed 

to withstand the load conditions as stated below: 

Cavern during leaching period, Pinternal = h • 0,012 

MPa. 

Cavern during operation period, Pmin and Pmax to be de­

termined. 

Long term Cavern Operation, (creep calculated for mean 

pressure of 12 MPa and 15 MPa.) 

Cavern in Repair State. 

Cavern under Cyclic stress. 

The design criterias to fulfil specified are to eliminate 

partly to totally the following consequences: 

Loss of load bearing capacity due to failures (Spal­

ling, brittles fractures) of limited rock formation a­

rea in the cavern vicinity. 

Loss of load bearing capacity due to failures in a 

large rock mass as a sequence of continuous fractures 

(progressive fracture). 

Loss of serviceability due to high rate of conver­

gence. 



These criteria are translated into (Fig. 16): 

tensile stresses are not recommendable (as tensile 

strength is only around ~,t < 1,5 MPa). 

multiaxial failure strength must not be exceeded. 

8. 

plasticity zones around the cavern shall be limited 

(yield limit stress 6* to be reached only in the 

vicinity of the cavern, 10 MPa < ~ < 15 MPa for 

TO-G), and influence from adjacent caverns shall be 

limited (deviation of stress half way between ca­

verns 10% of initial stress). 

creep failure not to occur by surpassing a viscose 

limit strain (Eeff = 20 - 30%). 

cavern convergence and convergence rate to be mini-. 
mized (convergence rate K = 1-2% year). 

The calculations of the stress and strain expected in the 

rock were calculated using a time-independent elastic/non­

linear-plastic material law Krenk - Ottosen as this gives 

conservative results compared to actual conditions. Where 

as the calculation of the deformations were determined by a 

time dependent non-linear viscose material law the Menzel/ 

Schreiner material law and the Burgers material law (modi­

fied), as an vicous material law likewise provides conser­

vative (overestimated) prognosis of the creep. 

The planned shape of the cavern at TO-6 is cylindrical with 

a height of 380 m and a diameter of 55 m or with a volume 

of theoretically 788,000 m3 , but in practise limited to on­

ly 450,000 m3 • (Fig. 17). 

The geometrical model used for the stress-strain calcula­

tions were an infinitely extended disc with a circular 

shaped hole in the plane strain state. (Fig. 18). 
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The geometrical model used for the creep calculations were 

a cylindrical cavern model and displacements calculated by 

finite element method (FEM). Calculations on more simple as 

disc rings showed considerable overestimation of creep 

(Fig. 19 and 20). 

The results obtained were: 

No tensile stesses occur. 

By Pi = 0 MPa stresses are around 0,75 of short term 

failure strength causing failure in cavern wall. 

(Fig. 21). 

By Pi = 8 MPa stresses are around 0,5 of short term 

failure strength (Fig. 22). 

Plasticity zones are as shown on (Fig. 23), and devia­

tion in initial stresses 200 m from cavern below 10% 

(Fig. 24). 

Creep failure using the Krenk-Ottosen time independent 

elastic, non-linear plastic law gave creep strain rate 

= 0,12 % d- 1 or rupture at eeff = 20% after a period 

of 5 months at 8 MPa. However, this conclusion is con­

sidered very conservative. 

The creep strains calculated for Pi = 12 MPa at 22 0 C 

were for Menzel/Schreiner on 1.7% and for Burger 9.2% 

over 10 year period. For the design evaluation of ca­

vern life time the law of Burger was adopted giving 

calculated convergence at temperature 220 C and 42 0 C as 

shown on (Fig. 25). 

Convergence is calculated without taking the leaching 

history into consideration which gives an overestima­

tion of creep. (6). 
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Conclusion: 

minimum pressure not to decrease below 8 MPa, period at 

low pressure to be monitored and compared to regular 

sonar measurements of cavern when in operation. 

cavern diameter up to 55 m. Cavern volume approximately 

450,000 m3 • 

distance between caverns 400 m or above. 

further: 

maximum pressure not to exceed h • 0.0175 MPa. 

5. LEACHING PLANT 

The water for the leaching of caverns is taken at the VIRK­

SUND located 10 kilometers from the cavern site at LI. To­

rup. Investigations were made for ground water withdrawal 

of the site and delivery of the brine to Dansk Salt at Ma­

riager 25 kilometers from the site. This solution was de­

ferred as feasibility of the project and a time schedule 

depending on the salt production rate at Mariager was unat­

tractive. The water at the Virksund dam is slightly brak­

kish water on the side of HJARB~K FJORD and salt water with 

a salinity around 220 /00 on the side of LOVNS BREDDING. The 

leaching water is taken in from HJARB~K FJORD and when re­

turned as saturated brine diluted with brakkish water until 

the salinity is around 220 /00 or below. The pump station is 

equipped with 4 leaching water pumps with a yield of 200 

rn3/h and 3 dilution pumps with a yield of 4000 m3/h. The 

station is remote controlled from LI. Torup. 

The pipelines are laid in a trench which follows the stand­

ard from the gasproject. The pressure classification of the 

pipes are PN 16 and PN 10 and the material is P.V.C. The 

system is protected against pressure chock waves by a hy­

drophore system. 
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Of the 6 caverns 2 to 3 are leached at a time. The caverns 

are situated at different depth determined from geological 

conditions and each cavern has consequently its own pipe 

installation fed by individual pumps. As energy costs are a 

substantial part of the implementation costs, selection of 

leaching plant contractor was made on a combined evaluation 

of construction cost and capitalized energy cost. 

The construction of the intake and the pipelines was com­

menced on the 1st September, the leaching plant is sche­

duled started on the 1st November, 1982, and terminated one 

year later when leaching will start. Overall construction 

cost for leaching plant surface installations are estimated 

at D.kr. 55 million. These costs cover neither consultant 

fees nor the construction of administration building, the 

gas plant and the caverns. 

6. CONCLUSION 

Extensive geological surveys were necessitated by the com­

plex structure of the Tostrup Salt dome before 6 wells were 

selected for subsequent leaching. The final geological mo­

del in the drilled area of the salt dome was a large anti­

cline fold, practically vertical. 

Uniaxial compression strength on salt cores from the TO-5 

and TO-6 was below normal for North German Salt and a rock 

mechanical test program on cores from TO-6 was undertaken. 

Results from the theoretical evaluations of results using 

elastic/nonlinear plastic time independent and nonlinear 

viscose time dependent material laws are judged of a suffi­

cient quality for establishing a set of design parameters 

which secure a safe cavern construction. Due to the complex 

geological structure the caverns are situated at different 

depth. The design of the pump configuration secures a maxi­

mum flexibility at minimum cost. The leaching of the ca­

verns are scheduled to start in the late autumn 1983. 
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0 c sample short e: , -°3 -o,u -CJ1u -E ,u 
signification signification [% • min -1) [ MPa) [ MPa ] ( % ] 

-- -

T06-1/1-1024 1/1 0,25 0,0 16,' 16,9 1,5 

T06-1/2-1024 1/2 0,25 3,0 49,1 44,2 9,9 

T06-1/3-1024 1/3 0,25 6,0 71,5 67,4 19,7 

T06-1/4-t024 1/4 0,25 9,0 88,8 6~,4 26,4 

T06-2/1-1026 2/1 0,25 12,0 106,9 66,3 36,1 

T06-26/1-1456 26/1 0,25 0,0 16,2 16,9 1,6 

T06-26/2-1456 26/2 0,25 3,0 47,2 42,8 9,4 

T06-26/3-t456 26/3 0,25 6,0 67,6 55,8 17,5 

T06-26/4-1456 26/4 0,25 9,0 B8,8 65,4 26,4 

T06-26/5-1457 26/5 0,25 12,0 105,0 67,4 35,8 

I TOG RESULTS OF TRIAXIAL COMPRESSION TESTS ~ I FIG. 13 
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