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Energy Storage in Salt Cavities — some Aspects with Respect
to Load-Bearing Behaviour as well as Documentation
of Geotechnical Safety

Karl-Heinz Lux

Uwe Diisterloh
Svetlana Lerche
Oleksandr Dyogtyev

Lehrstuhl fir Deponietechnik und Geomechanik
Technische Universitat Clausthal

Abstract

ABSTRACT: For several decades, underground cavities in rock salt mass have been used
worldwide for storage of crude oil, refinery products and natural gas as well as in just a few
cases compressed air, helium and hydrogen. Therefore, caverns in rock salt mass are
essential elements in today’s energy supply management. Regarding this long history a lot of
experience is existing — on the one hand regarding cavern design, on the other hand with
respect to cavern behavior in the field related to cavern operation. Salt cavities are complex
geotechnical constructions, characterized by a special excavation procedure using solution
mining techniques and therefore without any direct access for humans to observe rock salt
mass behavior in situ. Nevertheless, these underground cavities have to fulfil various
requirements for decades during their operational lifetime, especially static stability, tightness
and surface protection. Last but not least, environmental safe abandonment after several
decades of storage operation has to be documented in advance.

This paper gives an overview on main geotechnical characteristics of storage cavities in rock
salt mass.

1. Introduction

Salt cavities for interim storage of liquids like crude oil and liquefied petroleum gases as well
as gases like natural gas, compressed air, helium or hydrogen in bedded or domal salt
structures are important for today’s and tomorrow’s energy supply management worldwide
including use of renewable energy. In Germany design, construction and operation of salt
cavities have a history of more than 50 years now. At this time about 360 storage cavities are
in operation. Having in mind this background, the following paper gives an overview on the
development of salt cavity design and insight into today’s state of the art. Special items will
be the geomechanical characteristics of storage cavities and principle safety demands for
their design as well as main aspects of recent design concepts.
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2. Salt Cavities — Very Unique Underground Geotechn ical Constructions

In comparison to other geotechnical underground constructions, cavities in salt rock mass
show some specific characteristics with significant influence on cavern design and safety
assessment. For a better understanding of the geotechnical characteristics Figure 1 gives an
exemplary view of a cavern field within a domal salt structure. The following geotechnical
characteristics are obvious drawn:

(1) The cavities are excavated in salt rock mass following the solution mining method. As the
connection to surface is realized via boreholes, they are not directly accessible for men.

(2) The site-specific rock mass is directly explored only via the cavern boreholes. The rock
mass structure in general and especially next to the individual boreholes can be explored
only in an indirect way with the help of geophysical methods and therefore only with some
uncertainties.

1 1 2-3 30 + ? years
Figure 1. Exemplary sketch of a domal salt Figure 2. Different phases in lifetime of a storage
structure including gas storage cavities, KBB cavern in rock salt mass, in dependence on KBB UT
UT GmbH, Hannover GmbH, Hannover

Figure 2 gives an impression on the main phases during the path of life of a storage cavity.
Additionally, excavation of a cavity by solution mining can be seen in some detail starting at
the bottom and being finalized at the roof.

Based on the aforementioned more general characteristics and the different phases in
lifetime of a storage cavity the following conclusions related to geomechanic aspects in
cavern design, cavern construction, cavern operation and cavern abandonment as well can
be drawn:

(a) The pregiven geometric dimensions of storage caverns determined in cavern design
phase (position, diameter, configuration) must be reliably achieved during solution mining
phase (monitored via sonar survey).

(b) Load-bearing elements are rock salt mass as well as non-halitic rock salt formations
(especially in bedded salt) together with the fluid inside the cavity by its pressure; additional
artificial support of rock mass is not feasible ( mechanical safety without artificial support).
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(c) Sufficient and reliable tightness of a cavity must be realized and maintained during cavern
operation by the salt rock mass itself, perhaps together with appropriate non-halitic rock
formations; artificial sealing of the cavern contour is not possible. (  gas tightness without
any artificial sealing). The demand for tightness also holds for the multi-layer system
consisting of borehole lining/cementation/rock mass.

(d) Reliable monitoring of the load-bearing behavior of storage cavities is essential, but
possible only by indirect measurements of cavern contour deformation (sonar or laser
survey), apart from deformation measurements at the surface.

Regarding this paper three items with respect to cavern design are of importance:

(1) prognostic design for construction and operation as well as abandonment based on lab
investigations as well as basic experience,

(2) optimizing design during operation based on site specific field measurements,

(3) concluding design for cavern abandonment based on updated field measurements and
theoretical approaches.

The rather unfavorable geotechnical boundary conditions with respect to design and
monitoring specific to salt cavern construction and operation mentioned above show that the
mechanical design of cavities must have already met relatively high standards prior to
excavation and operation to avoid later disadvantages in safety or economic relevant items.
Figure 3 summarizes the above mentioned aspects.

Figure 3. Characteristics of solution mined salt cavities Figure 4. Rock salt cavity exposed to
with respect to geotechnical design different impacts during span of life

3. Basic Demands Regarding Documentation of Geotech  nical Safety

As outlined before storage cavities in rock salt mass excavated by solution mining technique
are in contrast to any other geomechanical underground constructions and not accessible.
Therefore, direct monitoring neither during excavation nor during operation is possible and
the simulation in then characterized by the following task: description and prediction of the
invisible. In this context Figure 4 at first shows the situation of a storage cavity in a small
sketch: a lot of different impacts, mechanically, thermally and hydraulically induced, are
active during cavities span of life — some of them will lead to damage, finally may destroy
rock mass integrity, some others will support and defend it.
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Therefore, at first one question may arise: How can technical safety of this kind of
underground constructions be archived and documented. One of the answers may be:
excellent understanding of physical processes and related mechanisms regarding load-
bearing behavior occurring in the underground rock mass as well as qualified design
procedure regarding available tool box, i.e. high sophisticated labtesting, approved numerical
simulators, adequate assessment criteria and reasonable safety margins and not to forget
sufficient experience.

Having in mind the plurality of complex processes occurring in rock mass especially during
cavern operation it is easily understandable that cavern operation is connected with several
restrictions aiming at preservation of mechanical integrity of rock mass as well as long-term
serviceability of cavity. In this context Figure 5 shows stylized operation modes with respect
to seasonal and high performance storage, resulting in pressure as well as temperature
changes during operation time.

e — Maxpi

r\\'\ Vj/uw—
W

—_— mInpI
1year

time, d
Operation Mode ® Saisonal Storage Operation Mode ® High Performance Storage
Figure 5. Stylized gas cavern operation modes - seasonal storage (left) and high performance storage

(right)

With respect to design cavities in rock salt mass at first some general demands regarding
technical safety have to be met. These demands are in detail:

(1) sufficient static stability (on a local and global scale),

(2) reliable tightness (rock mass as well as drill hole),

(3) acceptable surface subsidence (third party protection),

(4) environmental safe abandonment.

These general demands have to be fulfilled during the lifetime of any cavity, i.e. according to
Figure 2 construction phase, operation phase and post-operation phase. In principle, the
fulfillment of these demands must be documented as a result of the design phase and as a
basis for the license process and therefore in advance of construction, operation and
abandonment.

Fundamental instruments for the documentation of geotechnical safety and economic
serviceability are geomechanical models and numerical simulations to predict the rock mass
behavior taking into account all the loads and related processes which are to be expected
during construction and operation as well as during and accordingly after abandonment. For
the proof of safety appropriate design concepts have to be developed that take into account
the site-specific rock mass structure and rock mass properties as well as the structural
behavior of the load bearing elements, regarding possible failure mechanisms and including
in situ experiences. It is self-evident that these design concepts are differing in their detailed
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criteria and limit values as well as safety margins depending on the particular state of the art
and the individual experience of the designer.

Figure 6 summarizes general demands and gives an overview on design parameters that
have to be answered based on geomechanical modeling and numerical simulations as one
of the main results of the design process. It is obvious that preparing a safe as well as
economic effective cavern design high sophisticated tools are necessary.

Figure 6. General demands for geotechnical safety and related design parameters
according to Lux (1984)

4. Scientific Tools
4.1 Overview

No technical rules are existing determining the requirements the design of storage cavities
has to fulfill in detail, e.g. design concept, calculation models, criteria for assessment of state
variables (stress, strain, deformation, convergence rates, temperatures, pressures), safety
margins. Therefore, different design concepts are existing, depending on individual
experience and equipment, but necessary basic tools according to state of the art are:

- laboratory investigations on core material,

- physical modeling based on lab data (prognostic) as well as based on field measurements
(retrospective), resulting in constitutive models describing site-specifically mechanical,
thermal and hydraulic processes and their interactions,

- numerical simulations with respect to cavern construction, cavern operation as well as
cavern behavior after abandonment, taking into account rock mass structure, cavern spacing
as well as cavern geometry, relevant impacts during span of life of cavities as well as TH2M-
processes induced in rock mass,

- design concept including load-bearing or more general performance assessment criteria as
well as necessary safety margins related to uncertainties included in and therefore being part
of every geotechnical construction or even geotechnical system, and last but not least
-extensive field experience.
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4.2 Laboratory Investigations

According to Figure 2, birth of a salt cavity takes place with the exploration of the selected
site, especially geophysical measurements to identify the rock mass structure in general and
exploration wells to investigate possible cavern locations specifically. From these exploration
wells core material is also taken to determine the local geotectonic structure in detail and to
determine rock properties such as deformability, strength, permeability and solubility.
Determination of physical properties of saliniferous rocks like rock salt and potash salts as
well as also hard rocks like anhydrite, claystone, sandstone or chalkstone demands
appropriate testing facilities. Figure 7 gives an impression on the rock mechanical laboratory
of Clausthal University of Technology. For more details with respect to test facilities see
www2.ifa.tu-clausthal.de/deponie/.

Advanced physical models describing coupled TH2M-processes demand a lot of site-specific
data that have to be determined by laboratory investigations. Examples regarding rock salt
behavior are shown in Figures 8 to 13.

To improve the physical model on the one hand, uniaxial and triaxial short-term laboratory
tests were conducted on representative facies-related core material of site-specific salt facies
and if necessary hard rock next to salt layers and part of the load bearing rock mass system.
From these tests failure and damage strength limits were derived as shown by Figure 8.

On the other hand deformability of rocks is an essential part of physical models especially in
case of saliniferous rocks with pronounced time-dependent properties (creep). Experience
shows that not only different salt rock types but also different rock salt facies are hallmarked
by different deformation properties. This means site-specific as well as facies specific
investigations have to be performed to get a realistic picture of the deformation properties of
the rock mass.

Figure 7. Rock mechanical laboratory of Clausthal University of Technology/
Lehrstuhl fir Deponietechnik und Geomechanik — a first impression
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Figure 8. Failure and damage strength limits of rock salt

Figure 9. Creep properties of different rock salt types — stationary creep rates

Figure 10. Stationary and transient creep deformation of rock salt behavior
subjected to repeated loading cycles



76. Jahrestagung der Deutschen Geophysikalischesil§ebaft Kolloguium 2016

Figure 9 gives an example regarding two rock salt facies from the same domal salt structure
in the northwestern part of Germany. With respect to physical modeling the lab test data can
be generalized as just one data collective describing the deformation behavior of one
pseudo-unique rock mass formation or they can be interpreted as two individual salt rock
mass formations.

Furthermore, special triaxial creep tests at multi-stage constant loads as well as subjected to
cyclic alternating loads with cycle durations of 2 to 60 days and up to 40 cycle repetitions
give an insight into the material deformation behavior at alternating loads. In Figure 10,
significantly different creep behavior for repeated deviatoric loading is obvious, even at a
cycle duration of 60 days. The essential findings from long-term laboratory tests can be
highlighted as follows:

(1) For cycle durations lasting days or even months, rock salt can be characterized as a
"material with memory". Subjected to repeated deviatoric load levels no significant transient
creep deformation is observed with increasingly reduced stationary creep deformation.
Therefore, only subjected to initial deviatoric loading, transient creep deformation is active in
rock mass and as such has to be considered for modeling purposes.

(2) Repeated deviatoric loading does not produce any structural damage provided the
damage strength (dilatancy) limit is not violated.

Another essential part of physical modelling of rock salt material behaviour is the capture of
damage processes under load levels beyond the dilatancy limit and their integration into the
constitutive model.

Concerning the constitutive model Lux/Wolters, specialised long-term tests are being used in
order to identify the damage behaviour. As an example, Figure 11 shows a test result of this
kind, together with a corresponding simulation curve. The test has been conducted in a
stress-controlled way over a total of 4 load stages 30 days each (test type 1). The loads of
the first two load stages lie below the dilatancy limit and serve the identification of
parameters for the damageless creep behaviour. The creep parameters obtained this way
are thus used to extrapolate the damageless creep behaviour to the other two load stages.
These two load stages 3 and 4 have their loads above the dilatancy limit and serve the
identification of parameters for the creep behaviour subjected to damage.

Figure 11: Long-term test for derivation of damage parameters — test type 1

-10 -
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The crucial advantage of this test type is the possibility of gathering a complete and universal
set of parameters for a specimen which covers both damageless creep behaviour and such
subjected to damage. This way, the parameter identification for the overall creep behaviour
of a single specimen cannot be interfered by the variance of material properties based on
investigation of several samples belonging to one single facies but showing never the less
with different properties. However, these tests are rather time-consuming (120 days per test).
Furthermore, these tests require extrapolation of creep behaviour to the two load stages of
higher load levels which may possibly cause serious inaccuracies in determining the damage
parameters.

To remedy these disadvantages, a newly, further developed test type has been proposed as
an alternative, and it has successfully been tested. As an example, Figure 12 shows a test
result of that kind, together with a corresponding simulation curve (test type 2). The special
feature of this test is the framework condition of keeping the equivalent stress at a constant
value throughout all stages. By applying this new framework condition, the test duration can
be reduced from 120 days to 60 days, i.e. by 50%. In addition, a significantly more accurate
distinction between damageless creep parts and those subjected to damage can be obtained
concerning the derivation of parameters since the extrapolation procedure does not need to
be carried out any longer. This way, the damage-induced creep behaviour can be captured in
a considerably more determined manner.

Figure 12: Long-term test for derivation of damage parameters — test type 2

For further results of laboratory investigations see Dusterloh & Lux (2010a, 2014, 2015) as
well as Dusterloh et al. (2015).

Finally, in addition to mechanical properties also hydraulic properties of saliniferous rocks are
of outstanding importance with respect to cavern functional efficiency. Basically, undisturbed
rock salt as well as viscous potash salt formations are assessed as liquid and gas tight.

But due to well drilling as well as cavern excavation and cavern operation and even cavern
abandonment, rock mass is exposed to technically induced impacts that can change

-11 -
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primarily existing mechanical integrity and impermeability and can lead to damage of rock
fabric as well as secondary permeability. Figure 13 visualizes the process of infiltration of an
inert liquid into originally impermeable rock salt. In this case fluid pressure has been some
bars larger than minimal lateral mechanical stress.

Figure 13. Visualization of fluid infiltration into originally tight rock salt

Interpretation of many laboratory observations shows that impermeability of rock salt is
violated if fluid pressure exceeds minimal mechanical stress in lab tests and transferred to in
situ conditions exceeds minimal rock mass stress. This infiltration process is based on
creation of connected intercrystalline pathways and results in secondary porosity as well as
secondary permeability and loss of tightness. For more details see Diisterloh & Lux (2015).

4.3. Multi-physical Modelling

Based on improved knowledge about rock salt behavior observed in updated laboratory
investigations the previous existing approach for physical model-ling of the material behavior
of rock salt mass has been modified fundamentally by introducing the constitutive model
Lux/Wolters. The constitutive model Lux/Wolters is originally based on the constitutive model
Lubby2 development by Heusermann et al. (1982), Lux (1984) as well as on the constitutive
model Hou/Lux, which is described in Hou (1997), Lux et al. (2002a, b). Basically, these
constitutive models integrate on a phenomenological background the effects of different
deformation mechanisms occurring in rock salt de-pending especially on deviatoric as well as
minimal stress, temperature and salt rock type and are therefore able to fulfil the main criteria
for constitutive models for rock salt. Based on new findings with respect to rock salt behavior
some main items have to be taken into account with respect to constitutive models. These
are:

(1) Damage evolution in rock salt yes or no, i.e. stress intensity below or above damage
strength,

(2) Rock salt belongs to the materials with memory more or less no transient creep at
repeated deviatoric loading,

-12 -
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(3) Rock salt creep properties are usually not investigated by lab tests for relatively small
deviatoric stresses less than maybe s, 6 =8MPa development of modified viscosity

functions with

-a

m, (s, T)=m, exdms, )sexdl XT)X% 1)

Gy (s)=Gy explk,>s, ) jz @)

For further explanation see Lux (1984).
(4) Damage of rock salt is caused by deviatoric stress states exceeding the damage strength
(= damage boundary). In this situation an additional damage-induced creep rate euf’ as well

as the damage rate D are activated.

(5) Already induced damage may be reduced if the stress state is below a so-called healing
strength. This healing strength may be equal to or even below damage strength.

(6) Damage of rock fabric results in mechanical destrengthening as well as in loss of
tightness, i.e. secondary pathways for liquids or gases are created in primary impermeable
rock salt. The damage-induced permeability changes are modelled with the permeability-
dilatancy-relationship. In the constitutive model Lux/Wolters the permeability is dependent on
the stress state as well as on the dilatancy.

(7) Cavern construction as well as significantly operation will result in temperature changes in
rock salt mass. Therefore, temperature dependence of failure strength, damage strength as
well as creep behavior has to be taken into account.

(8) Temperature changes in rock salt mass will induce additional stresses caused by
confined deformations. These thermally induced stresses have to be determined and
implemented in cavern design.

(9) Thermally induced stresses will also cause damage of rock salt and reduce mechanical
integrity — either promoting fluid infiltration process or leading to tensile fractures in rock
mass.

(10) Considering cavern span of life from birth to long-term rock salt adjacent to cavern
contour may be already thermally damaged during construction resulting in fluid-filled
secondary pore spaces. Following gas cavern operation may mechanically or thermally
intensify these damages and lead to 2-phase flow conditions in this disturbed contour zone.

-13-
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Figure 14a. Reference cavity Figure 14b. Retrospective analysis of cavern convergence

The constitutive model Lux/Wolters is able to physically model all of the items in accordance
with the previous listing which are essential for TH2M-coupled simulations. With respect to
hydraulic simulations an interface has been implemented into the constitutive model
Lux/Wolters to simulate MH2-coupled infiltration processes important for analyzing the long-
term load-bearing behavior of closed fluid-filled as well as solid waste-filled cavities. Note
that knowledge is increasing steadily and therefore improvements regarding constitutive
models may be necessary from time to time. For further details see Lerche (2012) and
Wolters (2014).

4.4 Numerical Simulations — Regarding Cavern Operat  ion
Some Basic Results accordingto  Lux, Dresen (2012) , Dresen (2013)

4.4.1 Site-Specific Validation of Simulations Model s (Based on Field Operations)

The examined cavity is located in a salt dome in Germany at a depth between about 1300 m
and 1700 m. Figure 14a gives a picture of the cavern configuration in question. Figure 14b
shows measured operational data for a period of some 8.5 years: cavern pressure converted
from measured wellhead pressures versus time as well as cumulative cavern convergence
which amounts to nearly 6% within the relevant time period. The cycle duration turns out to
be roughly one year. Starting from this data base, a parameter variation analysis was carried
out using the additional terms a and b in equations (1) and (2), integrated in the novel
viscosity functions of the Lux/Wolters constitutive material model, as matching parameters.
By means of these additional terms, the analysis is able to consider the transient and the
stationary portions of rock salt creep deformation at minor load levels which have not been
investigated in laboratory experiments and which are confined by the upper limit of creep
deformation according to the Lubby 2 material model. Figure 14b additionally illustrates the
results of the variation analysis. The conclusion is that by means of the Lux/Wolters
constitutive material model, which is based on physical modelling and experimentally derived
creep behavior, a reliable match to the observed convergence is possible.

The applied creep deformation tends towards the lower region of the measured data spread.
The stationary creep rates in the region of relatively minor deviatoric stresses

-14 -
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0MPa = o, =8 MPa have to be modelled below those which are required according to the
well established Lubby?2 constitutive material model.

For parameters a and b numerical values between 1.0 and 1.5 seem to be a sufficient first
approximation. Another observation should not be unmentioned: transient creep has an
enormous influence on convergence. In the second case due to a relatively large pressure
difference between maximum and minimum cavern inside the applied memory of rock salt
leads to a difference in calculated convergence of about AK = —92;.

In principle, the retrospective analyses looking at a cavity in domal salt confirm that the novel
physical modelling of “rock salt as a material with memory” will lead to more realistic
simulations and can even be used for cycle durations in the order of one year. Therefore, the
Lux/Wolters constitutive material model is independent of cycle durations for multicyclic and
also long-term seasonal cavern operations. This approach has been confirmed also for
several other different locations.

4.4.2 Numerical Analysis of Rock Mass Behaviour dur  ing Storage Cavern Operation

A two-dimensional, axially symmetric simulation model has been developed based on the
rock structure in the vicinity of the cavern (homogeneous rock salt in general). The cavern
pressure and temperature profiles derived from the thermodynamic simulation after
specifying an expected future gas injection/gas withdrawal scenario are used as the basis for
the rock mechanics simulation.

The numerical calculations regarding the relevant mechanical rock mass state variables in
space and time (stress, strain, deformation) as a response to the cavern operations are
carried out using the finite-difference method applying the FLAC3D simulator. Such
parameters include the rock temperature, rock stress, rock deformation (strain and dis-
placement) as well as convergence. This simulation tool has been specifically developed
over the past twenty years to simulate load-bearing systems in rock salt underlying complex
conditions.

Exemplary results of the thermo-mechanical analysis (MT) and for comparison purposes also
of just a the mechanical analysis (M) are shown in Figures 15-17 for a rock salt element at
the reference depth indicating the characteristics of the rock stresses, rock mass utilization
intensities, rock mass deformations (creep strain) and convergence over time.

The following abbreviations apply:

MT - Simulation considering "rock salt as a material with memory" and with thermally induced
additional stresses along with temperature-dependent creep deformation related to the op-
erations, in situ validated constitutive model,

M - Simulation considering "rock salt as a material without memory" and without thermally in-
duced additional stresses along with temperature-dependent creep deformation related to
the operations, no in situ validated constitutive model.

-15-
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Figure 15. Principal stresses for rock salt in the rock mass at reference depth
without memory and induced thermal stresses

Figure 16. Principal stresses for rock salt in the rock mass at reference depth with
memory and induced thermal stresses

Figure 15 shows the calculated rock mass stresses for the singly mechanical analysis (M). In
comparison, Figure 16 shows the coupled thermo-mechanical analysis (MT). In principle, the
rock mass stress follows the cyclically alternating cavern pressure. The stresses at the
cavern wall, which are influenced by extreme thermal changes, in fact, show quite a different
behavior. Those differences are determined by compressive and tensile stresses related to
temperature changes. What has to be kept in mind, however, is that the mechanically
induced stresses are dominant for the load-bearing behavior, while the thermally induced
stresses act additionally, while both being subject to material-related relaxation.

From Figure 16 can be realized that no tensile stress occurs in the thermo-mechanical
analysis and that there is no change of the trend in the stress amplitude over time. However,
a repeated situation can be observed where one of the tangential principal stresses at the

-16 -
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cavern wall is smaller than the cavern pressure (arrows in Figure 16). This thermodynamic
induced stress state demands special consideration for design.

Figure 17. Utilization intensity related to damage strength at reference depth

Figure 18. Convergence at reference depth

An initial rock mechanics evaluation of these load conditions can be derived from Figure 17.
Here, the rock mass loading is related to the damage strength s. When s=0.95<1.0 =
permissible s, the damage strength limit is not reached. For this design of a moderate multi-
cyclic operation mode no structural damage is expected with a minimum pressure of pi = 7.0
MPa. Optimum utilization of the load bearing capacity is thus realized.

During seasonal operations, on the other hand, when s =1.2 > 1.0 = permissible s - the
damage strength limit is exceeded at a minimum pressure of pi = 5.0 MPa. In this situation,
structural damage developing in the form of fissures has to be expected. For numerical
evaluation a complimentary simulation utilizing an extended physical modeling approach, for
instance the Lux/Wolters-MDS material law would be required. Figure 18 shows the
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differences in calculated convergence. The thermo-mechanical analysis validated specifically
for the site after three years of operations indicates a convergence of K  6.5%, while the
non-validated mechanical analysis leads to a convergence of K  27%. This difference
makes it obvious that the consideration of field observations and physical modeling based on
parameter validation for specific sites is of central significance when predicting cavern load-
bearing behavior that should approximate reality. This is true for seasonal operation modes,
but even more so when more intense operations are employed.

Figures 19 and 20 show in addition the stress paths during loading in the three-dimensional
principal stress space. Here the so-called “plane of invariants” is used - in which the
sustainable loading of rock salt is characterized by the limiting strengths and is shown
together with the actually existing loading for illustrating the multi-cyclic cavern operations. In
principle, the deviatoric stresses over time are shown as a function of the average principal
stresses. The stress path below the damage strength limit is shown as line #5. The cyclic
character of the alternating loading becomes obvious. For the solely mechanical loading, the
characteristics of the individual consistent cycles appear much more reversible than those of
the coupled thermo-mechanical loading. The thermally induced additional stresses create
larger differences in the overall loading even for identical cycle characteristics as related to
the cavern pressure. Also this representation shows that the damage strength limit is
exceeded during seasonal operation mode for the minimum pressure of p, = 5.0 MPa. This
violation is presented in the stress path by the highlighting circle above line #4.

The following results from numerical simulations need to be highlighted:

- The loading at the cavern wall is dominated by the additional thermally induced stresses.
No tensile stresses have been calculated. For limited durations, one of the principle stresses
at the cavern contour becomes smaller than the cavern pressure.

- In general, the rock mass stresses are reversible over time. No shift trend of amplitudes is
evident.

- The damage strength limit is not exceeded during interrelated thermo-mechanical
simulation ( s < 1.0).

- Rock mass deformation during repeated loading is characterized by significantly lower
cycle-related increases.

- The rock mass convergence for repeated cycles is significantly less compared with the
convergence of the first cycle with deviatoric initial loading of the rock salt mass.

These results form the basis for proving static stability and deriving related operational limits.
Similarly, as shown above, the variables of state in the region of the cavern roof can be
described with regard to space and time. By means of these variables of state the cavern
gas tightness can be demonstrated.
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Figure 19. Rock mass loading at the cavern wall at the reference depth under multi-cyclic
loading in comparison with dam-age and rupture strength limits (thermo-mechanical
simulation)

Figure 20. Rock mass loading at the cavern wall at the reference depth under multi-cyclic
loading in comparison with dam-age and rupture strength limits (mechanical simulation)

5. Some Remarks with Respect to Cavern Abandonment

After the end of storage operation salt cavities have to be abandoned. Main objectives during
as well as after abandonment are third party protection as well as environment protection,
short time, less cost, no maintenance forever. Having these objectives in mind the most
favorite and preferred method today is to backfill a former oil or gas storage cavity with fresh
water again and to permanently seal the borehole. Following this idea, the long-term load
bearing behavior of sealed brine-filled cavities in rock salt mass has to be investigated — first
to be sure that this method will indeed protect third parties forever against damages resulting
from cavities existing in the underground that have been forgotten meanwhile and second to
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convince the authorities as well as the public to get license and public acceptance for this
technical procedure. Today, some cavern operators in Germany experience that public
concern with respect to long-term site development does not arise only at the end of cavern
operation but also just at the beginning of a project people would like to know what is
happening not only during construction and storage operation, but also in the long-term after
storage operation is finished. This time in the future may be characterized by no monitoring
of the site and no responsibility of anyone for damages at the surface occurring, for example
too large surface subsidence.

The long-term behavior of sealed brine-filled cavities in rock salt mass has been investigated
since many years, Vollstedt (1978), Lux & Rokahr (1986), Naujoks (1986), Lux (2005), Lux
(20064, b). Main aspect in the old times has been the question which cavern inside pressure
level will be reached in the closed brine-filled cavity due to salt rock mass creep behavior and
related cavern convergence and how will the rock mass react on fluid pressure inside cavity
above rock mass pressure.

Today it is well accepted worldwide, that there will be no hydraulic fracturing as pressure
increase rates are much too low. Instead of this mechanism an infiltration process of brine ito
originally impermeable rocksalt mass will take place, but the question how to physically
model and numerically simulate this process of infiltration is object of scientific contrariness,
Lux (2006a), Lux et al. (2009), Wolters et al (2012), Minkley et al. (2013), Bérest & Brouard
(2014).

Based on laboratory investigation reported in Disterloh & Lux (2014), the so-called infiltration
theory has been developed to physically model and numerically simulate the long-term
behavior of liquid-filled sealed salt cavities. Basic assumptions are:

- Salt rock is primarily fluid tight, i.e. liquid and gas tight.

- Secondary porosity as well as secondary permeability are created if fluid pressure
exceeds minimal rock mass stress and fluid is infiltrated into rock mass due to fluid
pressure itself (creation of intercrystalline micro-pathways).

- Infiltration zone is propagating in salt rock mass as long as fluid pressure exceeds minimal
rock mass stress due to cavern convergence.

- Infiltration zone is hydraulically characterized by low secondary porosity (¢ % 0,29) as
well as low secondary permeability (K< & 1071"m?).

- Due to the properties of secondary porosity as well as secondary permeability fluid flow in
the infiltration zone will be very slow and it will take some time to build-up fluid pressure
again at infiltration front after propagation of infiltration front and related fluid pressure
drop.

- Due to creation of just intercrystalline micro-pathways in rock salt fabric continuum
mechanics theory using representative elementary volume-REV for modelling of relevant
processes can be applied.

- The fluid flow process in the infiltration zone is physically modelled using Darcy’s fluid flow
model.

Some years ago some questions have been asked related to long-term behavior of sealed
liquid-filled cavities, Lux et al. (2006). Figure 21 summarizes these questions.
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Today most of these questions can be answered based on laboratory investigations, field
experiments as well as advanced physical models and related simulation tools, such as
FLAC3D-TOUGH2 coupled simulation tool (FTK-simulation tool), Lux et al (2015). To
simulate the hydro-mechanical coupled processes describing fluid infiltration the FTK-
simulation tool has been used. Representative results based on the assumptions listed
above have been published in recent years, Wolters et al. (2012) and Wolters (2014). Figure
22 gives some basic first impressions.

Regarding the results of numerical simulations performed so far it can be concluded, that
cavern closure by sealing of the borehole in the context of cavern abandonment is indeed not
the end of cavern life. In the case of brine-filled closed cavities infiltration of brine in the salt
rock mass surrounding the cavity especially in cavern roof area is unpreventable, but it will
take a very long time of several or even many thousands of years until cavern integrity is lost
and a hydraulic connection between cavity and porous hard rock mass outside salt rock
mass has been created due to infiltration process. Based on this kind of investigation the
long-term consequences of cavern excavation and cavern operation with respect to surface
( subsidence) and the environment ( brine efflux) can be evaluated and communicated
to the public. However it should be observed that the results presented before are just valid
within the framework of the basic of assumptions mentioned above.

Figure 21. Questions concerning the long- Figure 22. Pressure-driven fluid infiltration
term behavior of sealed liquid-filled salt process around a sealed brine-filled cavity in
cavities, especially after breakthrough of salt rock mass, Wolters et al. (2015)

fluid into the non-saline cap rock, Lux et al.

(2006)

6. Summary

Rock salt cavities are an essential part of recent salt mining and energy supply industries,
including re-newable energies in the future. With respect to cavern design it is necessary to
document safe as well as economic construction and operation and finally not to forget safe
abandonment of these large underground geotechnical constructions along their way of life.
Due to manifold time-dependent mechanical, thermal and hydraulic loads resulting from
cavern construction, operation and abandonment as well as a host rock characterized by
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unique material properties salt cavities in principle and especially storage cavities for natural
gas as well as compressed air and hydrogen are very complex geotechnical underground
structures. Therefore, thermo-hydro-mechanically coupled processes induced by excavation,
operation and abandonment of cavities and developing in rock salt mass surrounding the
cavities have to be investigated. Based on this scientific view salt cavities have a very long
lifetime beginning at birth by exploration and excavation and ending a very long time,
perhaps thousands of years, after abandonment. With respect to this more comprehensive
and basic approach results of relating investigations to identify the load-bearing behavior of
storage cavities are presented and discussed in this paper — looking as well at cavern
construction and cavern operation as on cavern abandonment and the behaviour in the long-
term.

Results of a first approach regarding TH2M-coupled processes induced by cavern
construction according to solution mining technique, cavern operation as well as cavern
abandonment in just one single simulation procedure using the FTK-simulator have been
published recently, Lux et al (2015).
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Echometrische Hohlraumvermessungen zur Uberwachung von
Speicherkavernen

Frank Hasselkus, Dr. Andreas Reitze
SOCON Sonar Control Kavernenvermessung GmbH, Giesen

ZUSAMMENFASSUNG:

Die Uberwachung von Kavernen erfordert die Erfassung einer Vielzahl von Parametern und
den Einsatz verschiedenster Messverfahren.

Echometrische Hohlraumvermessungen mit Ultraschall sind seit Jahrzehnten das
anerkannte Verfahren zur Gewahrleistung einer Kkontrollierten Solphase und zur
regelméRigen Kontrolle von Gas- und Olspeicherkavernen. Dies ist bis heute die einzige
Methode, um solche Kavernen von innen mit Bohrlochsonden zu vermessen.

Speziell durch die stark gestiegene Anzahl und intensivierte Fahrweise der Gasspeicher-
kavernen kommt dieser Kontrolle eine immer gréRere Bedeutung zu. Dies gilt sowohl in
Bezug auf ihre Sicherheit, als auch fur den wirtschaftlichen Betrieb. Folglich wird die
echometrische Hohlraumvermessung vorwiegend genutzt, um die Kontrolle der Stabilitat von
Kavernen zu gewahrleisten und zur Prifung der Speichervolumenverluste durch
Konvergenz:

Eingesetzt werden hierbei hochentwickelte Ultraschallsonden, die wahrend einer echo-
metrischen Vermessung zusatzlich relevante physikalische Parameter, wie z.B. Druck,
Temperatur und Taupunkt aufzeichnen und verarbeiten. Diese Messungen kénnen in aller
Regel bei einer einzigen Einfahrt durchgefihrt werden. Um prazise Aussagen aus
echometrischen Vermessungen zu erhalten, ist es unerlasslich diese physikalischen
Parameter miteinzubeziehen.

Im ersten Teil dieses Beitrages werden die Grundlagen zur Vermessung von Kavernen,
sowie die Methodik der Kavernenvermessung selber beschreiben. AnschlieBend werden
anhand von Fallbeispielen Ergebnisse von echometrischen Hohlraumvermessungen in
Kavernen prasentiert.

ABSTRACT:

Surveillance of caverns requires the acquisition of many parameters and the application of
different methods. Sonar surveys have for decades been the established technique to ensure
a controlled leaching phase and for the regular monitoring of gas and oil storage caverns.

Up until today sonar cavern surveys are the only method that can be properly used to
measure caverns from the inside using borehole tools.

Echometric surveillance of caverns becomes more and more important, especially in the
actual case of highly increased number of storage caverns and the intensified operational
mode of those. This applies regarding safety as well as economical operation. Hence,
ultrasonic surveillance is predominantly employed in order to control the stability of caverns.

Applying the state-of-the-art ultrasonic-tool technology it is possible during an echometric
survey to measure and process additionally relevant parameters such as pressure,
temperature and dew point usually with a single tool run. Only with consideration of these
physical parameters it is possible to achieve accurate results from sonar surveys.

In the first part of the presentation the techniques used for surveying caverns as well as the
survey procedure are described in general. Subsequently some interesting case studies of
sonar surveys in caverns are presented.
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Einflhrung und physikalische Grundlagen

Hohlraumvermessungen mit Ultraschall sind seit Jahrzehnten das anerkannte Verfahren zur
regelmaRigen Kontrolle von Gas- oder Olspeicherkavernen. Dies ist bis heute die einzige
Methode, um solche nicht begehbaren Hohlraume von innen mit Bohrlochsonden zu
vermessen.

Entsprechend der betriebsspezifischen oder landerspezifischen Anforderungen an das
Monitoring von Speicherkavernen werden die Speicher regelmafig mit Ultraschallsonden
vermessen, wobei speziell im Hinblick auf strategische Olspeicher die regelmaRigen
Vermessungsfristen im Bereich von 10 bis 15 Jahren fir Vollvermessungen liegen kénnen.
Gasspeicherkavernen in Europa werden aber in erheblich kirzeren Zeitrdumen kontrolliert.
Hierbei muss unterschieden werden, ob das Ziel der Vermessung auf der Kontrolle von
Konturverédnderungen liegt oder ob das Hauptinteresse darin besteht, Konvergenzverluste zu
ermitteln. Konturveranderungen (Abbrechen von Vorspriingen, gréRere Ausbriche im
Deckenbereich, 0.A.), lassen sich quasi direkt nach dem Auftreten also schon nach kurzer
Zeit bestimmen. Konvergenzeffekte sind in aller Regel aber erst nach einigen Jahren aus
einer Standardvermessung eindeutig ableitbar, wenn nicht aufgrund von extremer Fahrweise
und langen Stillstandszeiten auf Minimaldruck signifikant gréRere Konvergenzen vorliegen
als sie bei moderater Fahrweise auftreten wirden. Sollte aber eine belastbare
Konvergenzaussage nach kurzer Zeit gefordert sein (z.B. schon nach einem Jahr) muss eine
Vermessung in erheblich engerem Raster mit Mehrfachmessungen in jeder Tiefe
durchgefuhrt werden. Wahilt man dabei geeignete Bereiche der Kavernen — geeignete
Bereiche heil3t hier gleichmalig geformte Bereiche ohne variierende Wandstruktur — so kann
die Genauigkeit der Vermessung im Mittelwert um den Faktor 10 erhéht werden, so dass
sich Effekte, die sonst erst nach 10 Jahren erkannt worden wéren, auch schon nach einem
Jahr erkennen lassen.

Grundvoraussetzung fur alle Vermessungen in Gaskavernen, die solch eine hohe Qualitat in
der Genauigkeit der Vermessungsergebnisse liefern sollen, ist aber, dass die physikalischen
Rahmenbedingungen wahrend der Vermessung so optimal wie moglich gewahlt bzw.
gestaltet werden, dass ein negativer Einfluss auf die Vermessungsergebnisse auf ein
Minimum reduziert wird.

Im Idealfall wirden homogene Bedingungen in der zu vermessenden Kaverne herrschen
(speziell im Hinblick auf die Schallgeschwindigkeitsverteilung) und die Dampfung der
ausgesandten Schallsignale ware so gering wie moglich. Auf die Praxis bezogen heifl3t das,
die Kaverne sollte eine mdglichst lange Stillstandszeit (ohne Ein- und Auslagerung) vor der
Vermessung haben und sie sollte unter méglichst hohem Druck stehen.
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Ultraschallvermessung von Kavernen

Ultraschallvermessungen von Kavernen werden in unterschiedlichsten Medien durchgefihrt.
Die Bandbreite der Medien reicht dabei von Wasser und Sole Uber flussige
Kohlenwasserstoffe (Benzin, Diesel, LPG, Ol), Stickstoff und Erdgas bis hin zu Luft unter
atmospharischen Bedingungen.

Als Basis fur die Vermessung von Kavernen dienen Laufzeitmessungen mit Hilfe von
Ultraschallsonden. Ein Schallimpuls lauft hierbei vom Messgerat zur Wand der Kaverne und
wieder zurick (Abb.1l). Wahrenddessen wird die benétigte Zeit registriert, welche der
doppelten Weglange entspricht. Fur diese Umrechnung ist die genaue Kenntnis der
Schallgeschwindigkeit im umgebenden Medium notwendig. Die Genauigkeit der Ermittlung
der Schallgeschwindigkeit hat daher auch einen direkten Einfluss auf die Genauigkeit der
Erfassung der Geometrie von Kavernen.

Abb. 1: Entfernungsermittlung durch Laufzeitmessung

Die Schallgeschwindigkeit unterliegt verschiedenen physikalischen Zusammenhangen und
ist vom Medium selbst, sowie von den in der Kaverne herrschenden Temperatur- und
Druckverhaltnissen abhangig. In manchen Fallen kénnen Variationen in spezifischen Medien
aber nicht allein nur durch Anderungen in Druck und Temperatur erklart werden. Fur Sole
z.B. héngt die Schallgeschwindigkeit sehr stark von der Salinitdt und der chemischen
Zusammensetzung insgesamt ab. So fuhrt das Auftreten von Kalium- und Magnesiumsalzen
in der Sole zu einem Anstieg der Schallgeschwindigkeit. Bei flissigen Kohlenwasserstoffen
spielt die Viskositat eine entscheidende Rolle. In gasférmigen Medien spielen die
Zusammensetzung des Gases und der Feuchtigkeitsgehalt eine Rolle.

Soweit das Medium in der Kaverne homogen beschaffen ist und nicht von externen
Einflissen gestort wird, ergibt sich mit zunehmender Tiefe ein einheitlicher Gradient in der
Geschwindigkeit.

In der Praxis zeigt sich, dass die Temperatur bei einer Vermessung deutlich beeinflusst ist
durch vorangegangene Aktivitaten in der Kaverne. In Solekavernen hangt die vertikale
Temperaturverteilung in der Kaverne besonders von der Position des Frischwasser-
injektionsstranges und der Temperatur des Frischwassers ab, welches zum Solen genutzt
wird. Als Ergebnis kann dies zu beachtlichen Temperaturunterschieden und grof3en
Gradienten in der Kaverne fiihren (Abb.2), die die Schallgeschwindigkeitsverteilung
entsprechend beeinflussen.
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Abb. 2: Temperatur-, Schallgeschwindigkeits-, CCL-Log und mittlerer Radius in einer
Solekaverne

Schallgeschwindigkeit, Druck, Temperatur und Taupunkt (in Gas) werden Uber den
gesamten Teufenbereich entlang der Messachse als kontinuierliches Log aufgezeichnet, um
Variationen wahrend der Messung und bei der Auswertung entsprechend bertcksichtigen zu
kénnen. Da aber nur Werte entlang der Bohrlochachse gemessen werden kénnen, muss der
entsprechende gemessene Wert fir den gesamten Schall-Laufweg von der Sonde zum
Reflektor und zuriick als konstant angenommen werden.

Die zu erwartenden Schallgeschwindigkeitsbereiche fur diverse Medien zeigt nachstehend
Tabelle 1.

Tab. 1: Schallgeschwindigkeit innerhalb der verschiedenen Medien

Medium Schallgeschwindigkeit [m/s]
Luft 300 - 375
Erdgas 400 - 500

Ol / Produkte 1200 — 1500

Sole 1750 — 1900
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Zusétzlich zur Ultraschallvermessung in der Kaverne erfolgt wahrend der echometrischen
Vermessung eine Registrierung der physikalischen Parameter. Im Rahmen einer
Logaufzeichnung erfolgt die Ermittlung der Variation von z.B. Schallgeschwindigkeit, Druck,
Temperatur und Taupunkt in der Messachse. Dabei ist es von entscheidender Bedeutung,
dass die Messwerte zum Einen im gesamten Teufenbereich der Kaverne und zum Anderen
kontinuierlich aufgenommen werden, damit inhomogene Verhaltnisse erkannt und bei der
Auswertung bertcksichtigt werden kénnen.

Auf dem Weg vom Sender zum Empfanger geht stets ein Teil der Schallenergie durch
Reibung, Warmeleitung und Anregung innermolekularer Schwingungen verloren. Dieser als
Dissipation oder Ausbreitungsddmpfung bezeichnete Vorgang wéchst mit der Entfernung
von der Schallquelle und ist stark frequenzabhangig, d.h. hohe Frequenzen werden starker
gedampft als tiefe. Weiterhin hat die Feuchte einen Einfluss auf diese Dampfung, sie ist
héher bei feuchtem und kleiner bei trockenem Gas.

Die aufgenommenen Reflexionen kénnen zudem scheinbare Echos enthalten, die durch
indirekte Reflexionen oder von Schwebeteilchen hervorgerufen werden.

Offnungswinkel

Eine der Besonderheiten von Ultraschallmessungen liegt in der Abstrahlcharakteristik des
Ultraschalls. Das akustische Signal breitet sich im Gegensatz z.B. zu einem Laser nicht als
Strahl sondern in Form einer Schallkeule aus Der maximale Schalldruck ist entlang der
Langsachse, wobei der Druck rechtwinklig zur Ausbreitungsrichtung abnimmt. Der Winkel
zwischen der Mittelachse des Schallwandlers und der Linie, die den zentralen Punkt des
Wandlers mit einem Punkt senkrecht zur Ausbreitungsrichtung, an dem der Schalldruck auf
einen bestimmten Wert abgesunken ist, verbindet, wird als Offnungswinkel bezeichnet (am
6 dB Punkt betragt der Schalldruck noch 50%). Dieser Winkel hangt ausschlief3lich von der
GroRRe des Sender- / Empfangerwandlers und der Frequenz des abgestrahlten akustischen
Signals ab.

AulRerdem sind um die primére Schallkeule, kleinere Nebenkeulen geringerer Intensitéat und
Ausmaldes (Abb. 3) vorhanden.

Abb. 3 : Offnungswinkel der Ultraschallkeule
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Der Fokus des ausgesandten Signals ist umso besser je hoher die eingesetzte Frequenz
und je gréRer der verwendete Wandler. Aufgrund der im Allgemeinen relativ kleinen
Verrohrungsinnendurchmesser ist der Sonden-AuRendurchmesser vergleichsweise Klein
(SOCONSs Sonarsonden haben einen OD von 42 mm, 50 mm oder 70 mm) und es besteht
daher kein grof3er Variationsspielraum hinsichtlich des Durchmessers der zum Einsatz
kommenden Ultraschallwandler. Das effektivste Mittel das ausgesandte Signal zu
fokussieren ist daher, eine méglichst hohe Frequenz einzusetzen.

Prinzip der echometrischen Hohlraumvermessung

Tab.1l :Die Vermessung der Kontur der Kaverne mittels Ultraschall erfolgt nach der
Erfassung der physikalischen Parameter. Hierbei wird eine Vielzahl an Horizontalschnitten
Uber den gesamten Teufenbereich verteilt registriert. Mit Hilfe der Kippmoglichkeit des
Sondenkopfes lassen sich der Boden, das Dach, sowie mogliche Hinter- und Untersolungen
in der Kaverne erfassen (Abb. 4). Wahrend der Vermessung werden die vertikalen Abstéande
zwischen den einzelnen Horizontalschnitten und die Kippwinkel bei den Kippschnitten fir
jede Kaverne nach der Geometrie passend gewahlt.

Abb. 4: Erfassung der Kavernengeometrie

Das angewendete Messprinzip von SOCON basiert auf einer punktweisen, azimutalen
Abtastung der Kavernenwand. Zuerst wird der Messkopf mit dem Ultraschallwandler in der
geforderten Richtung und Neigung positioniert. Ist das Echosignal in einer Messrichtung
nach Korrelation, Filterung, etc. in seiner Qualitat ausreichend bestimmt, wird die nachste
Position angefahren und vermessen.

Im Vergleich zu anderen Messsystemen, die Hohlraumvermessungen omnidirektional oder
kontinuierlich drehend ausfihren, kann SOCON durch Einsatz einer Kreiselstabilisierung, die
mdgliche Rotationsschwingungen der Sonde am frei h&ngenden Kabel unterdriickt, die
Qualitat der Messergebnisse durch gezielte Mehrfachmessungen deutlich erhéhen. SOCON
unterhalt eine eigene Forschungs- und Entwicklungsabteilung, die nahezu alle speziellen
Echosonden und Module fertigt und optimiert. Damit sind Messungen in allen relevanten
Medien, wie z.B. Sole, Rohél und Erdgas mdglich.
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