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Abstract

The geomechanical design of a gas storage cavern requires the determination of the maximum and
minimum internal pressures, as well as the injection and withdrawal rates. These parameters are essential
for ensuring geomechanical stability and operational safety. During gas withdrawal, the surrounding rock
cools due to gas pressure reduction and gas temperature decrease, leading to thermally induced stress
reduction in the rock mass. This can temporarily lead to effective tensile stresses on the cavern wall, which
can cause infiltration fractures if the existing gas pressure exceeds the smallest compressive stress
component plus the effective tensile strength of the rock salt.

To evaluate the effective tensile strength of rock salt, a laboratory program was developed to evaluate the
rock salt behaviour under effective tensile stresses. Therefore, a series of specifically designed mechanical
extension experiments under gas pressure and different boundary conditions (variation of the test
temperature, the initial pressure and the pressure rate on test specimens from different locations) were
carried out in the laboratory to simulate the stress conditions occurring in a gas storage cavern during the
gas withdrawal phase.

A numerical sensitivity study then integrated the experimental results and investigated the influence on the
infiltration fracture length and its distribution using the infiltration fracture approach for a total of three
experimentally selected effective tensile strengths and five defined fracture line distances. The infiltration
fracture approach is an engineering approach for evaluating the effective tensile stresses on the cavern
wall that occur mainly during the gas withdrawal phase.

The experimental results showed that a pressure difference between higher gas pressure and minimal
pressure component from 0.99 MPa (143.59 psi) to 4.87 MPa (706.33 psi) was required before
macroscopically visible fractures appear. The magnitude of the pressure difference depends in particular
on the location, which corresponds to different salt characteristics and textures.

The results of the numerical sensitivity analysis show that the decisive infiltration fracture length should be
determined from the mean value of the infiltration fracture length of the modelled fracture lines. This applies
to a small rock area (here with 5 defined fracture lines) when a defined fracture line distance is considered,
at which the individual fracture lines have a negligible influence on each other (here greater than 1 m), in
order to describe the general infiltration fracture behaviour at the cavern wall. Taking different values for
the effective tensile strength into account has no significant influence on the determined infiltration fracture
length for the selected seasonal load case scenario and the generic cavern in a salt dome.

Key words: Underground gas storage, Infiltration fractures, Effective tensile strength, Effective
tensile stress, Rock salt, Salt caverns



Introduction

The geomechanical design of a gas storage cavern is an important part of the planning and construction of
a storage cavern in rock salt. It must be demonstrated that the cavern in the rock salt formation remains
stable and safe to operate under defined operating conditions, and that the rock mass is tight against the
storage medium. In particular, the geomechanical evaluation of the salt caverns must demonstrate that they
form no or very small dilatant zones and no or very small effective and absolute tensile stress zones in the
rock around the cavern. In order to estimate surface subsidence, the convergence and convergence rate
of the rock could also be assessed based on the creep behaviour of the rock salt [1], [2].

The criteria for geomechanical safety are verified for three specified operating parameters: 1. The maximum
permissible internal pressure during operation, 2. the minimum gas pressure to be maintained, and 3. the
maximum injection and withdrawal rate of the stored gas.

During gas withdrawal from the storage cavern, the surrounding rock cools down due to the thermodynamic
behaviour of natural gas, which cools when pressure is released. The cooling of the cavity causes thermally
induced stress changes in the rock, which can lead to effective tensile stresses and local fractures if the
prevailing gas pressure in the cavern is higher than the sum of the effective tensile strength and the smallest
compressive rock stress component [3].

The presence of thermally-induced fractures was substantiated through field observations [4], wherein a
temperature gradient of -20 K was recorded, and in field studies [5] under specified boundary conditions
exhibiting elevated temperature gradients.

It is therefore necessary to consider the resulting temperature gradients and thermally induced strains that
arise due to the above-mentioned thermodynamic behaviour of the gas and its effects on the surrounding
cavern wall. It has been demonstrated that not taking into account thermal effects within the cavern leads
to stress conditions in the rock that cannot reflect and underestimate the thermally induced stresses that
occur [6]. This is particularly important in connection with the geomechanical assessment of the rock during
cavern operation.

To provide a more detailed description of the behaviour of rock salt under high pressure and simultaneous
cooling, as prevails in gas storage caverns during the gas withdrawal phase, its further investigation within
this area has to be conducted. The field investigations mentioned [4], [5] were carried out under atmospheric
pressure conditions.

Initial experimental investigations at this thermally-induced pressure conditions in the laboratory at the
Institute of Geotechnical Engineering at Leibniz University Hannover showed that the rock salt hollow test
specimen ruptures as soon as a certain effective tensile stress value is reached under applied triaxial
pressures and internal gas pressure [7], [8].

As part of this work, an extensive laboratory programme was carried out on rock salt from four different
locations. The objective of the programme was to investigate the material behaviour under effective tensile
stresses, such as those expected to be thermally induced in the gas withdrawal phase of a cavern, by
means of mechanical extension tests. The effective tensile strength in relation to the external triaxial load,
test temperature and pressure reduction rate was tested for this purpose.

The effects of the results obtained in the laboratory were then examined numerically using a generic cavern
model and operation. For this purpose, horizontal fracture lines were implemented in a continuum model
and the behaviour is examined for different effective tensile strengths and vertical fracture line distances.

Finally, recommendations for the application of the infiltration fracture criterion were derived based on the
laboratory tests conducted and the numerical investigations.



Experimental Investigation

The aim of the experimental investigations was to determine the effective tensile strength of rock salt from
various locations under different boundary conditions in order to determine the level and dependencies of
the effective tensile strength and consequently to better describe the infiltration fracture behaviour in the
vicinity of salt caverns.

In total, rock salt was sampled from four different locations, which exhibited different grain compositions
and degrees of impurities (see Figure 1). Locations X and Y originate from salt mines in Germany
(Location X) and the USA (Avery Island [9], Location Y). The test specimens shown here from locations Z
and B originate from cavern wells in Germany.

The test specimens from location X have relatively large grains with predominantly good sorting. The grain
boundaries are clearly visible under transmitted light. The grain sizes from location Y are comparatively
small and the sorting is also homogeneous. The test specimens from the cavern boreholes (Locations Z
and B) show poor grain sorting and visibly increased levels of impurities.

Figure 1: Test specimens prepared from locations (a) X, (b) Y, (c) Z and (d) B under transmitted light.

A test setup was designed that made it possible to generate effective tensile stresses leading to material
failure under external triaxial loading and internal gas pressure in a hollow cylinder of rock salt.

The cylindrical hollow test specimens were turned to an outer diameter of 90 mm (3.54 in) and a height of
180 mm (7.08 in) and then drilled through to an inner diameter of 30 mm (1.18 in).

It was also necessary to bond the test specimens at the top and bottom using a system of steel plugs and
steel plates and to fit them with packers in order to generate the effective tensile stresses mentioned above
(see Figure 2a). The test gas (nitrogen was used here) was fed into the hollow test specimen through the
gas screw, which is drilled axially in the centre. The test specimen was clamped to the pressure plates
using the specified screws.

The experiment was divided into three steps, which are explained below and shown schematically in Figure
2b.

1. Loading Phase: The three pressure components (axial pressure pax, circumferential pressure pm
and gas pressure pi) were first brought to an initial pressure level, which is reached at the end of
the loading phase. The gas pressure was increased slightly in a staggered manner to prevent any
previous infiltration fracture processes. The initial gas pressure is approx. 0.5 MPa (72.5 psi) below
the external initial pressures.

2. Standing Phase: The reached pressure level was then maintained for 2 hours to bring the
pressure-induced temperature rise within the triaxial cell back to the planned test temperature. This
pressure level also serves as the starting point for the unloading phase.



3. Unloading Phase: After a two-hour standing phase, the axial pressure pax was reduced while
maintaining the circumferential pressure pm and gas pressure pi until the rock salt test specimen
failed, which was verified by a horizontal fracture of the test specimen after removal.
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Figure 2: (a) Test setup and (b) schematic test procedure.

The axial pressure component was chosen for reduction because the numerical results for the operation of
a gas storage cavern show that the vertical stress component in particular decreases at the cavity edge
during gas withdrawal (due to cooling of the gas) and has lower compressive stress values than the
prevailing gas pressure [3] (see also Figure 7). This results in effective tensile stresses at the cavity of the
cavern.

For the test, the static test temperature (303.15 K and 323.15 K), the initial pressure level (8 MPa
(1160.3 psi), 13 MPa (1885.5 psi) and 18 MPa (2610.7 psi)) and the following different axial pressure
unloading rates were investigated for the locations shown above:

-0.001 MPa/min (-0.145 psi/min),
-0.01 MPa/min (-.1.45 psi/min),
-0.02 MPa/min (-2.9 psi/min),
-0.05 MPa/min (-7.25 psi/min),
-0.1 MPa/min (-14.5 psi/min),
and -1.0 MPa/min (-145 psi/min).

In particular, the sensitivities of the selected test temperature and initial pressure levels were investigated
at an unloading rate of -1.0 MPa/min (-145 psi/min). A sensitivity analysis of the different pressure unloading
rates was only carried out with a small number of successful tests.

During the test, the axial and circumferential displacements, the three pressure components, and acoustic
emissions, at a frequency of 50 Hz using a sensor installed in the lower pressure plate, were recorded.

First, the findings between differently selected pressure reduction rates are shown (see Figure 3 and Figure
4). The selected illustrations also enable the basic test procedure in the unloading phase of the test to be
understood. The initial pressures (pax = pm = 8.0 MPa / 1160.3 psi, pi = 7.5 MPa / 1087.8 psi) and test
temperatures (303.15 K) were the same for both tests shown here.



Figure 3 shows the three pressure components over time in the unloading phase of the respective
exemplary tests. In the test with a faster axial pressure reduction rate (see Figure 3a), a pressure difference
between the axial and gas pressure of 2.01 MPa (291.53 psi) resulted in a significant increase in the axial
pressure and failure of the rock salt specimen (see photo in Figure 4), which was also accompanied by a
strong axial displacement change in the negative direction (extension). Due to the selected rate, the
unloading time was just under 180 seconds.
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Figure 3: Plot of the three pressure components for the unloading phases with different pressure
reduction rates: (a) -1.0 MPa/min (-145 psi/min) (b) -0.001 MPa/min (-0.145 psi/min).

The mechanical extension test with an axial pressure reduction rate of -0.001 MPa/min (-0.145 psi/min)
took correspondingly longer and the test specimen ruptured at a pressure difference Ap of 1.22 MPa
(176.95 psi) between axial and gas pressure after more than 30 hours of unloading time (see Figure 3b).
During the unloading phase, selective increases in the pressure level could be observed in the axial
pressure, which is related to the pressure control of the axial load and the very low rate, which is challenging
in controlling. The basic result of the experiment is not visibly affected by this.

In the next step, the recorded acoustic emissions are plotted as a function of the pressure difference Ap in
the unloading phase (see Figure 4). In addition, the axial strains €ax are plotted against the pressure
difference Ap. The axial strains €ax are set to 0 at the beginning of the unloading phase. Figure 4a displays
these for the aforementioned test with a pressure reduction rate of -1.0 MPa/min (-145 psi/min), and in
Figure 4b for the slower rate in comparison. The axial strain value at the highest pressure difference value
indicates the point at which the test specimen ruptured. The subsequent further extension (decreasing axial
strain) built up immediately after rupture over a brief period of time.

A comparison of the acoustic emissions occurring across the pressure difference Ap for different axial
pressure reduction rates shows that, due to the faster unloading at a higher axial pressure reduction rate,
visible acoustic emissions indicating infiltration and microcrack processes in the rock salt prior to rupture in
this experiment only occur in the effective tensile stress range (see Figure 4a), i.e. when the gas pressure pi
is greater than the axial pressure pax. For the much slower rate, such processes are already visible at
effective compressive stresses, but the number of acoustic emissions measured per pressure interval
remains at a lower level (see Figure 4b). It can therefore be assumed that, at a slower rate, the infiltration
process is spread over a larger pressure difference range, which is also associated with the long test
duration. This also results in longer exposure to effective tensile stresses, which could lead to a reduction
in the pressure difference Ap, causing the test specimen to rupture under effective tensile stresses in this
load regime. The recorded axial strains €ax are also higher for a faster pressure change rate in terms of
magnitude, depending on the pressure difference Ap at the time of rupture (highest value of the pressure
difference). Here too, the less pronounced infiltration processes that occur in the unloading phase do not
play as significant a role as they would at a very slow rate due to the comparatively rapid unloading. This
results in greater axial extension before the test specimen ruptures, i.e. before the infiltration fracture
occurs.
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Figure 4: AE-counts and axial strain g.x over pressure difference Ap for two different pressure
reduction rates: (a) -1.0 MPa/min (-145 psi/min) (b) -0.001 MPa/min (-0.145 psi/min) and pictures of
the test specimen after the experiment.

The pressure differences Apu achieved, which can be declared as the effective tensile strength g7, of the
material and which lie between 0.99 MPa (143.59 psi) and 4.87 MPa (706.33 psi) for all tests carried out,
show a non-significant linear dependence on the selected initial pressure level or the selected test
temperature. However, a significant linear dependence between the prevailing gas pressure piu and the
minimum pressure pminu applied, which in this case is the axial pressure pax.u, can be observed (see Figure
5). The aforementioned increased degree of impurity and poor grain sorting at location Z leads to a greater
variation in the pressure differences at the respective pressure levels tested. This is not apparent to this
extent at locations X and Y. In both cases, the grain structure is better sorted and there is little to no impurity.
The variation is also evident in the standard error of the linear approximation functions of the locations. This
is comparatively high at location Z with + 0,24 MPa (+ 34.81 psi). The fit functions shown in Figure 5 are
listed below:

e Loc. X (black): piu= paxu + 1.55 MPa (224.81 psi) (+ 0,09 MPa (+ 13.05 psi)), R? = 0,996

o Loc.Y(red):  piu= pacu + 2.45 MPa (355.34 psi) (+ 0,11 MPa (+ 15.95 psi)), R? = 0,992
e Loc.Z(green): piu = paxu + 2.73 MPa (395.95 psi) (+ 0,24 MPa (+ 34.81 psi)), R? = 0,961
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Figure 5: Gas pressure as a function of the minimum pressure (here: axial pressure) at the moment
of rupture of the test specimen.

The intersection with the y-axis represents an indicator of the average effective tensile strength ,BeTff of the
test specimens tested per location, with the highest value being determined for location Z and the lowest
value for location X. The slope of the linear approximation shown here is 1 for all locations, and the statistical
coefficient of determination R2 is above 95% in all cases. The results achieved for the pressure
difference Apu are within the ranges also achieved in similar tests with rock salt in [10], [11], [12], albeit with
a different test setup, test procedure and different objectives of the investigation. For a detailed comparison
of the test results, see [13].

The magnitude of the pressure difference Apu that leads to rupture of the test specimen, depending on
different pressure change rates, was demonstrated for one test per pressure level (see Figure 6). The
transfer to general material behaviour is therefore only possible to a limited extent. It should be noted that
the test is more demanding at low axial pressure reduction rates, as the test specimen and the adhesive
bonds between the test specimen and the steel components are subjected to effective tensile stresses over

a long period of time. As soon as there are leaks in the system, the test is terminated without visible material
failure.
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Figure 6: Pressure difference as a function of the axial pressure reduction rate (one test per axial
reduction rate).

Figure 6 shows an increase in the linear dependence with increasing axial pressure reduction rate. The
corresponding fit function is not shown here, as only one test was performed for axial pressure reduction
rates of less than 1 MPa/min (14.5 psi/min). In order to demonstrate a valid dependence of the pressure
change rate on the pressure difference, it is recommended to carry out a higher number of successful
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experiments per pressure stage with test specimens with a homogeneous salt structure (e.g., from
locations X or Y), which lead to negligible variations in the results.

In summary, the experiments conducted have shown that material failure occurs as soon as an effective
tensile stress value is exceeded. The magnitude depends in particular on the salt structure, which was
described visually in this work. A dependence of the gas pressure piu leading to the rupture of the test
specimen depends solely on the minimum pressure pminu (here: paxu) applied.

The experimentally determined value range for effective tensile strength ﬁ’eTff will be integrated into
numerical investigations in the next step in order to examine the effects of existing effective tensile strength
on the formation of infiltration fractures during the operation of a gas storage cavern.

Numerical Implementation

The numerical investigations focus on thermally induced infiltration fracture at the cavern wall during the
operation of gas storage caverns. Particularly during the gas withdrawal phase, thermodynamic cooling of
the gas leads to temperature reductions at the cavern wall, which in turn causes thermally induced changes
in rock stress. Figure 7 shows the stress and temperature curve over the calculated cavern operation.
Cavern operation begins after a pre-operation period of 730 days. The stress component oxx at the point
under consideration approximately represents the radial stress, the stress component ayy represents the
circumferential stress, and the stress component oz: represents the vertical stress. The radial component
acts against the applied gas pressure and thus follows its course. It can be seen that when the gas
pressure pi is reduced, i.e., when gas is withdrawn, the temperature in the cavern drops and the vertical
stress at the edge of the cavity enters a range that has lower compressive stress than the applied gas
pressure pi.

The experimental results showed that infiltration and subsequent infiltration fracturing occur as soon as a
certain effective tensile stress value is exceeded.

The numerical model considers a quarter model of the cavern (see Figure 7) in the salt dome and assumes
axial symmetry. The last cemented casing shoe (LCCS) is located at a depth of 1,000 m (3280.8 ft) and the
cavern has a diameter of 70 m (229.7 ft). The deepest point of the cavern is at 1,400 m (4593.1 ft). The
cavern neck has a modelled length of 30 m (98.4 ft). The cavern roof and cavern sump are modelled
elliptically.

The salt top is assumed to be at a depth of 500 m (1640.4 ft). The rock salt material is modelled with stress,
temperature and time dependent elastic-viscous deformation behaviour using the LuBBY2 [14] material law.
The selected parameters (see in [13]) address the lower bandwidth for rock salt in northern Germany. The
calculation with ITASCA FLAC3D [15] was then performed in a thermo-mechanically coupled mode, with the
thermodynamic behaviour of the stored natural gas being calculated using KAVPOOL [16].
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Figure 7: Stress and temperature curve over time at the edge of the cavern cavity.
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Based on the infiltration fracture criterion, which is also used in [17], [3], among other places, the influence
of an experiment-based effective tensile strength was investigated. Another subject of investigation was
the distance between the pre-modelled defined possible fracture lines along which infiltration fractures can
propagate in a radial direction. For this purpose, a total of five defined fracture lines was modelled, and five
different vertical distances ar were selected, which are shown in Figure 8. The vertical distances ar between
the respective defined fracture lines are 0.2 m (7.87 in), 0.5 m (19.69 in), 1.0 m (39.37 in), 1.5 m (59.06 in)
and 2 m (78.74 in).
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Figure 8: Schematic representation of the five defined fracture lines per variation model with
different vertical distances ar. br indicates the vertical distance between the top and bottom defined
fracture lines.

The infiltration fracture behaviour is examined via simulated operation at the most critical point on the edge
of the cylindrical cavity, which is located in the upper third of the cavern [13]. In this instance, too, the vertical
stress decreases significantly during the gas withdrawal phase, and effective tensile stresses arise. This
leads to material failure when the gas pressure pi is greater than or equal to the sum of the amount of the
vertical stress 0z; and the effective tensile strength [?eTff. The infiltration fracture criterion is only applicable

in the compressive stress range.
pi = log,| + By (1)

The condition is checked for the adjacent zones in the defined fracture lines and, if fulfilled, the outer zone
in the defined fracture lines is deleted. The gas pressure is then also applied as a load to the fractured area
that has been opened.

In the numerical study, effective tensile strengths ,BeTff of 1.0 MPa (145 psi) and 2 MPa (290 psi) were
investigated, which represents the lower bandwidth of the values determined in the experimental
investigations. Furthermore, it was investigated what the behaviour would be if there were no effective
tensile strength. As a result, a total of 15 different models were calculated for the sensitivity analysis of the
specified effective tensile strength ﬁgff and the defined vertical fracture line distances ar.

The infiltration fractures propagate in particular during the first calculated gas withdrawal phase; whereby
effective tensile stresses arise for the first time in the calculation model between the gas pressure and the
vertical rock stresses at the point under consideration in the upper third of the cavern cavity edge. In the
subsequent pressure reduction phases (a total of three phases were calculated), the infiltration fractures
continue to propagate along the respective defined fracture lines, particularly if a higher effective tensile
stress is achieved than in the previous cycles.



The results at the end of the calculation model (see Figure 9) show that the infiltration fracture lengths differ
only slightly from each other at a vertical distance of the defined fracture lines between 2 m (78.74 in) and
1 m (39.37 in) and for all effective tensile strengths ﬁeTff investigated. This applies to the comparison
between the model variations and to the individual fracture lines 1 to 5 in the respective models. In these
model variations, the relative infiltration fracture length is greater than 80% for all infiltration fractures when
the longest infiltration fracture formed is used as the reference value. The average calculated infiltration
fracture length for these model variations is between 2.0 m (78.74 in) and 2.3 m (90.55 in). It should be
noted that a zone width of 0.25 m (9.84 in) was selected in the radial direction in the fracture zones. The
fracture progression thus took place in this increment.
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Figure 9: Infiltration fracture lengths determined after calculating the operating load case shown
above for the individual fracture lines and the various model variations (inch values rounded to
whole numbers).

It is also apparent that the infiltration fracture lines are at a similar level even at defined fracture distances
of less than 1 m when the material has no effective tensile strength. Fracture line 5, which is the furthest
down, shows a slightly longer infiltration fracture length. This can be explained, among other things, by the
edge location of the fracture, since the rock stresses that occur are mainly dissipated via this defined
fracture line and, on the other hand, vertical stresses below the fracture area remain at a similar level over
a larger area in the depth direction.

Dependencies for the vertical fracture line distances and the assumed effective tensile strength ﬁeTff of the
material can be seen in particular for a distance of 0.5 m (19.69 in) or 0.2 m (7.87 in) and an effective tensile
strength of 2 MPa (290 psi). In the model with the smallest vertical fracture distance, infiltration fractures
only form on the outer fracture lines, which are of comparable length. No effective tensile stresses greater
than the assumed effective tensile strength /)’eTff of 2 MPa (290 psi) arise between these two infiltration
fractures. At the same time, however, this also means that the selected model variation does not allow
conclusions to be drawn about the basic infiltration fracture behaviour across the entire cavity edge, as the
number of infiltration fracture lines formed with such a small defined vertical fracture line distance is not
sufficient for a general assessment.

The analysis and evaluation of the numerical results obtained from the fifteen model variations calculated
to evaluate the sensitivity of the effective tensile strength and the vertically defined fracture line distance
allow the following conclusions to be drawn:
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1. The infiltration fracture length should be evaluated using the mean value at fracture line distances
that has a negligible influence on the infiltration fracture distribution (here between 1.0 m (39.37 in)
and 2.0 m (78.74 in)) in order to adequately estimate the overall infiltration fracture behaviour with
a small fracture area under consideration.

2. Taking into account the first point mentioned, the necessity of considering an effective tensile
strength cannot be derived from the results obtained.

Summary

Thermally induced infiltration fractures occur in the cavity edge area of gas storage caverns in rock salt
when the internal pressure exceeds the sum of the smallest compressive stress and the effective tensile
strength of the salt — this occurs in particular during gas withdrawal. These fractures are limited to a narrow
radial area near the cavern wall.

To evaluate these effective tensile stresses, a discrete fracture approach was applied within a continuum
model using predefined fracture lines. This enabled simulation of infiltration fracture formation in localised
areas, which also allowed transfer to the basic behaviour of infiltration fracture formation.

The magnitude of the critical pressure difference Apu, which indicates the effective tensile strength ﬁeTff of
rock salt, was determined in an extensive laboratory programme using novel mechanical extension tests.
It marked the onset of macroscopic failure and was particularly influenced by the salt structure of the
different locations tested. Values for the effective tensile strength 8., between 0.99 MPa (143.59 psi) and
4.87 MPa (706.33 psi) were determined on test specimens from different locations.

The numerical sensitivity analysis with regard to the influence of the selected effective tensile strength ﬂeTff
and the defined vertical fracture line distance showed that the decisive infiltration fracture length can be
determined from the mean value of the infiltration fracture lengths for a defined vertical fracture line
distance, whereby the resulting infiltration fractures do not visibly influence each other (here greater than
1 m (39.37 in)). In this case, the infiltration fracture lengths determined are of comparable length.

When the upper guideline is used, the consideration of an effective tensile strength in the generic model
shows only a minor influence on the calculated fracture length. It follows that an intensive determination of
the effective tensile strength BeTff based on the generic cavern model calculated here does not appear

necessary.
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