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The construction of the hydrogen storage is based on the 8lined rock cavern LRC9 



erfolgt nach dem Prinzip der >lined rock cavern 
LRC<, das im theoretischen Teil dieser Arbeit beschrieben wird. Dabei werden die 
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Loucky in his master9s thesis about the <
cavern at the site of Zentrum am Berg=

Taking up the achieved results from Gabriel Loucky, this master9s thesis is built on 







hydrogen contact angle θ, and 
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<Verbindungstunnel Nord=

hydrogen storage facility at the end of the <Verbindungstunnel Nord=

purposes. <Verbindungstunnel Nord= is an extension of the northern tube of the road 
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The compressed hot air is stored itself and the CAS acts like a <
and compressed air storage volume=. 
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the province Hunan, China. The Young9s modulus of the intact rock was 



Young9s 



cooling of the air before its stored, called an <
process=, 
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Joint meters <J=, reinforcement meters <KL=, strainmeters <S=, multi
extensometers <M= and temperature meters <T= were used for the monitoring system



Kieser9s method and was introduced by Lauffer and Seeber 1961. 
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• Increase the Young9s and deformation modulus of the rock mass
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The strain capacity of the concrete is linked to the Young9s modulus and the tensile 

Ā = �Āā� = 0,1 0
 is the concrete strain, ³

Young9s modulus of concrete. 
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Ăÿă = ∑ þÿĀ ∗ ĂÿĀýĀ=1 ,

∑ [�ÿĀă ] ∗ {ĂĀă} = ∑ {Āÿă} āÿ �� = ýþÿ=1þÿ=1

of the rock mechanics9 tasks



series of several master's and bachelor9s theses. In May 2024
his master9s thesis about the investigation of lining solutions for a lined rock cavern. He 

, Poisson9s ratio 



where ´

thickness, ∆T 
pi9 internal pressure in the contact joint, p

pressure share of the rock mass, ∆p
lining due to creeping, ∆pv,∆T

is the Young9s modulus of the rock mass, p

 B,∆T




is the Young9s modulus of the concrete

´
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ε Seeber9

´
of the storage, t is the calculated steel lining thickness, ∆T 

∆T is the strain at ∆T , h is the 






is the Young9s modulus of steel, E

Young9s modulus of the rock mass and V

´

∆T
∆T  

∆t

of the steel results in a gap between the concrete and the steel and ∆t is needed to take 

ā = ��2(�ý∗ ÿ1+ÿ2�Āÿþ)Āÿ,ý�ý ∗ÿ� + ∆ā


is the characteristic yield strength of the steel, ´
is the outer radius of the storage and ∆t is the additional steel lining thickness.

The additional thickness ∆t is calculated 

∆ā =  ÿ�Āÿ,ý�ý  ∗  (��Ā ∗ �Ă ∗ ă1+ă)
steel, ´ ∆T

The numerical simulation neglects the temperature influence, therefore, ∆t is not 
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�� =  (�1+�2)2 ∗ (1 + ÿ2ÿ2) 2 (�12�2)2 ∗ (1 + 3 ∗ ÿ4ÿ4) ∗ cos 2�
θ 


distance from the centre of the tunnel and θ is the angle from the principal stress field.


fixed vertical stress (σ
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than 0.5, σ

the magnitude of σ
σ tensile cracks if σ



0.1 0 before it fails


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�ÿă =  �ÿ ∗ (0.02 + 12Ā 2⁄1+ă((60+15�2þ��) 11⁄ )
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• À for the Poisson9s ratio
•
• φ for the internal friction angle (input for Mohr
• for the Young9s modulus of the intact rock
•

oung9s 

�ÿ = ýý ∗ �āÿ = 500 ∗ 63 =
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�1 = �3 +  �āÿ ∗ √ÿÿ ∗ �3�1 + 1
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�1 = �3 +  �āÿ ∗ (ÿĀ ∗  �3�ý� + Ā)ÿ
  

ÿĀ =  ÿÿ ∗ ÿ[ăÿ�210028214Ā ]
Ā =  ÿ[ăÿ�2100923Ā ]

� = 12 + 16 ∗ (ÿ2þ��15 2 ÿ2203 )
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• for the value of the Young9s modulus of the concrete

/´

stiffness and Poisson9s ratio 

´

ε Hooke9s law

� = � ∗ � →  � = �ā =  Ąÿ,þā
where E is the Young9s modulus from steel, σ is the normal stress, f

ε is the normal strain. All the calculations for the steel lining can 



, Young9s modulus,  

Young9s modulus  ε0

like cohesion (c) and friction angle (φ)



Strength parameters c and φ a Young9s modulus and 

φ φ
 

UCS, Young9s modulus, thickness and 

Young9s modulus 
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s fixed for every model. Seeber9s result 
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centre of the tunnel and θ is the angle from the principal stress field.
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Young9s modulus of the steel lining can be seen as fixed
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� =  �ýþÿÿþ�Āÿþ
where ¿ is the utilization of the steel strength capacity, 
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
2.100 for a S550  of 1.560.
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 . The σ
steel grade to calculate the utilized steel strength capacity (¿) with the Equation

�Ą =  ��ÿ�þ Āāÿ�ÿþÿĀÿĀā ā/ÿ�ýĀÿĀĀ [ý��]
� =  �ĄĀÿ,Ă  [%]



mass failure. Optimized values of the thickness as well as the achieved ¿ of each steel 
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of each steel grade to calculate the utilized strength capacity (¿)

 μ

 and μ 
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 and μ of the storage steel lining in Tuff 1, for a p
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to develop a tool to calibrate a numerical model to Seeber9s analytical 
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joints caused by a negative σ



•
•
•

•
•





M. Budt, D. Wolf, R. Span and J. Yan, <A review on compressed air energy storage: Basic 

principles, past milestones and recent developments,= 

–

–

J. Miocic, N. Heinemann, K. Edlmann, J. Scafidi, F. Molaei and J. Alcalde, <Underground 

hydrogen storage: a review,= Geological Society, London, 2023.

I. Zelenika, D. Pavlovic, P. Rajic, T. Kovacic and M. Srpak, <Hydrogen Underground Storage 

as a Critical Factor in the Energy Transition Period,= 

F. Johansson, <Investigation of research needs regarding the storage of hydrogen gas in 

lined rock caverns: Prestudy for Work Package 2.3 in HYBRIT Research Program 1,= 

L. Zeng, M. Sarmadivaleh, A. Saeedi, Y. Chen, Z. Zhong and Q. Xie, <Storage integrity 

during underground hydrogen storage in depleted gas reservoirs,= 

K. Alms, B. Ahrens, M. Graf and N. Mathias, <Linking geological and infrastructural 

scale underground hydrogen storage in Germany,= Frontiers in 

M. Saeed and P. Jadhawar, <Optimizing underground hydrogen storage in aquifers: The 

impact of cushion gas type,= 

Misiak, <Impact of Depth on Underground Hydrogen 

Storage Operations in Deep Aquifers,= 

T. Ishihata, <Underground Compressed Air Storage Facility for CAES

Utilizing an Airtight Lining,= New Energy Foundation, Tokyo.

P. Perazzelli and G. Anagnostou, <Design issues for compressed air energy storage in sealed 

underground cavities,= 

M. King, A. Jain, R. Bhakar, J. Mathur and J. Wang, <Overview of current compressed air 

and the UK,= 



<Advanced natural gas storage system and verification tests of lined rock cavern 

,= 

J. Johansson, <High Pressure Storage of Gas in Lined Rock 

DESIGN PRINCIPLES,= Division of Soil & Rock Mechanics, Royal Institute of Technology, 

D. R. Damasceno and F. J. Johan Spross, <Effect of rock joints on lined rock caverns subjected 

to high internal gas pressure,= 

H. Wannenmacher, M. Bauert and A. Heizmann, <Aspects of pressure tunnel lining; with 

stressed pressure tunnels,= DOI: 10.13140/2.1.1933.9048, 2013.

Y. Simanjuntak, <Prestressed concrete lined pressure tunnels,= CRC Press/Balkema, Delft, 

P. Matt, F. Thurnherr and I. Uherkovich, <Vorgespannte Druckstollen,= 

B. Bonapace, <Prestress Grouting of Tunnel Linings,= 

H. Wannenmacher, M. Bauert, H. Krenn, F. Engel and N. Komma, <Improved Pressure 

Tunnel Lining Methods, A Case Study of the Niagara Tunnel Facility Project,= WTC, 

L. Jing, <A review of techniques, advances and outstanding issues in numerical modelling 

for rock mechanics and rock engineering,= 

–

Rocscience, <rocscience,= 1996. [Online]. Available: 

G. Loucky, <Investigation of lining solutions for a lined rock cavern at the site of Zentrum 

am Berg,= Montanuniversität Leoben, Leoben, 2024.

E. Hoek and M. Diederichs, <Empirical estimation of rock mass modulus,= 



E. Hoek and E. T. Brown, <Practical estimates of rock mass strength,= 

<Geomechanischer Bericht,= Research@ZaB 

P. B. A. J. Venture, <Global 

01,= Airport Link, 2010.

<rocscience,= [Online]. Available: 

E. Hoek and E. T. Brown, <The Hoek 2018 edition,= 

Rocscience, <Rocscience,= 1996. [Online]. Available: 

Rocscience, <Rocscience,= 1996, [Online]. Available: 



storage facility at the end of the <Verbindungstunnel Nord=









 



 

 

 

 

 

















ε





Figure 69: Comparison of the resulting induced σ
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Table 12: Design value of the yield strength, Young9s modulus,  

Table 13: Strength parameters c and φ as well as stiffness parameters Young9s modulus and 

Table 14: UCS, Young9s modulus, thickness and 
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 and μ of the storage steel lining in Tuff 1, for a p
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�ÿă =  31.5 ∗ (0.02 + 11 + ÿ((60270) 11⁄ ) = ÿĀ. �Ā þ��
•

�ÿă =  81 ∗ (0.02 + 11 + ÿ((60282.5) 11⁄ ) = ÿĀ. Āā þ��
•

�ÿă =  50 ∗ (0.02 + 11 + ÿ((60275) 11⁄ ) = ā�. Āÿ þ��
•

�ÿă =  45 ∗ (0.02 + 11 + ÿ((60270) 11⁄ ) = Āÿ. āĀ þ��



• Safety factor ´ S690: Āÿ,Ă =  Āÿ,ā�Ā =  6901.25 = 552 ý��S550: Āÿ,Ă =  Āÿ,ā�Ā =  5501.25 = 440 ý��S460: Āÿ,Ă =  Āÿ,ā�Ā =  4601.25 = 368 ý��
Calculation of the maximum allowable strain ε

• Young9s modulus from steel: 210,000 GPa

þ690: �Ā�Ă =  Āÿ,Ă�  =  552210,000 = 2,63 0þ550: �Ā�Ă =  Āÿ,Ă�  =  440210,000 = 2.1 0þ460: �Ā�Ă =  Āÿ,Ă�  =  368210,000 = 1.75 0
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 and μ of the storage steel lining in Sauberger Kalk for a p

 ¿

 and μ of the storage steel lining in Sauberger Kalk for a p

situ stress with a σ of 6 MPa and a σ

 ¿

 and μ of the storage steel lining in Sauberger Kalk for a p

situ stress with a σ of 6 MPa and a σ

 ¿
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 and μ of the storage steel lining in Rock mass 2 for a p

 ¿

 and μ of the storage steel lining in Rock mass 2 for a p

situ stress with a σ of 6 MPa and a σ

 ¿

 and μ of the storage steel lining in Rock mass 2 for a p

situ stress with a σ of 6 MPa and a σ
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 and μ of the storage steel lining in Rock mass 1 for a p

 ¿

 and μ of the storage steel lining in Rock mass 1 for a p

situ stress with a σ of 6 MPa and a σ
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 and μ of the storage steel lining in Rock mass 1 for a p

situ stress with a σ of 6 MPa and a σ
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