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Executive summary

The objective of the KEM-28 project is to increase our knowledge and further quantify and research risks
associated with underground hydrogen storage (UHS) in a conglomerate of salt caverns in the
Netherlands. This report describes the results of the research project which consisted of four parts:

e Part 1 Literature review

e Part 2 Geomechanical study

e Part 3 Risk analyses

¢ Part 4 Recommended strategy for risk management and mitigation

Overall, we aimed to answer the main research question: ‘What are the risks and their likelihood
associated with underground hydrogen storage in a conglomerate of salt caverns for hydrogen storage in
the Netherlands, either by using existing salt caverns, by developing new ones or by a combination of
both options and what is the recommended strategy for risk management and mitigation?’. More
specifically, the study aimed to addresses the following research questions:

e What are the incremental effects of having conglomerates of salt caverns for UHS in the Northern
and North-eastern Netherlands on the current levels of induced seismicity and subsidence, and
how do they affect the stability of the existing and new to construct salt cavern field(s)? Answers
to this question can be found in Part 1, the Literature review in sections 3.2, 3.5, 5.2 and in Part 2
the Geomechanical study in sections 1.9, 1.14 and 2.3.

e What are the effects on the long-term durability (deformation and transport properties) of rocks
surrounding the caverns and well materials in contact with hydrogen under an alternating
pressure regime and what are associated risks? These topics are addressed in Part 1, the
Literature review in sections 5.3 and 5.4 and in Part 2 the Geomechanical study in section 3.3.

e What are potential interactions between the stored hydrogen with the salt cavern itself, caprock,
and the well infrastructure? Answers to this question can be found in Part 1, the Literature review
in section 2.2, 5.3, 5.4 and in Part 2 the Geomechanical study in sections 1.5, 1.6 and 4.2.

e What are the possible interactions of the conglomerates with other nearby underground storage
and/or production facilities, such as producing gas fields, salt caverns for compressed air energy
storage (CAES) and gas fields used for CO2 storage? See case studies in the Literature review
sections 3.5.5 and 2.2.3.1.4 in Part 1. A modelling example is given in section 1.14.5.5 in the
geomechanical analyses of Part 2.

e  What are recommendations for risk management and mitigation? This will include design criteria
for dimensions, shape and depth of new caverns, distance between caverns, surface installation
considerations, interaction with other underground storage facilities such as CAES and CO2-
storage, brine processing, etc. Chapter 5 and 6 of the last part present all recommendations and
measures to mitigate the risks.

As underground hydrogen storage (UHS) in a conglomerate of salt caverns is not yet a fully mature
technology and the study was intended as a generic study, a direct answer to the above questions is not
feasible. However, this report provides a comprehensive overview of the risks associated with salt
caverns, in particular hydrogen storage in particular, and presents the state-of-the-art modelling and
experimental work that can help answering or mitigate the risks as presented in the following parts.

Part 1: Literature review

Large scale UHS is a key element of the energy transition. This is not a mature technology, and the
objective of KEM-28 is to increase our knowledge of relevant processes and risks associated with UHS in
the Netherlands, focusing on a conglomerate of caverns in Zechstein salt, and recommend strategy for
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risk management and mitigation. Here we present a literature review on relevant processes, geological
and material properties, engineering experience and risks of UHS. The review accordingly has the
following parts:

e a comprehensive overview of existing experience with the more than 2000 salt caverns in
operation worldwide, with description, discussion and interpretation of processes and problems
in this large knowledge base. Much can be learned from experience with storing different fluids
and gases, and to a lesser amount from experience with storing hydrogen, and the review
therefore provides a solid basis for the work in Phase 2 (Part 2, 3 and 4).

e together with this overview, a database of (near-)accidents is presented that forms an important
part of the risk analysis in Phase 2.

e geological knowledge of the location, structure, and composition of potential sites for UHS in salt
caverns. Here we show that much is still unknown about this - we review modern methods to
reduce this uncertainty.

e mechanical and transport properties ("durability") of salt rocks surrounding salt caverns
(including biochemical processes) and building on our work in KEM-17 we present the state of the
art of knowledge in these properties and processes, together with the uncertainties. In part 2 of
the report, these uncertainties will be further investigated to use the best possible parameters in
the multi-cavern numerical models and field tests to certify caverns for UHS.

e a review of existing risk assessment methodologies for UHS in salt caverns. We show that all
existing analyses are qualitative and build on analyses for natural gas storage.

Part 2: Geomechanical study

A generic geomechanical study includes an unlimited number of variables, however within this part we
aimed to perform realistic thermodynamical and geomechanical modelling based on the “average” Dutch
situation. We also investigated durability in relation to creep rheology and the effects of microbial activity
of the heterogenous Zechstein rock salt.

Chapter 1 is an extensive geomechanical analysis of hydrogen cavern stability that includes modelling of
well thermodynamics, creation of 2D and 3D parameterized finite element models, numerical calculations
including sensitivity analysis, blowout modelling and workover of a reference case. For the sensitivity
analysis, 54 combinations of parameters were computed and 14 indicators were defined to characterise
the mechanical stability of a cavern and its energy efficiency. The stability criteria included the rate of
cavern closure due to creep, associated subsidence, the possibility of fractures opening in the cavern wall
as a result of the high thermoelastic stresses generated during the production phases, and damage to the
rock salt due to dilation at low cavern pressure. The sensitivity study shows that certain configurations
are favourable to hydrogen storage, while other configurations are highly unfavourable. For a given
geological configuration, there is generally a combination of parameters (cavern characteristics and/or
mode of operation) that ensures acceptable mechanical stability.

A sensitivity study in 3D of the behaviour of a cluster of 9 caverns by varying the extraction ratio between
5% and 30% has been performed. As previous studies have shown, the volume loss of each cavern in a
cluster is less than the volume loss of a single cavern. This is due to the fact that a large part of the vertical
load above the cluster is progressively transferred to the abutment, which reduces the deviatoric stresses
in the pillar that cause the loss of volume. In the cases considered, the difference between an extraction
ratio of 5% and 10% rate is small, for both cavern volume loss and maximum subsidence. By increasing
the extraction ratio from 5% to 10%, the spacing between wellheads is reduced by approximately 50 m
(from 160 m to 110 m) and the surface area occupied by a cluster of 9 caverns is halved. Such a reduction
in the size of the pillars between caverns does not generate any additional dilatant zone in the pillars.
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It should be noted that the conclusions presented in this report are valid given the assumptions that have
been made, both for the geometry and for the thermal and mechanical properties of the rocks. This study
is generic and not site specific. In the case of a real project, the geology and properties of the rocks will
have to be precisely defined, both through studies on a microscopic scale (characterisation of the different
types of salt and the average grain size, for example) and on a dome scale. Finally, realistic modelling on
the scale of the caverns can be carried out to optimise the characteristics of the caverns, their positioning,
and the operating method (minimum pressure, maximum rate of pressure change, etc.).

Chapter 2 involves large-scale 3D thermomechanical modelling of a generic salt dome to investigate
whether a cavern field under cyclic loading conditions influences the stress state of the overburden and
leads to induced seismicity. For this purpose, we tested the impact of an optimised cavern field on the
dynamics of a typical salt dome and the adjacent overburden under different conditions. Using the
recommended cavern field design and pressure cycle conditions from Chapter 1, a series of coupled, high-
resolution 3D models with and without cavern fields were computed, for which the stress state and
degree of brittle deformation were compared. The comparison showed that (1) the degree to which the
stress field is perturbed depends on the creep rheology of the rock salt and the dome internal stratigraphy
with distinct mechanical properties. (2) In terms of location, a cavern field in the centre of the dome has
the least impact on the brittle deformation in the overburden, although the stress within a few hundred
meters is significantly disturbed. (3) If the cavern field is located close to the salt-sediment interface and
in the immediate vicinity of faults, induced brittle deformation can be observed in the pre-existing fault
zones. (4) Several locations close to the dome flanks were tested and not all scenarios lead to the same
level of stress perturbation, suggesting that general dome dynamics also play an important role.

Chapter 3 describes a study on the long-term rock salt creep rheology with respect to heterogeneities
such as mega grains and anhydrites. Based on a comprehensive analysis with numerical creep tests, we
investigated the effect of this structural variability on the effective long-term creep properties of
heterogeneous rock salt. At halite matrix volume fractions below 80%, non-matrix phases (e.g., mega
grains and anhydrite) have a significant influence on the creep behaviour at low stress (1-3 orders of
magnitude). The results show that if the volume fraction of the halite matrix is above 80%, the creep
properties of the halite matrix dominate the overall creep behaviour of the rock salt multi-phase
aggregate. If the volume fraction of the non-matrix phases is about 60 % or more, there is a high
probability that the non-matrix phases form a skeleton that dominates the effective creep behaviour of
the rock salt conglomerate, which is then less predictable and follows the individual and (uncertain) creep
properties of the mega grains and the second-phase impurities. Furthermore, we have established a
general empirical constitutive law that parameterises the strain rate of the heterogeneous rock salt based
on the applied stress, the known halite creep properties, and its volume fraction. In the expected stress
range and for the expected halite matrix volume fractions of natural salt domes, it can predict our
synthetic dataset with an uncertainty of 20 %. It is important to note that this only reflects the average
creep behaviour and should be adjusted to site-specific conditions. However, the results and conclusions
of this study provide the basis for integrating the creep of a highly heterogeneous multi-phase rock salt
into thermomechanical simulations, which ultimately supports the risk assessments of UHS in salt
caverns.

Chapter 4 explores into the assessment of salt durability concerning geochemical processes related to
second phases and microbes, employing imaging techniques. The challenging subsurface boundary
conditions—such as accessibility, depth, and p-T conditions—render in situ examinations of the
geochemical processes associated with underground hydrogen storage nearly impractical. Furthermore,
laboratory investigations involving actual reactants are constrained; transporting substances (rock
samples and fluids) to the surface induces immediate alterations due to shifting p-T conditions and
potential changes from contact with drilling fluids, groundwater, surface fluids, or atmospheric gases.
State-of-the-art analysis methods, like (cryo)-Scanning Electron Microscopy or p- or nano-Computer
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Tomography, offer the capability to visualize processes both ex-situ and in-situ during laboratory tests.
These methods could yield valuable insights for better constraining the rate-controlling processes during
subsurface storage, particularly concerning the involved rock phases, such as porous anhydrite, and casing
materials like cement and steel. The research investigates microbial alteration of anhydrite involving H,
CO,, and H5S, emphasizing the significance of comprehending the extent and kinetics of reactions within
the context of hydrogen storage in salt caverns. Microstructural examinations play a pivotal role in
understanding these processes at submicron pore scales, facilitating upscaling and the implementation
of preventive measures. Key findings include the impact of impurities and grain size on reaction kinetics,
the influence of salt concentrations on sulphate-reducing bacteria and H,S production, and the
identification of dolomite formation through microbial activity. The study also highlights that anhydrite
can permit the passage of aqueous solutions, thereby increasing porosity. The solubility of anhydrite in
water and its hydration to gypsum are noted to be influenced by various factors, with potential
consequences for the mechanical and hydrogeological properties of salt formations. The research
underlines the importance of site-specific investigations to comprehend the biological and chemical
impacts during hydrogen storage in diverse salt formations. In essence, the research aims to provide
insights into the intricate processes involved in hydrogen storage within salt caverns and identifies areas
requiring further study to mitigate potential risks.

Part 3 & 4: Risk analyses and recommendations

The last two parts are combined and describe the risk analyses and present three risk assessments — all
others can be found in Appendix D — followed by the recommendations in the final paragraphs, including
the recommended strategy for risk management and mitigation.

The risk analyses was generic at the request of the Ministry of Economic Affairs and Climate (EZK),
resulting in a maximum of combinations of stakeholders and risks that had to be considered. In total 31
stakeholders and 26 risks have been assessed using the method of “Risk-based Working” during various
workshops. The performed semi-quantitative risk assessment focusses only on the period of hydrogen
storage, i.e., the operational phase (the storage of the gas / liquid). However, the results of the risk
assessment in terms of research and measures do not solely apply to the operational phase. The results
of the generic risk analysis represent a worst-case scenario, also taking into account that probabilities are
relatively high as we need to consider dozens of caverns (a cluster). As the current risk analysis is generic,
all site-specific information still needs to be gathered and subsequently processed in the actual risk
assessment for any salt cavern planned for future H, storage once a location is known.

After mitigation of all preventive and corrective measures the main residual risk concerns the “Threat for
future (underground) energy storage”. Overall, social acceptance of hydrogen storage is an important
part of the success or failure of hydrogen storage and should receive attention from the government.
Secondly, hydrogen storage in a conglomerate of salt caverns in the Netherlands is technically feasible,
though many preventive and corrective measures have to be implemented and additional research has
to be performed to minimize risks.

The main topic for additional research, based on the research in Part 2 and the risk analyses done, are:

e An improved characterization of the salt dome internal structure, including anomalous zones,
using borehole logging and testing and site-specific integrated multi-scale modelling. This
includes improving specific tools for the investigation of internal salt stratigraphy and
heterogeneities;

e Creep research (e.g., effect of grainsize and impurities; calibration of a transient creep law for
Dutch salt) and durability of the salt, including transport properties, damage and healing of salt;

e Analysis of the stability of a cluster of caverns that could be leached asynchronously;
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e Validation of the existence of a heat exchange coefficient on the cavern wall and possible
calibration of this parameter in the case of hydrogen;

e Analyse the possible development of fractures when effective tensile effective stresses appear
on the cavern wall;

e Analysis of the surface effects of a blowout (jet fire, flash fire and unconfined vapor explosion),
evolution of the hydrogen plume formed by a leak for several atmospheric conditions, calculation
of the distance of effects for several scenarios;

e Research on prevention of micro annuli at the casing / cement / rock interfaces;

e Research of materials interacting with hydrogen and/or H,S;

e Development of high-quality mechanical integrity tests (MIT) including clear success criteria.

The main preventive measures are:

e Select the best location and configuration for caverns (shape and depth);

e Use of H; and H3S certified material (including packers and valves);

e Minimum preconditions for H storage cavern (well test / acceptance criteria);

e Open, pro-active communication with stakeholders (public, politics and press) and other
operators;

e Regular cavern and well tests, including sonar measurements, high quality Mechanical Integrity
Tests (MIT) and cement bonding log (frequency to be determined) and safety valve tests (SSV);

e Implement strict regulations (e.g., with respect to stacked mining) and strengthen the role of the
regulator;

The main corrective measures are:

e Actions according to the (to be developed and implemented) rapid response plan;

e Adaptation of the storage properties (e.g., pressures (min/max), max. yield);

e (micro-annuli and material) treatment with special materials (resins, silicates etc., biological
treatment);

e Controlled production / flaring of H;

e Open communication with stakeholders (public, politics and press) and other operators.

Due to the generic nature a relevant part of the risks cannot be easily quantified as a result of lacking
information. This results in the need for site specific risk assessments for each location and/or field on:

e Site specific geological information
e The surroundings of the location / field with respect to activities, infrastructure, inhabitants etc.
e The relevant stakeholders

The development of a cavern (field) starts with selecting the right location and should be first based on
the geology and then on the minimum number of stakeholders. Preferably construct new caverns and
avoid old wells and caverns and start with a relatively small design with low frequency operation while
continuing the research. A part of the research strategy includes evaluation of the risk measures and
report to all relevant stakeholders and update the risk analyses. The additional research can build upon
the findings of Part 2.
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Take home messages

e Transparency, strict regulations and a strong regulator are key to minimising risk and gaining
support from all stakeholders, especially the local population.

e Technically, hydrogen storage in salt caverns is feasible, although there are still many research
guestions that should be addressed to reduce the risks.

e Field-scale experiments are essential to test, validate and calibrate existing and newly developed
models.

e Finally, the selection of a site based on geological constraints and minimum number of
stakeholders should take place as soon as possible to perform a site-specific risk analysis and
sensitivity modelling to “get things started”.
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General introduction

This report contains a literature review, generic research, and risk assessment on hydrogen storage in a
conglomerate of salt caverns in the Netherlands following the ‘Request for Proposal: Risk assessment of
hydrogen storage in a conglomerate of salt caverns in The Netherlands’ (Reference: KEM-28 |
202111034), dated 17 February 2022, (a.k.a. RfP) by the Dutch Ministry of Economic Affairs and Climate
(Ministerie van Economische Zaken en Klimaat; EZK). To fulfil the scope of this project we expanded the
cavern closure consortium (CCC) with Pondera Geo-Energy to bring in world class expertise on risk analysis
to form the H2 Cavern Conglomerate Combination (H2C3). The members of the CCC (including Brouard
Consulting, GeoStructures Consultancy for Structural geology and Geomechanics, MaP - Microstructure
and Pores GmbH and smartTectonics GmbH) have a long and extensive, world class experience with all
aspects of this project. Our cooperation started with the KEM-17 project (KEM-17,2019) and is continuing
in a large integrated project aimed at salt cavern abandonment (Baumann et al., 2022a).

It is clear that large-scale energy storage is a key element of the energy transition. For hydrogen to
become an essential energy carrier, large scale underground hydrogen storage in salt caverns is a key
necessity in the Netherlands (van Gessel et al., 2021c) and internationally (e.g., Smith et al., 2023).
Because this is not yet a fully mature technology, the objective of KEM-28 is to increase our knowledge
and further assess and research risks associated with underground hydrogen storage (UHS) in a
conglomerate of salt caverns.

In our project we aimed to answer the main research question: ‘What are the risks and their likelihood
associated with underground hydrogen storage in a conglomerate of salt caverns for hydrogen storage in
the Netherlands, either by using existing salt caverns, by developing new ones or by a combination of both
options and what is the recommended strategy for risk management and mitigation?’ As the study was
meant to be generic, so not site-specific, and the number of caverns was unknown risks were evaluated
in a semi-quantitively way. Moreover, considering the relatively low number of accidents associated with
storage caverns over more than several decades, while technology advanced and regulations got stricter,
a robust statistical analysis is not realistic. However, knowledge of risks associated with natural gas and
oil storage in conglomerates of salt caverns should be used as the starting point for a better understanding
of hydrogen storage and are presented in the extensive literature review. Our research and risk
assessment aimed to tackle risks based on various failure scenarios, considering the relative likelihood of
their occurrence and their effects, and identifying measures to mitigate those risks and to outline where
additional research is necessary.

This project consisted of four parts divided over 2 phases in time, see also Figure 1. Part 3 and 4 are
merged in this report to enhance the readability.

Phase 1 (3 months):

e Part 1 Literature review

Phase 2 (12 months):

¢ Part 2 Geomechanical study

e Part 3 Risk analyses

¢ Part 4 Recommended strategy for risk management and mitigation

By the end of Phase 1 we delivered a comprehensive literature review (Part 1) on hazards and risks of
storage in salt caverns. Additionally, the Zechstein salt in the Northern and North-eastern Netherlands
was assessed with a special focus on seismicity and the durability of salt, in particular the creep properties
of heterogeneous rock salt and geochemical processes in general. It further includes a database of (near-
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) accidents occurred in the construction and operation of salt caverns for oil storage, identifying the causes
and consequences. The risk assessment was also introduced.

The deliverables of Phase 2 (also referred as the research phase) consist of the three parts listed in
addition to the literature review. The geomechanical study (Part 2) includes a detailed 2D and 3D
geomechanical analysis and sensitivity analyses on the stability of a generic cavern field, assuming that a
conglomerate of salt caverns is used for storage with various configurations and scenarios and 3D
Thermo-hydro-mechanical (THM) dome-scale simulations to assess the potential for seismicity in the
vicinity of a salt dome. Additionally, the durability of salt was researched regarding the long-term creep
properties of heterogeneous rock salt and microbial processes. These findings, plus the literature review
of Phase 1 and expert knowledge provides input parameters for Part 3 of the project which contains a
semi-quantitative generic risk analysis of underground hydrogen storage in a conglomerate of salt caverns
in the Zechstein salt of the Northern Netherlands following several risk workshops. The last sections
(initially Part 4) report on the preventive and corrective measures to be considered. Additionally, a
recommendation for further study to better asses the risks of UHS storage in conglomerates of salt
caverns is presented.

Phase 2 — Part 2, 3 & 4: Research phase

Part 2: Geomechanical study and more Part 3: Risk analyses Part 4: Recommended strategy for
incl.: Risk workshops and assessments to: risk management and mitigation
1. Geomechanical analysis 1. Determine stakeholders and objectives Covering:

2. Seismicity: Thermomechanical modelling 2. Identify risks 1. Additional research required
3. Durability: Salt rheology 3. Classify risks 2. Preventive measures
4. Durability: Microstructural analyses of 4, Evaluation and classifying all risks 3. Corrective measures
g pamlsl e mfe bl Fraszses 5. Dealing with risks, defining all preventive 4. Mitigated risk matrix
and corrective measures

6. Evaluation of the measures, Recommendations
determination of the residual risks

+ Expert knowledge

Figure 1. Initial framework of the whole project. Part 3 and 4 were merged in this report to enhance the readability.
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Risk assessment of hydrogen storage in a
conglomerate of salt caverns in the

Netherlands

PART 1 — Literature review

Reference: KEM-28 — Part 1
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Summary

In the Netherlands, large scale underground hydrogen storage is a key element of the energy transition.
Because this is not yet a fully mature technology, the objective of KEM-28 is to increase our knowledge of
relevant processes, further quantify and investigate risks associated with underground hydrogen storage
(UHS), focusing especially on a conglomerate of salt caverns, and present a recommended strategy for
risk management and mitigation. This is the report of the first phase of the KEM-28 project® “Risk
assessment of hydrogen storage in a conglomerate of salt caverns in The Netherlands”. We present a
literature review on relevant processes, engineering experience and risks for underground Hydrogen
storage in conglomerates of salt caverns in the Netherlands. We address and integrate a number of
aspects of the technology: including an overview of the relevant physical, chemical, and biological
processes, we discuss the state of the art of knowledge of geological and geomechanical state (the “Ist-
Zustand”) of salt diapirs and salt pillows (including a review of associated minor seismicity), with focus on
the Dutch subsurface. We discuss methods to efficiently investigate the suitability of candidate structures
before deciding to build cavern clusters. Building on our work in KEM-17 we review aspects of the physical
properties of the salt surrounding the storage caverns, and identify aspects of their creep-, damage-, and
gas tightness properties which are insufficiently known to make reliable predictions of the deformations,
subsidence, and tightness in salt cavern clusters over the long periods of their operation. We also review
biochemical processes which lead to H,S formation in the cavern and identify where knowledge is
insufficient of reactions and reaction kinetics of H,S formation. This is integrated with a comprehensive
and critical overview of the knowledge of the thermodynamics and engineering aspects of (gas-filled) salt
caverns, their tightness along the well and of the salt formation, the pressure permissible in the cavern.
Discussion includes analysis of examples of the full range of problems known from the many caverns,
illustrated with a database and insights on failure mechanisms based on experience with (near-) accidents
from underground storage projects in salt caverns worldwide. This includes experience with gas storage
which provides a large knowledge base for those processes which can be compared with H; storage. It
provides an important contribution to the development of well- and cavern scale tests as a basis for
certifying and permitting of a structure for H, storage.

We can conclude that many lessons can be drawn from the salt cavern industry. Storage of gaseous and
liquid hydrocarbons in salt caverns is a mature technology. More than 2000 caverns are operated
worldwide. A lot of experience has been gained which can be transposed — with some changes — to the
hydrogen storage case. Especially tightness is a fundamental requisite of hydrogen storage in a salt cavern,
due to the small hydrogen molecule size and high flammability of the gas.

Overall, we conclude the following:

e modelling the thermodynamics, tightness, and structural stability of a conglomerate of salt
caverns, in particular storing hydrogen and interaction between various storage products, is not
comprehensive and requires more work.

e Also, the internal structure of the Dutch subsurface salt structures which are potentially suitable
for the construction of hydrogen storage caverns is not well known and determining suitability
for caverns needs much more work using available validated methods.

e Yet, itis unclear how characteristic hydrogen cavern parameters affect the exact stress response
and corresponding creep processes in the rock salt mass but similarities with other caverns are to
be expected. In addition, it is not clear whether natural seismic events, which occur due to the
natural creep of the salt dome, can be distinguished from induced micro seismic events, which
arise due to increased creep rates from operated caverns.

1 https://kemprogramma.nl/cms/view/85497703-
4743-498f-bd78-
13c2e0574691/onderzoeksprojecten
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e Moreover, pressure cycles in addition to cavern creep closure poses a much less well-understood
problem next to weakening of the (wet) cavern wall by damage, dilatancy, crystal plasticity,
dynamic recrystallisation and grainsize-dependent pressure solution.

e Finally, we recommend identifying critical lithologies with sufficient spatial resolution and
conduct laboratory and in-situ testing to obtain more reliable kinetic rate data.

In the research phase of this project, we will provide detailed descriptions and recommendations of
possible steps to bridge the research gap.

In general, the (near-) accidents are related to thermodynamics, tightness and structural stability of salt
caverns and experience on this will be reviewed in detail in chapter 2 and 3, followed by a review on salt
cavern testing in Chapter 4. Chapter 5 addresses the Dutch case with respect to the Zechstein salt
structures in the subsurface, seismicity and salt durability regarding rheology, transport properties and
geochemical processes. All these different aspects are summarized in the following sections below.

CHAPTER 2 SALT CAVERN THERMODYNAMICS AND TIGHTNESS
2.1 Thermodynamics

Salt-cavern thermodynamics is complex, it is influenced by several coupled phenomena. Pressure — cycled
gas caverns experience large temperature swings, especially when the cycling period is short. Gas
thermodynamic behaviour during cycles is not adiabatic, and the amplitude of the temperature changes
strongly depends on the duration of the pressure change and the walls area — cavern volume ratio. In a
hydrogen storage, water vapor and other gases (for instance H,S, when the brine sump contains anhydritic
insoluble contents) can be contained in the withdrawn gas. Large pressure drops may generate net tensile
stresses at cavern wall. However, the depth of penetration of thermal fractures seems to be relatively
small. The upper part of a quiescent gas cavern is stirred by natural convection resulting from the
geothermal gradient. In most cases, a temperature gradient inversion is observed in the lower part of the
cavern and heat, or mass transfer is impeded above the brine sump, except after a large temperature
drop. It seems that the brine sump in a frequently cycled cavern remains perennially cooler than the rock
mass, as the gas cavern is a thermo-dynamical device: condensation (after a pressure drop) is spread in
the whole gas body and vaporization (after a pressure increase) takes place at the brine-gas interface.
These mechanisms do not seem to raise a risk issue; they are important from the standpoint of hydrogen
purity and have not been widely discussed in the literature. A simplified model for heat transfer of a
cavern is described in the report.

2.2 Tightness of salt caverns

Generally speaking, salt permeability is exceedingly small. However, in-situ tests proved that the overall
cavern permeability experiences a significant increase when fluid pressure at cavern depth is larger than
80-85% of the geostatic pressure. Several incidents proved that breaches or conduits can be created or
pre-exist between a cavern and a neighbouring cavern, or between a cavern and the boundaries of the
salt formation. The origin of most of these incidents is the presence, see below, of Anomalous Zones in
the salt formation. However, as in most pressure vessels, it is the “piping” (the access well) that most
often is the weakest point. Several incidents are described in this Section. The origin of most of these
incidents is the presence of a single casing between the stored product and the rock formation. No
tightness loss has been reported from the 6 hydrogen-storage caverns currently operated worldwide, but
as hydrogen is a mobile gas, the consequences of a leak reaching ground level might be severe. The
analysis of the leak mechanisms identified in 11 cases are described in the report; it enables to identify
some common patterns. The onset and nature of a casing breach, the development of a leak,
consequences at ground level and monitoring-prevention are discussed. Prevention of a gas leak includes

KEM-28 — Part 1: Summary
23



quality of drilling and cementing job. More specific topics, as pressure monitoring and well completion,
are presented.

2.3 Blowout

A blowout is the uncontrolled release of cavern fluid after pressure control systems have failed. Blowouts
from salt caverns are not common, only a couple of examples have been described in the literature. The
most striking difference between a blowout in a gas reservoir and a blowout in a salt cavern is that the
gas inventory in a cavern is relatively small and the blowout is completed within a couple of days. During
a blowout, the gas velocity in a borehole typically is a couple hundreds of meters per second (more, when
hydrogen is considered). In other words, only a few seconds are needed for gas to travel from the cavern
top to ground level. Such a short period of time is insufficient for cavern pressure and temperature to
change significantly. Gas flow is adiabatic and turbulent, the effects of friction are confined to a thin
boundary layer at the steel casing wall. The gas flow must remain subsonic in the wellbore. At the
beginning of the blowout, the flow, which is sonic at ground level, is said to be a “choked flow” and
wellhead pressure is larger than atmospheric pressure. Conversely, when the cavern pressure becomes
relatively small, the gas flow is said to be “normal”. Even at ground level, the gas rate is significantly slower
than the speed of sound, and wellhead pressure is equal to atmospheric pressure. Very low temperatures
can be reached in the cavern and at the wellhead during the blowout. In some cases, it can start to rain
or even snow in the cavern depending on the initial gas water content.

CHAPTER 3 SALT CAVERN STRUCTURAL STABILITY

Rock salt is a very complex material; since the beginning of the 80’s, ten conferences have been dedicated
to its mechanical behaviour. The mechanical behaviour of salt can be studied at various scales: the scale
of crystals, at which dislocations climb, glide, and pile up; the scale of grains and interfaces between
grains, where micro-cracks can form and pressure-solution is active; and the scale of the salt formation,
in which the salt, clay or anhydrite layers generate specific interactions. Rock-salt behaviour is highly non-
linear, it is elastic-ductile when considering short-term compression tests, and it is elastic fragile when
tensile tests are considered.

3.1 Rock-salt behaviour

In the long term, salt behaves as a fluid in the sense that it flows even under very small deviatoric stresses
(i.e., as soon as the state of stress is not purely isotropic). All solution-mined cavities shrink as they
gradually, and quite slowly, close. Creep ability strongly depends on the salt formation under
consideration. The report describes several aspects of the mechanical behaviour of salt. One section
presents the tests that are commonly performed at the lab to determine the transient and steady-state
parameters of the dislocation-creep law. The case of small deviatoric stresses, or pressure solution creep,
that require special tests performed in a mine is discussed. The most popular constitutive laws are
described briefly. Several case histories of spectacular cavern volume losses due to salt creep are
presented. Creep closure may also lead to subsidence, casing overstretching and permeability increases
at the anhydrite/salt interface. Creep closure in a cycled cavern is discussed.

3.2 Subsidence

Subsidence is an unavoidable consequence of salt cavern creation and cavern creep closure. An abundant
literature was dedicated to this topic. It is generally accepted that the volume of the subsidence bowl
roughly equals the cavern volume loss. The maximum vertical subsidence is of the order of magnitude of
the volume loss divided by the square of the cavern depth; however, the exact figure and, more generally,
the shape of the subsidence bowl (the ‘transfer function’) generated by a single cavern are site-specific
notions. Subsidence can be computed both through full 3-D computations and through a simpler ‘transfer
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function’ method. Geometrical characteristics of the subsidence bowl are presented in the report. Several
case histories of significant subsidence are also described

3.3 Casing overstretching

Casing overstretching results from large cumulated strains at cavern roof. After a long period of time, in
some cases when the steel casing, whose elastic limit is small, is not able to accommodate such
deformations, resulting in casing failure and gas leak. The design of the cavern shape and location of the
last cemented casing shoe above the cavern roof play a major role, as flat roofs, interlayered formations,
large spans, and the absence of a high enough chimney expose the cemented casings to large strains and
increases the risk of casing overstretching. Two casing overstretching incidents are described.

3.4 Brittle failure

Even if rock salt behaviour is generally recognized as pre-eminently ductile, it exhibits several brittle
features which are important from cavern structural stability. The report describes several examples of
brittle failure as observed at the laboratory and in salt caverns. At the laboratory, dilation, tensile failure,
hydraulic micro-fracturing, and post-failure behaviour can be observed. At the scale of caverns, examples
of the onset of thermal stresses leading to tensile failure are described. These thermal stresses may
appear when cavern temperature decreases rapidly, during a blowout for instance. The report also
describes the mechanisms that can lead to an overburden failure. Several case histories are presented.
Cratering is the most spectacular failure mechanism of a salt cavern: a cylinder of rock drops abruptly by
several dozens of meters. However, this phenomenon requires special conditions which have never been
met in storage caverns. Roof fall are quite common, and several examples from the literature are
analysed. Known examples prove that roof falls occur: in large-spanned, flat-roofed caverns; when
interlayers can be found above the roof; and when cavern minimal pressure is small. These three
ingredients seem to be mandatory. Block falls from cavern walls is a mundane phenomenon. Evidence of
block falls include frequently observed breaks or bending of the inner tubes hit by falling blocks and the
observed accumulation of the blocks on the floor of a cavern. Such incidents are typically not reported in
literature and belong to the routine operation of many salt caverns. In the following, only incidents that
led to large volume displacements or incidents having uncommon mechanisms are reported. Four gas-
storage examples and two oil-storage examples are described. Heterogeneities, dome scale anomalies
like anomalous zones are mentioned as possible additional factors leading to some instabilities. Several
additional examples are provided.

3.5 Conglomerates

The case of ‘conglomerates’ (large cavern clusters) has not been intensively studied in the literature,
probably because it requires heavy computing resources. The mechanical behaviour of a cluster is
complex; some computations prove that a large part of the overburden load is transferred to the
abutment (the periphery of the cluster), in sharp contrast with the case of an elastic rock mass. Caverns
often have been created at the same depth and, from a structural stability standpoint, a major problem
is the minimum distance between two neighbouring caverns or, in other words, computation of safe
extraction ratio. Some rules can be found in the literature, often based on the dimensioning of room-and-
pillar mines. From the literature, it appears that cavern clusters are usually stable. A couple of
computation examples are presented. Conglomerates will be studied into detail during the phase 2 of the
project.

CHAPTER 4 SALT CAVERN TESTING: Permeability (4.1) and tightness (4.2) tests

The tightness of a cavern and its external well components is a fundamental requirement to ensure that
any leak does not cause contamination of drinking water resources or the unreasonable escape of stored
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products to the surface. Full-scale testing is necessary to ensure that acceptable tightness exists. A great
asset of liquid hydrocarbon storage in salt caverns, when compared to natural gas or CO; storage in
depleted reservoirs or aquifer layers, is that hydrocarbons occupy a well-defined volume, allowing for
precise tightness tests to be performed before commissioning and during the operating life of a cavern.
Such tests commonly are referred to as Mechanical Integrity Tests, or MITs. In most countries, conducting
an MIT is a regulatory requirement and must be performed at various times during a cavern’s life cycle.
Every year, hundreds of mechanical integrity tests (MITs) are performed worldwide. A large amount of
literature has been dedicated to various technical aspects of MITs. The Solution Mining Research Institute
(SMRI) suggested a reference for interpreting the results of an MIT. The report describes the permeability
tests that can be performed in a wellbore after drilling and also the determination of cavern average
permeability that can be inferred from a test performed in a full-size cavern. The different types of
tightness tests that can be performed on an existing cavern are also described in the report. Regarding
hydrogen storages, there is no standard procedure for testing the integrity yet. It seems that in the three
hydrogen storages in Texas, the caverns were tested through a standard Nitrogen Leak Test (NLT) before
debrining the cavern; i.e., before filling the cavern with hydrogen.

CHAPTER 5 ZECHSTEIN SALT IN THE NETHERLANDS

Chapter 5 reviews the Dutch subsurface with respect to the Zechstein salt structures, seismicity, and
durability in four sections. The durability encompasses the evolving rheology, transport properties,
damage, and healing of salt around a cluster of hydrogen storage caverns and the geochemical processes.

5.1 The Dutch subsurface (onshore and offshore) and potential Salt caverns

Permian Zechstein evaporites are present in large parts of the subsurface of the Netherlands. Layers of
rock salt, potassium-magnesium salts and sulphates form a highly complex structure, ranging from thick,
tectonically undeformed salt to highly deformed and reworked tectonites in salt pillows and diapirs
Although the majority of possible locations have been identified, the internal structure of the Dutch
subsurface salt structures which are potentially suitable for the construction of Hydrogen storage caverns
is not well known and determining suitability for caverns needs much more work using available validated
methods - significant part of this can be done before investing in data acquisition by high resolution
seismic and measurements in wells.

5.2 Salt seismicity in general and Dutch situation

In principle, the specific occurrence of induced seismicity due to hydrogen storage in salt caverns is a topic
that has not yet been documented much in the literature. This section provides an overview of possible
causes of seismicity related to operating and abandoned salt caverns, and salt structures in general. We
review the literature articles that describe microseismic events associated with caverns and assess the
situation for hydrogen caverns. Compared to other induced seismic events from, for example, depleting
gas reservoirs (ML < 3.5), induced seismic microseismic events possibly associated with cavern operations
appear to have 100-1000 times smaller amplitudes (ML < 1.3).

5.3 Durability: The evolving rheology, transport properties, damage and healing of salt around a cluster
of hydrogen storage caverns

The situation of hydrogen in contact with the cavern wall where pressure is cycled in addition to cavern
creep closure poses a much less well-understood problem. In our opinion, it is likely that the cavern walls
will be wet when in contact with H2. This poses an interesting and unexplored problem of damage,
dilatancy, crystal plasticity, dynamic recrystallisation and pressure solution, which can weaken the cavern
walls with the very low viscosity of H2 allowing much more rapid penetration of pore pressure and
dilatancy than previously thought, with an as yet unknown depth of penetration. This calls for a much

KEM-28 — Part 1: Summary
26



better understanding of the processes in this complex damage zone over long periods. Additionally, the
Z2 Stassfurt salt, which is expected to be the major host of Hydrogen caverns in the Netherlands, shows
evidence of grainsize-dependent differences in halite rheology based on microstructural observations.
We recommend that this mechanism is included in the constitutive laws describing deformation of
engineered structures in rock salt.

5.4 Durability: Geochemical processes

This review on the geochemical process related to the storage of hydrogen in salt caverns comprises: i. a
short overview on the physic-chemical properties of the reactive second phases within the Zechstein
formation, especially the anhydrite/polyhalite layers, and the related abiotic geochemical reactions and
reaction kinetics; ii. the associated biotic processes, reactions and reaction kinetics causing the risk of H,S
formation; and, iii. the material integrity and durability in terms of possible chemical changes of the
borehole materials.

Although hydrogen stored in salt caverns is expected to have a major impact on sulphur chemistry, a
number of studies suggest that the impact on second-phase lithologies, which contain only small amounts
of sulphur, is unlikely to be significant because reactions of hydrogen with minerals become relevant only
over time periods much longer than the storage cycles considered. In contrast, however, significant
effects of biotic and abiotic processes are expected on sulphur-bearing lithologies such as the
anhydrite/polyhalite layers and the brine sump (Dopffel et al., 2021; Hemme and van Berk, 2017; Laban,
2020; Muhammed et al., 2022; Panfilov, 2016). Geochemical models are valuable tools to constrain the
long-term behaviour of the reservoir in terms of mineral dissolution and precipitation reactions in the
presence of hydrogen, as well as the associated effects on, but reliable data on the kinetic rates of these
processes are lacking according to many authors. In the absence of reliable data on the effects of
hydrogen on permeability and mechanical integrity in critical lithologies such as anhydrites, sump
sediments, or the casing cements, as well as information on the kinetics of abiotic geochemical and
microbial reactions in the corresponding pore fluids, predictions on the long-term behaviour of geologic
hydrogen storage are limited. To better assess the quality and safety of the potential salt cavern
conglomerate storage sites, it is recommended that, in addition to geochemical modelling, (i) subsurface
geologic conditions be characterized with sufficient spatial resolution to identify critical lithologies, and
(ii) laboratory (analogue and case studies) and in-situ testing be conducted to obtain more reliable kinetic
rate data.

CHAPTER 6 DATABASE OF (NEAR-) ACCIDENTS OCCURRED

A database of (near-)accidents, or incidents, occurred in the construction and operation of conglomerates
of salt caverns for hydrocarbon storage worldwide is presented in chapter 6. It lists over 50 (near-)
accidents with corresponding location, incident date, cause, consequence, and references.

Appendix: Risk assessment

Based on the above, we present in the Appendix an overview of existing risk assessment methodologies
for H; storage in salt caverns. Although existing methods are quite diverse, focusing on a variety of risks
associated with part of or the total life-cycle of the salt cavern, all existing analyses are qualitative. Risk
assessment on H; storage, however, is scarce and mainly built upon the risk assessment of natural gas
storage. For Phase 2 of this project, we propose “Risk based Working” which is semi-quantitative, to
determine the risks, the consequences, and the effect of the measures to be taken. This method consists

of a structure of 6 steps based on unambiguous working definitions for “uncertainty”, “risk” and “risk
perception”. Based on the knowledge described in this review and further developed in Phase 2, we will
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develop a general template for the risk assessment of H, storage in salt caverns. After that we will build
the frame of a generic risk analysis, organize several workshops with our team and will complete the risk
analysis based on facts, interpretation of facts and assumptions, all using the inherent expert knowledge.
The final risk analysis describes all possible stakeholders, the risks that might influence them and the
mitigations that can be taken.
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1 Introduction

Large-scale energy storage is a key element of the energy transition. For hydrogen to become an essential
energy carrier in the Netherlands, large-scale underground hydrogen storage is crucial. We, the H2 Cavern
Conglomerate Combination (H2C3), present a comprehensive literature review on hazards and risks of
underground storage in conglomerates of salt caverns relevant for hydrogen storage in the Northern and
North-eastern Netherlands (focusing on the Zechstein salt layer). All according to our proposal (Proposal:
‘Risk assessment of hydrogen storage in a conglomerate of salt caverns in The Netherlands’, version
220328) by the H2C? following the ‘Request for Proposal: Risk assessment of hydrogen storage in a
conglomerate of salt caverns in The Netherlands’ (Reference: KEM-28 | 202111034), dated 17 February
2022, (a.k.a. RfP). We build on the results of KEM-17 (Baumann et al., 2019; Brouard and Bérest, 2019;
Urai et al., 2019) combined with our expertise in risk analysis and on the extensive relevant published
work by others (e.g., Groenenberg et al., 2020b, 2020a; Sijm et al., 2020; van Gessel et al., 2018; Winters
et al., 2020) and our group.

1.1 Reading guide

Our literature review consists basically of two parts. The first part (Chapter 2, 3 and 4) includes insights
on (near-) accidents from underground storage projects in conglomerates of salt caverns worldwide. Next
to describing the incidents in detail, the lessons learned, preventive measures, and specific criteria are
presented for a selection of failure mechanisms. It includes a database of (near-)accidents that occurred
in the construction and operation of conglomerates of salt caverns for gas and/or oil storage, identifying
the causes and consequences (Chapter 6 Database of (near-) accidents occurred). The other part, Chapter
5 Zechstein Salt in the Netherlands, includes a literature review on the Dutch subsurface and potential
salt caverns followed by a section on salt seismicity in general and Dutch situation. The chapter also
contains a section on durability regarding the evolving rheology, transport properties, damage and
healing of salt, and geochemical processes. Additionally, a template for the risk analyses of underground
hydrogen storage in salt caverns, including a review of the risk analyses already conducted, is presented
in Appendix: Risk assessment. The reference list is at the end of the document (p496).

In the following, we list the main author(s) of the relevant sections:

e Chapter 2 Salt cavern thermodynamics and tightness: Prof. Dr. Pierre Bérest

e Chapter 3 Salt cavern structural stability: Prof. Dr. Pierre Bérest

e Chapter 4 Salt cavern testing: Prof. Dr. Pierre Bérest

e Section 5.1 The Dutch subsurface (onshore and offshore) and potential Salt caverns: Prof. Dr.
Janos L. Urai

e Section 5.2 Salt seismicity in general and Dutch situation: Dr. Tobias Baumann and Prof. Dr. Janos
L. Urai

e Section 5.3 Durability: The evolving rheology, transport properties, damage and healing of salt
around a cluster of hydrogen storage caverns: Dr. Tobias Baumann, Prof. Dr. Janos L. Urai and
Prof. Dr. Boris Kaus

e Section 5.4 Durability: Geochemical processes: Dr. Joyce Schmatz

e Chapter 6 Database of (near-) accidents occurred: Prof. Dr. Pierre Bérest and Dr. Jop Klaver

e Appendix: Risk assessment: Ir. René Vreugdenbhil
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2 Salt cavern thermodynamics and tightness

Author: Pierre Bérest — Brouard Consulting

Storage of gaseous and liquid hydrocarbons in salt caverns is a mature technology. More than 2000
caverns are operated worldwide. A lot of experience has been gained which can be transposed — with
some changes — to the hydrogen storage case.

Tightness is a fundamental requisite of any storage cavern. However, storing hydrogen raises a couple of
new problems, related to the small hydrogen molecule size and high flammability of the gas. Tightness
results from (Bérest and Brouard, 2003):

e the properties of the rock formation (KEM-17, 2019),
e the nature of the stored product (density, viscosity)

e the pressure selected for storage operation

e Blowout prevention

e the design of wellbore completion, and

e the quality of the cementing job and steel equipment.

A considerable asset is that much information and experience are available from the 2000+ salt caverns
used worldwide for hydrocarbon storage.
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2.1 Thermodynamics

2.1.1 Hydrogen purity

From an economic standpoint, gas purity is a more important concern. Existing hydrogen storage caverns
are used for industrial uses and a high purity of hydrogen is not required. Hydrogen used for mobility
(cars, trucks, or trains), needs much higher requirements. Highlights are provided by natural gas storages.
Water vapor amount in the injected gas is low (In France, for instance, water vapor concentration in a
mass of gas injected in a cavern must be less than ¢, = 46 mg/Nm?; Nm? stands for “Normal” (standard)
m?3). However, after cavern creation, a significant amount of brine is left at cavern bottom (Figure 2), and
vapor amount in the gas gradually increases to reach equilibrium with the sump brine. This process is
relatively fast as gas is stirred by natural convection in the cavern. When gas is withdrawn from the cavern
its temperature and pressure drop and gas is oversaturated with water, there is a risk that gas hydrates
form at ground level (Klafki et al., 2003a). Hydrates are a significant hazard for pipes and pumps at ground
level (Réveillére et al., 2016). Gas must be dehydrated before being injected in the grid, a costly part of
storage operation.

In a hydrogen storage, water vapor and other gases (for instance H,S, when the brine sump contains
anhydritic insoluble contents) can be contained in the withdrawn gas.

d)

Figure 2. From left to right: (a) solution mining; (b) debrining; (c) end of debrining; (d) before commissioning.

2.1.2 Convection in brine-filled and gas-filled caverns
2.1.2.1  Onset of convection in a brine-filled cavern

Salt caverns often are leached out using soft water from a lake or a shallow aquifer having a low
temperature (typically, 10-12 °C). When solution-mining is completed, cavern brine temperature is
significantly lower than rock temperature (which typically is 45 °C at a 1000-m depth). The same is true
for the brine sump in a gas cavern. Heat transfer through conduction takes place in the rock mass, and
the resulting heat flux through the cavern walls (dV) warms the cavern brine (Bérest, 2019):

T 0Tsq
prCiVTy =[5, —Ksur — o dA (1)
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Where p,, Cl’; is the volumetric heat capacity of brine; Vis the cavern volume; T}, is the brine temperature;
Tsaie is the rock-salt temperature at cavern depth; K, and kg are the salt thermal conductivity and

diffusivity, respectively. From these two equations, as Ksqit = Psait CoritKsaue is not very different from
2/3
P CE ksqie, it can be inferred that the characteristic time for brine warming in a quiet cavern is P
salt

Typically in a cavern of spheroidal shape, the gap between rock temperature and brine temperature is

2/3
divided by a factor of 4 after some time (in years), which approximately is ZW; V is in m* (More precise

computations can be found in Karimi-Jafari et al., 2007).
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Figure 3. Temperature profile along the vertical axis of symmetry in a brine cavern (Banach and Klafki, 2009).

When thermal equilibrium is reached, after several years or decades, depending on cavern size, brine
temperature is almost constant in the cavern, even though the virgin salt mass is the seat of an upward
geothermal gradient: Gge, = 1.6 X 1072 °C/m, typically. This is because, in addition to conductive heat
transfer, brine is stirred by convective heat transfer. Brine at the bottom of the cavern is warmer than at
the top, and equilibrium is unstable. Consider a brine particle that rises by dz < 0. Mechanical
equilibrium is reached almost instantaneously, and particle pressure decreases by dP = p,gdz. Its
temperature decreases accordingly. The temperature decrease is larger when the particle does not have
enough time to exchange heat with the surrounding brine — i.e., when the thermodynamic
transformation is adiabatic, or dP|g = p,CEdT (i.e., when entropy S remains constant), and dT|g =
gdz/C},’. The particle keeps rising as long as its temperature is warmer than the temperature of its
environment (i.e., when ci},’ < Ggeg,where Ggg7 is the inferred geothermal gradient in the cavern should

no convection take place, it is slightly smaller than the geothermal gradient in the rock mass), a condition
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that is always met (Cf = 3800 ]/kg/°C is typical, g = 10 m/s?). More details can be found in Bérest
(2019).

Figure 3 provides an example: the geothermal gradient in the cavern is quite small. There is a second
condition for onset of natural convection: the Grasshof number must be sufficiently large, a condition
always met in a salt cavern.

Table 1. Thermal properties of brine and several gases. Constants are measured at 25 °C and atmospheric pressure (Air Liquide,

2022). .
Fud | v | mer | <
(°C/km)

Air 1006 26 9.8
CHg4 2232 34 4.4
H-» 14306 185 0.7
0, 920 26 10.6
CcO, 851 16 11.5
Brine* 3200 600 0.31

* Manuel pour le Transport et la Distribution du Gaz, 1985.

2.1.2.2 Onset of convection in a gas-filled cavern

It should be expected that a similar (almost vertical) temperature profile be found in gas caverns,
especially in the case of hydrogen and natural gas (methane), as the adiabatic gradient, although larger

than brine adiabatic gradient, is smaller the inferred geothermal gradient. The condition for onset of

. . . aT . . .
thermal convection in a gas cavernis G,4 = C—;q < Ggéy, where a is the coefficient of thermal expansion
g

of the gas, aT = 1, and the heat capacity of the gas, CZ, is relatively large (see Table 1). In fact, this is not
true, a temperature gradient inversion can be observed at cavern bottom, several dozens of meters above
the gas-brine interface (see Figure 4) as will be seen in paragraph 2.1.3.
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Figure 4. Temperature profile in an anonymous gas cavern: the temperature gradient in the upper part of the cavern is G =
6 °C/kmy; it is negative above the sump (After Berger et al., 2002).

KEM-28 — Part 1: 2.1 Thermodynamics
33



2.1.3 Heat transfer in a gas storage cavern

2.1.3.1 Acase history

A gas storage cavern is an open system: gas is injected or withdrawn from the cavern. Gas pressure and
temperature experience large changes. An example was described by Klafki et al., (2003b). In the Cavern
S107 at Stassfurt, Germany, during a 14-day period, three gas withdrawals (60,000 Nm3/hr over 20 h,
100,000 Nm3/h over 12 hours, 142,000 Nm3/hr over 7 hours, followed by a 77-hour standstill) and a
61,000-Nm?3/hr injection over 61 hours were managed (for natural gas, 1 Nm?3 = 0.68 kg). Temperature
profiles were measured through a Raman optical fibre (Figure 5); they remain almost vertical during
withdrawal, evidence of the perennial effect of thermal convection in the main cavern body, except for
the lower part of the cavern (below the gradient inversion depth), which will be addressed later.
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equilibrium after the withdrawals are completed (2, 3) (Klafki et al., 2003b).

2.1.3.2 Asimplified model for heat transfer in a cavern
A simplified version of the first principle of thermodynamics can be written as follows:

m(he —veb.) = Q +< 1 > (hinj — 4c) (2)

The mass of gas in the cavern is m= m(t);hc is the gas enthalpy per unit of mass), v, = pi is the gas

c

massic volume; Q = f): Kp aa%dl is the heat flux transferred from the rock mass to the gas through the
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cavern wall. The system is open, and mass is exchanged with the wellbore through the cavern chimney;
<m>=m when m>0and <m>=0 when M<0. At the cavern entrance, fluid pressure is continuous.
When gas is injected, temperature is not continuous, and a jump in enthalpy must be considered, h;,; —

c = CP(Tinj - TC), where Ty, ; is the temperature of the injected fluid. No such term exists when fluid is
withdrawn (m<0). In a gas cavern, gas often is compressed before being injected; however, in most

cases, Ty, is smaller than 60 °C to prevent excessive thermal expansion of the wellhead and steel casings.

In this simplified version of energy balance, several terms are neglected:

Heat exchange between brine sump and gas at the bottom of the cavern is not considered

The effect of water vapor condensation or vaporization is not taken into account

Gas temperature is assumed constant throughout the cavern.

Gas temperature equals rock temperature at cavern wall. In fact, many authors (e.g., Kushnir et
al., 2012), assume that some surface heat-transfer coefficient (H) must be taken into account,

Kg(Tr = T,) = I-_Iaa%. Selecting the value of this parameter (H) is difficult.
(There is a lack of field data, and this value depends strongly on roughness of the cavern wall and
convection intensity.) In fact, the turbulent boundary layer at the cavern wall is likely to be thin,

making H quite small; in this paragraph, it is assumed that temperature is continuous at cavern
wall, T = T..

They will be considered in the next paragraph.

Further simplifications are considered below:

The gas is ideal (P, v, = 1;Tc and h, = CPT,)

Precise computation of the heat flux from the rock mass (Q) can be done through numerical
computations. However, when rapid injections/withdrawals are considered, simplifications can
be made. Consider a 6t —long rapid gas withdrawal — for instance, St =4 days. Pressure and
temperature both drop. During such a short period, temperature changes are not given enough
time to penetrate into the rock mass much deeper than d = \/kr6t where kr = 3 X 107® m?/s
is the thermal diffusivity of salt, or d = 1m. From the perspective of thermal conduction, cavern
walls, as noted by Crotogino et al., (2001) and Krieter and Gotthardt, (2015), can be considered
as the sum, X, of small flat surfaces (a simplified description of small surfaces whose radius of
curvature is not smaller than d.) X is the effective area of cavern walls — a notion that depends
on the duration of the gas withdrawal.

When a constant temperature, T, is applied at the flat surface of a semi-infinite space, the heat
flux is Q =ZKj (Tw —TO)/«/ﬂth. (Ts is the temperature at a large distance from the cavern.)

When gas temperature is not constant, T, = T,(t), the flux can be expressed through a
convolution:

T('L')

Q(t) KRZI W (3)
After some algebra, the energy equation can write:
P(t X Kg tT m>
LI () - P(t) = -2 =& L [ D 4t + =2 Cp(Tyyy — T) (4)

y-1T(t)

KEM-28 — Part 1: 2.1 Thermodynamics

35



2.1.3.3  Factors of influence in gas temperature evolution

When a gas withdrawal is considered (m < 0), beside initial conditions, Py and Ty, only two physical

. . . C 2K
constants appearin this equatlon, Y = C_p and V\/T%
v R

LV . . . .
e The ratio Edepends on cavern shape and is proportional to cavern size. This is the parameter

susceptible of the largest variations. Following a gas withdrawal, the temperature drop is larger
in a bigger cavern (because cavern gas behaviour is closer to adiabatic). Staudtmeister et al.,
(2011), suggest V/E = 8-12 m; larger values are found in a large cavern when the

height/diameter ratio is close to 1. In an idealized spherical cavern with radius a, for instance,
V = 525,000 m3, a = 50 m and ; = % = 17 m. Rokahr et al., (2011), mention that “the ratio
V/Z is usually less than 10 m for caverns in salt domes because they are often shaped long and
thin” (p. 194).

. K . S
e The ratio \/% depends of the thermal properties of the rock formation; it does not vary much
R

from one site to the other. Its value typically is 1800 W.s*/2/m? (see Table 2). A smaller value was
found, 1532 W.s¥2/m?, was found by Brouard and Bérest (2022) from the calibration of field data.

Table 2. Values of Z’; for rock salt.
K C k Ksalt
salt Psait salt salt
- Tk
(W/m-°C) (kg/m?) ()/kg-K) (x10° m?/s) s
& & (W.s¥2/m?)
1 5.2 2174 800 2.99 1700
2 5.5 2180 870 2.90 1820
3 5 2200 860 2.64 1740
4 3.85 2200 886 2.01 1532

(3 = Blanco Martin et al., 2015; 4 = Brouard and Bérest, 2022; 1 = Pellizzaro et al., 2011; 2 = Staudtmeister et al., 2011).

Y POy pepy - _E _Kr_ t T@®
LH010) - PO) =~ 2 [ 1D e s)

e The adiabaticity index, y = z—p, equals ¥ =1.4 (air, hydrogen) or ¥y =1.3 (methane). A comparison

of temperature evolution when air, methane or hydrogen is stored can be found in Nieland,
(2008), Schlichtenmayer et al., (2015) and Louvet et al., (2017).

An example of the role of the adiabaticity is discussed in Paragraph 2.1.2.2.

KEM-28 — Part 1: 2.1 Thermodynamics
36



2.1.3.4 Comparison between air, natural gas and hydrogen storages

This is illustrated by Figure 6 to Figure 8. As expected from equation (5), minimum temperatures are
slightly smaller in the case of natural gas (methane) storage.
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Figure 6. Temperature in a cycled natural gas storage (from Nieland, 2008).

150

140 1

N M
NN

80 =4 Cycles per Year H

43'—

—

Cavern Temperature (°F)

—

90

=1 Cycle per Year

——12 Cycles per Year

70 \ T T T T T T
0 50 100 150 200 250 300 350 400

Day of the Year
Figure 7. Temperature in a cycled air storage (from Nieland, 2008).
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Figure 8. Temperature in a cycled hydrogen storage (from Nieland, 2008).

2.1.3.5 Return to thermal equilibrium after large temperature changes

2.1.3.5.1 Acase history
In Figure 4, it can be observed that after a gas withdrawal, when the cavern is kept at standstill for 3 days,

thermal disequilibrium reduces by more than 25%. The same can be said of the example described in
Figure 9.
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Figure 9. Melville Cavern: Gas withdrawal rate, pressure and temperature evolutions as observed (after Crossley, 1996) and as
computed: 1 MSCFH = 28,317 Nm?3/hr, 1 MPa = 145 psi and 20° C = 68°F.

2.1.3.5.2 Gas warming in a shut-in gas cavern
This can be explained as follows. Instead of P, T in equation (5), m and T can be selected as the main

variables, m = %:
RT
mC,T — mrT = —j%f(fjg dr+< 1 > Cp(Tinj = T) (6)

During a standstill, m = 0, and equation (6) reduces to (7):
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. FKg tT(‘L’)
mC,T = \/ﬂf dt (7)

After a large withdrawal of gas, m is small; the volumetric heat capacity of a gas, or C,,, is small (when
compared to brine, for instance) and the characteristic time for gas warming is short (one week, typically)
in short contrast with the case of a brine-filled cavern (years to decades, typically). This explains why the
effects of thermal stresses are small (see section 3.4.3).

2.1.4 Gas purity, the role of water vapor

It was mentioned in Paragraph 2.1.3.1 that in most gas caverns the temperature gradient is small, as
natural convection stirs cavern gas and homogenizes its temperature. However, at cavern bottom but
several dozens of meters above the interface between gas and the brine sump, a temperature gradient
inversion is observed (Figure 10). Such an inversion can be expected short after debrining. The brine sump,
which contains brine formed during solution-mining from circulating water originating from ground level,
is still colder than the rock mass at sump depth (in sharp contrast with cavern gas, whose thermal heat
capacity is smaller than brine’s, and swiftly reaches thermal equilibrium with the rock mass). However,
this temperature difference is still present decades after debrining (Figure 11).
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Figure 10. Vertical temperature profiles along the axes of symmetry of gas storage caverns (Bérest and Louvet, 2020; Berger et
al., 2002; Klafki et al., 2003b; Thaule and Gentzsch, 1994) showing the temperature-gradient inversion at cavern mid-depth above
the gas-brine interface (black arrow).
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Figure 11. As-observed brine-sump temperature (blue dots), and average gas temperature (black dots) in a Storengy natural gas
cavern. The dotted line is the computed brine-sump evolution when a 2.25-year characteristic time is assumed (Bérest and Louvet,
2020).

In this context, vapor content in the cavern is an important parameter during operation of a gas cavern.

Field data gathered in this paper suggest that, in the cavern, gas thermodynamic behaviour (its
temperature, pressure and water content) is influenced by several coupled phenomena. During pressure
cycles, temperature evolution is dictated by gas expansion-contraction and heat exchange with the rock
mass. In addition, water vapor condenses in the entire gas body and evaporates at the brine-gas interface
at the cavern bottom, an asymmetrical process leading to cooling of the brine sump, which remains
perennially cooler than the rock mass, especially when cycles are frequent. The geothermal gradient
generates natural convection in the upper part of the cavern; natural convection is impeded in the lower
part of the cavern, above the brine sump, creating a buffer for water vapor diffusion in the cavern. These
phenomena are important when purity of the withdrawn gas is required. Qualitative explanations are
provided in the paper; more quantitative results can be obtained through numerical computations.
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2.2 Tightness of salt caverns
Summary

Generally speaking, salt permeability is exceedingly small. However, in-situ tests proved that the overall
cavern permeability experiences a significant increase when fluid pressure at cavern depth is larger than
80-85% of the geostatic pressure. Several incidents proved that breaches or conduits can be created or
pre-exist between a cavern and a neighbouring cavern, or between a cavern and the boundaries of the
salt formation. The origin of most of these incidents is the presence, see below, of Anomalous Zones (see
Section 2.6) in the salt formation. In-situ tests proved that the overall cavern permeability experiences a
significant increase when fluid pressure at cavern depth is larger than 80-85% of the geostatic pressure.
However, as in most pressure vessels, it is the “piping” (the access well) that most often is the weakest
point. Several incidents are described in this Section. The origin of most of these incidents is the presence
of a single casing between the stored product and the rock formation.

2.2.1 Introduction

Prompted in part by projects related to carbon dioxide (CO;) sequestration in which long-term tightness
is crucial, and hydrogen (H;) storage in salt caverns, in which the high flammability of gas is an important
concern, there has been an increasing interest in the tightness of hydrocarbon (oil and gas) storage wells.
In addition, high profile incidents, such as the 2015 Aliso Canyon blow-out, in California, have raised public
awareness. The Aliso Canyon incident involved a massive gas leak from a depleted reservoir natural gas
storage facility, the cause of which was a failure of the production tubing in a production well at around
2577 m (8450 ft) and consecutive leak from the well at a shallower (around 134 m, or 440 ft.; Long et al.,
2018).

This section focuses on hydrocarbon storage facilities using salt caverns, access to which in most cases is
through a single well or, more rarely, through a number of wells. These wells are of similar design and
construction to those used in the oil and gas industry.

Tightness is a fundamental requisite of any storage cavern. Tightness results from (Bérest and Brouard,
2003):

the properties of the rock formation (2.2.3.1),

the nature of the stored product (density, viscosity) (2.2.4 and 4.2),
the pressure selected for storage operation (2.2.4.2.2),

the design of wellbore completion (2.2.3.2), and

the quality of the cementing job and steel equipment (2.2.2).

uhwN e

In most cases, salt caverns walls are almost perfectly tight (several in situ tests proving this are discussed
in Section 4), at least when the maximum gas pressure By, at the depth of the last casing shoe or H is

Pmax
H bar/m

the tightness problem is with the “piping’’ connecting the cavern to surface; i.e., the completion (casing
and tubing) and cementation of the wells (2.2.3.2).

smaller than . A few exceptions are known (2.2.3.1). For this reason, as in most pressure vessels,

2.2.2 Oiland Gas well tightness. Statistical analyses

Research and innovation on cementation have been ongoing since the early days of oil and gas
production. However, challenging hurdles are still being faced. The effects of a better cement quality, of
better cementing procedures or of more stringent regulations cannot be easily checked through simple
and unequivocal criteria; in case of an incident or accident, the post-mortem analysis, i.e., the statistical
analysis of the largest number of cases and identification of correlations is difficult.

In a study of data for 315,000 oil, gas and injection wells held by EUB, the regulatory agency in Alberta,
Canada, Watson and Bachu (2009) discussed the results of two mandatory tests for wells, which have
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been required since 1995. The tests, undertaken within 60 days of drilling rig release and prior to well
abandonment, are the Surface Casing Vent Flow (SCVF) test, and the Gas Migration (GM) test, which
provide at least a first indication of well tightness. Watson and Bachu paper focused on abandoned rather
than active wells. These results are relative to tests performed at ground level and there is a risk, as for
any statistical analysis, that the relation between causes and consequences remains ambiguous. Data
analysis shows that there is a correlation between SCVF/GM results and oil price (with higher price comes
the incentive to drill more wells, or more difficult wells, although equipment and skilled workforce are
scarcer), geographic location, and technology or regulatory changes. Additional influential factors are
wellbore deviation, well type (drilled and abandoned wells have leakage occurrence rates smaller than
cased and abandoned wells), abandonment method (wells in which a cement plug was placed across
completed intervals have better results than bridge-plugged wells). Low cement top and exposed casings
were found to be the most important indicator for SCVF/GM poor results.

Nicot (2009) surveyed abandoned oil and gas wells in the Texas Gulf Coast, drawing a list of factors, which
are favourable for long-term tightness. The abandonment year is of special significance, as innovations
were progressively introduced: Use of centralizers (1930), calliper surveys (1940), tagging of the cement
plug, introduction of improved cement additives adapted to temperature, pressure, and chemical-specific
conditions (1940), improvement of the quality of material used in well construction and abandonment.
Nicot also outlines the promulgation of both specific plugging instructions by the Texas Railroad
Commission (In 1934, the RRC promulgated specific plugging instructions, and did so again in 1967.) and
the Drinking Water Act, publication of APl national standards (starting 1953), increased scrutiny by the
State (after 1983) and certification of plugging operators (1997). Nicot (2009) points out that problems lie
in the plugging/abandonment performance rather than in the quality of the material used.

In a survey of new gas wells in the US, Miyazaki (2009) suggested that up to 10% of the wells leaked.

More specific to natural gas storages, Marlow (1989) undertook a survey covering some 6953 wells
operated by twenty American Gas Association (AGA) member companies. He mentions that: “Tests show
that even when the most up-to-date cement types and techniques are used, leakage can and will occur in
a significant number of cases” (p. 1151). The number of wells with a known operation lifetime duration
until the leakage was detected was 426 (6%), among which 77% leaked in less than 30 days (it is likely that
they were rapidly repaired). Leak ages at greater than 10 injection/withdrawal cycles occurred in only
2.6% of cases. The only statistically significant correlating variables are depth and bottom-hole pressure.
Wells that leak tend to be deeper (>4500 ft, or 1375 m) and have higher pressures (>3000 psig, or 210
barg).

It will be seen that significant improvements were made since the 1990’s, especially when well completion
(number and length of the various cemented casings) in storage caverns is concerned (2.2.6).

2.2.3 Case Stories

In this section a different approach is adopted. Much information and experience are available from the
2000+ salt caverns used worldwide for hydrocarbon storage. This section draws on a report prepared by
Réveillere et al. (2017) for the Solution Mining Research Institute (SMRI), representing a collaborative
effort to gather and explain all wellhead failure, overfilling, or casing leaks incidents in the salt caverns
storage industry; provided that public information was available, reliable and precise enough to gain a
satisfactory understanding of the event. This analysis builds on 12 cases whereas the SMRI report detailed
21, in order to focus on casing leaks incidents (overfilling and wellhead failure are not considered in this
paper). Cases which were not considered in the SMRI report imply breaches at the cavern walls (discussed
in Paragraph 2.2.3.1), operational problems or surface piping failure. Two cases in the SMRI report —
Conway and Yoder, Kansas — were merged in the present Report. The twelve cases of loss of tightness in
salt caverns due to a leak through or along the cemented casing are described briefly in Paragraph 2.2.3.2.
Note that two cases (Eminence salt dome and Bolling) will be repeated in Section 3.3, Casing
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overstretching, as the origin of the leak is excessive creep closure). The second part, draws general lessons
learned from these cases, Paragraph 2.2.4).

2.2.3.1 Case Stories, Cavern breaches (Cavern tightness)

Information on salt caverns used for brine production and hydrocarbon storage in which a breach was
detected include some well-known cases. Information of these cases is provided in Figure 12 to Figure 17,
and summarized below (More details can be found in Bérest et al., 2019b; Réveillere et al., 2017).
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2.2.3.1.1 Bayou Corne, Louisiana, 2012

As illustrated in Figure 12, a sinkhole was discovered in the swamp near Bayou Corne, Louisiana, on August
3, 2012. It quickly was suspected that the sinkhole was connected to Oxy3, a brine cavern located near
the edge of the Napoleonville salt dome. Oxy3’s roof was at a 1050-m depth and its height was 670 m.
Further investigation proved that loose and soft sediments flowed along the dome flank from ground level
to a breach created in the lower part of the cavern where the salt wall was thin.

2.2.3.1.2 Mont Belvieu, Texas

A Mechanical Integrity Test (MIT) and pressure observations proved that Cavern 16E and neighbouring
Cavern 2E, two brine caverns in the Mont Belvieu, Texas, site were connected hydraulically; origin of the
breach is likely to be an Anomalous Zone inside the dome

(“The term “anomalous features” (Afs) has been used by Kupfer (1990) to designate unusual
features found in the stocks of Gulf Coast salt domes. Based on observations made in rock-salt
mines, he identified ten major groups of Afs, including such items as intense structural folding, the
presence of “impurities” (e.g., anhydrite, shales, and sandstones), gas releases, connate brine
seeps, exceptionally large crystal size, potash, hydrocarbons, etc. He observed that these unusual
features tended to cluster in linear trends through salt stocks; and, if they contained three or more
Afs, [he] designated such trends as “anomalous zones (Azs)” (see also Looff, 2017; Thoms and
Neal, 1992, p.1).

More on Anomalous Zones can be found in Section 3.4.

2.2.3.1.3 Spindletop, Texas
Gas originating from the Centana No. 1 natural-gas storage at Spindletop, Texas, leaked to the Gladys No.
2 brine cavern, although the minimum distance between the two cavernsis 120 m (Figure 14). Asymmetric
growth and brine contamination by sylvite during an earlier enlargement of Centana No. 1 suggest the
presence of a heterogeneity.

2.2.3.1.4 Clovelly salt dome, Louisiana, 1992

Clovelly salt dome Cavern No. 14, in Louisiana (see Figure 15), an oil storage cavern, did not pass an MIT.
This cavern is close to the side of the dome. Further investigation suggested that brine leaked to the
exterior of the dome through a 660-m deep “inhomogeneity”.

2.2.3.1.5 Arabali brine field, Turkey
In the Arabali brine field, Turkey (Figure 16), a hydraulic connection was detected between Caverns a-98
and a-117. Sonar surveys suggested that a 9-m-high, 30-m-long, 2-m-wide slot was created between the
two caverns, exactly coinciding with the vertical plane crossing through the hanging strings of each of the
two caverns, a puzzling circumstance.

2.2.3.1.6 Veendam, the Netherlands

Regarding Figure 17, at Veendam (the Netherlands), the mining method consists of selecting a rather high
brine pressure (85% of geostatic) in the cavern to allow the Mg-salt to flow (“squeeze”) at a rate
comparable to the solution-mining rate (Fokker et al., 2004) (Over time, the cavern volume remains
roughly constant.) On April 20, 2018, “a sudden pressure drop occurred in the cluster [a labyrinth
composed of many roughly permeable conduits interconnecting nine caverns.] Pressure dropped by about
2.5 MPa after 1 day and by about 3 MPa after 2 days, after which the situation stabilized” (Smit, 2019 p.
2). The brine volume that seeped from the cluster during the first 30 minutes was estimated to be 25 000
m3. It has been hypothesized that the initial fracture or breach through the relatively thin salt layer (a
dozen meters) at the top cluster opened in the overlying Buntsandstein layer, where the state of stresses
is suspected to be strongly anisotropic, favouring swift fracture growth.
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2.2.3.1.7 Weeks Island, Louisiana

Somewhat related to this theme, the Weeks Island case is typical (Figure 18). This is a two-level room-
and-pillar mine with the two levels, measured to the mine floor, 163-m (mined from 1902 to 1955) and
224-m (mined from 1955 to 1976) below the surface, respectively. The rooms height was 22 m to 23 m,
the pillars were 30.5-m wide, and the rooms were 15.2-m wide, resulting in an extraction ratio of 55%
(Bauer et al., 2000; Neal et al., 1995). Two sinkholes, the first one in 1992, appeared at ground level above
the edge of the mine. Evidences suggested that brine was seeping to the mine, which was abandoned in
1995 (Bauer et al., 2000). Sinkhole creation was unexpected because the mine, which was stable during
mining operations (Carosella, 1978), had been converted to an oil storage facility in 1981 and contained
such (relatively) high fluid pressure in the mine that drastic mechanical evolutions (following conversion)
did not seem likely. In fact, numerical computations (Bauer et al., 2000) suggest that the following
sequence of events: creation of the mine — redistribution of stresses in the rock mass from 1902 to 1981
—increase of mine pressure resulting from filling with oil — new redistribution of stresses in the rock mass
— may lead to the development of tensile stresses in the rock mass and formation of leak path crossing
the salt formation from the mine to the edge of the dome. Similar sequences are present in gas caverns
and may explain cavern permeability increase when gas pressure is high, see section 3.4 (Brittle Failure).
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Figure 18. Weeks Island Mine. The mine was converted into an oil storage. Geomechanical modelling by Neal et al. (1995) showed
mechanism for crack development in tension that would develop over mined openings after a number of years and progress
through weakened dilatant zones (after Bauer et al., 2000).
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Except for the last one, these examples prove that tightness can be lost:

1) when a cavern is too close to the salt formation boundaries, or:
2) when a cavern intersects an Anomalous Zone,

two circumstances that can be avoided when geological/geophysical investigations and tightness tests
are performed.

2.2.3.2 Case histories, Well leaks

2.2.3.2.1 Eminence salt dome, Mississippi, 1970, 2004 and 2010-2011

The Eminence salt dome is located 20 km (12 miles) northwest of Hattiesburg, Mississippi. The top of the
salt is between 730 and 743 m (2400-2440 ft); it is overlain by a 150-m thick cap-rock of limestone and
anhydrite. In 1991, this natural gas storage site comprised seven caverns. Caverns #1—#4 were certificated
in the early 1970’s and caverns 5, 6 and 7 in 1991. These caverns are especially deep, from 1725 m to
2000 m in the case of Cavern #1 (Fig. 3). For those wells drilled in the 1970s, a surface casing was set and
cemented at 50 ft. A 2800 hole was then drilled to 2700 ft (823 m) and a 2000 OD cemented casing set,
and the last cemented casing shoe, diameter 133 —8 00, was at 1737 m (5700 ft) depth (Allen, 1972,
1971). Cavern #1 was filled with gas at a 70 bars (1000 psi) pressure over a period of 2 months, after which
it was increased to 280 bars (or 4000 psi; geostatic stress at cavern depth is 380-450 bars). After a second
pressure cycle, the “cavity bottom was at 1953 m (6408 ft), showing a loss of 46 m (152 ft) in about two
years” (Baar, 1977; Coates et al., 1981) and cavern volume loss was 40% (Figure 19), see also Section 3.

2010 0 1020m
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Figure 19. Extent of salt creep and decrease in cavern size for Eminence Cavern #1, as determined from cavern sonar surveys in
1970 and 1972. Based upon and redrawn from Allen (1972); Baar (1977); Coates et al. (1981); Bérest and Brouard (2003).

Once the problem was recognized, reduced losses were achieved through various measures, including
maintaining a higher minimum pressure over extended time periods and less dewatering. In 2004, Cavern
#4 well casing failed at a depth of 1639.5 m (5379 ft; Wellinghoff et al., 2013); i.e., a few dozens of feet
above cavern roof. The company took Cavern #4 out of service, filling it with water and shutting it in. On
December 26, 2010, a large, unexpected pressure drop of 25 bars (357 psi) in one minute was detected
in Cavern #3. The initial response to the leak was to flow ~8.65 million m? (306 MMcf) of gas into the
pipeline system. Another gas leak from the wellhead of Cavern #3 was accompanied by water shooting
into the air from on-site water wells. On January 4, 2011, the company began flaring gas from Cavern #3,
until its production tubing became clogged with debris. Gas was also escaping from the ground around
the wellhead of Cavern #1. A large cave-in occurred, sealing off the flow. The company began drilling
monitoring wells in the surrounding freshwater zones. By January 24, 2011, the decision was made to
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take Caverns #1 and #3 out of service. Later, a leak to the caprock was detected in Cavern #7 and
maximum operating pressure was lowered from 248 bars to 191 bars (3600 psi—2775 psi). Investigations
revealed that leakage in Cavern #3 well likely arose through salt creep leading to overstretching (see
Section 3.2) of the casings above the cavern, where displacements due to creep closure were especially
intense (Wellinghoff et al., 2013). These excessive strains led to damage of steel casings and/or steel-
cement and cement-rock interfaces, as a result of which, gas migrated up the well to the cap-rock and
ultimately to surface.

2.2.3.2.2 Elk City, Oklahoma, 1973

On February 23, 1973, the Oklahoma Geological Survey was informed that a central crater about 10 m by
15 m (30 ft by 50 ft) by 6 m (20 ft) deep, plus 20 m-50 m (160 ft—360 ft) -long pressure cracks radiating
from the crater, had appeared in level grassland, about 8 km (5 miles) south of Elk City, Oklahoma.
Siltstone blocks of 20—45 kg (50—100 pounds) were thrown as far as 23 m (75 ft.) away, and several 30-
ton boulders were lifted to an upright position (Figure 20, left), and 5 m (15 ft.) tall trees in the vicinity
were tilted 45°. On March 1, 1973, gas samples were taken at the blow-out site. Analyses revealed 1%
total hydrocarbons, of which 75% was propane, a result excluding any natural origin. A leak from a
propane salt storage cavern leached out from the upper part of the Permian Blaine formation was
suspected. Several investigations and tests were undertaken at that site. A 13-hour observation period
with the cavern maintained at constant halmostatic pressure was performed (i.e., with the inner tubing
filled with saturated brine and opened at the surface). This test found a 30-gal/day (5 L/h) apparent leak
in the cavern (such a test is not fully conclusive as phenomena other than a leak can explain such an
outflow, see Section 4.2, Tightness tests). The storage cavern was emptied, with the propane being
displaced from the cavern by brine on March 28. The two inner strings were retrieved and checked for
flaws (Figure 21).

L A LR oSN I e
d one of the pressure cracks (right, from Fay, 1973b) discovered on February

Figure 20. Central crater (left, from Fay, 1973a) an
23, 1973.

A cement-bond survey was run to assess cementing around the 10-%" casing string. The survey
demonstrated that the lower 60 m (200 ft), from about 341 m to 411 m (1120 ft—1347 ft), in which a
special resin cement had been used, was well bonded and that the upper 341 m (1120 ft) was poorly
bonded. This strongly suggested that the leak was between 35.5 m and 340 m, a zone in which the well
was equipped with a single cemented casing (instead of two casings above 35.5 m). As illustrated in Fig.
5, liquefied gas would have leaked through a weak point in the well casing, migrated upwards in the poorly
cemented annulus until it reached the Doxey shales. From there it would have migrated laterally to the
blow-out site 700 m away from the wellhead and at 23 m lower elevation. The liquid LPG pressure would
have decrease along the migration, triggering LPG vaporization at some point. The mechanical energy
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liberated by the vaporization generated the crater and cracks observed at the surface. Both retrieved
strings were then run back into the well with a packer added for isolating the annulus at 365 m (1197 ft).
This annulus was filled with inert water and tested for leaks (Figure 21). No leak was detected and neither
did a pressure test on the cavern prove any leakage. The storage well was returned to service on April 23,
1973. There were no later reported leakages similar to the one that led to the blow-out, suggesting that
the breach depth was located above 365 m depth, a zone now covered by two casings and a monitoring
annulus.
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Figure 21. State of the well before and after the incident, probable leak path (in red) and summary of the main investigations
(From Réveillére et al., 2017).

2.2.3.2.3 Conway-cavern field (Hutchinson salt formation), Kansas, 2000

Over 600 solution-mined salt storage caverns are located in Kansas. Nearly 50% of these are near Conway,
a small town in eastern Kansas, where underground storage of Natural Gas Liquids (NGLs) began in 1951.
Evidence of fugitive NGLs was known as early as 1956 (Ratigan et al., 2002). Propane was detected in
several operators and domestic wells, ultimately leading to the relocation of residents and demolition of
the properties. The Hutchinson Salt Member of the Permian Wellington Formation from which the storage
caverns were leached out, is shallow (around 120 m or 400 ft; Figure 22). It is overlain by two impervious
shale formations (Ninnescah and Wellington shale formations), above which lies the Quaternary Equus
Beds Aquifer, a source of potable water. The eastern boundary of the Hutchinson Salt Member is a
dissolution boundary (Figure 22). In December 2000, fugitive NGLs were encountered in a recently drilled
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cathodic protection at the Williams Conway Underground East (CUE) storage facility, which includes 71
caverns. Within a 1.6 km (1-mile) radius of this well, all wells (water, oil, observation) were investigated.
NGLs were encountered in two more wells near brine recovery wells. The 71 operating wells were
evaluated through pressure monitoring and temperature logs. As of March 15, 2002, nearly all the wells
have been evaluated and none have been found to be a contributor to the fugitive NLG occurrence.
Cement bond logs run in the wells revealed that casing cement-bonds were poor.

MAPCO
&
OBURST  "ERiNE®
TEST WELL
“;KEL:- Kss | ol oL
0Ty & WELL WELL
|

1600 | | |

CUE | | CITY OF |
— McPHERSON

1500 |

1400 E

1300

PROJECTED TOP OF
LOWER WELLINGTON
ESTIMATED EXTENT OF

\“QT/_ WELLINGTON AQUIFER

DISSOLUTION BOUNDARY

1200 E

1100

ELEVATION (FEET AMSL)

1000 |-

900

800 . 1 ] ] 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10

HORIZONTAL DISTANCE (MILES)
Figure 22. West-East cross-section of the Williams-CUE Facility (after Ratigan et al., 2002).

2.2.3.2.4 Yoder, Kansas, 1980

A similar incident occurred on June 30, 1980 near Yoder, Kansas, 9.7 km (6 miles) south of Hutchinson
and 48 km (30 miles) south of Conway. A propane blow-out occurred along the shoulder of a county road.
Bryson (1980) reported: “Groundwater and sand were blown fifteen to twenty feet into the air. Within
twenty-four hours, the pressure of the propane in hole had abated. Within a week, the surface of the water
in the blowout conduit was placid, however propane vapors continued to rise up through clay and silt
surrounding the hole”. In 2004, Johnson and Hoffine presented an update of the Conway investigations:
““The results of the investigation indicated a plume of NGL located east of the Brine Production Test Well
Willems No. 1. Geophysical logging of the Brine Production Test Well Willems No. 1 and adjacent Brine
Production Well indicated poor cement bond along the casings. Subsequent abandonment of the Brine
Production Well Willems No. 1 and recompletion of the Brine Production Test Well Willems No. 1 have
resulted in a rapid and significant decrease in the concentration of NGLs in the adjacent shallow
Monitoring Well CUE01-6S” (Johnson and Hoffine, 2004).

2.2.3.2.5 Mont Belvieu

This accident occurred in 1980 at Barber’s Hill, near Mont Belvieu, Texas, where a salt dome was home to
134 solution-mined caverns (and 135 wells) used primarily for Liquefied Petroleum Gas (LPG) storage and
distribution and for brine production (Ratigan, 2009). On September 17, 1980 a pressure drop was
recorded at the wellhead of one of the salt caverns containing LPG. On October 3, a spark from an
electrical appliance ignited gas (70% ethane, 30% propane) that had accumulated in the foundation of a
house in the area, causing an explosion; there were no casualties. The cavern in which the pressure had
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dropped was emptied and filled with brine. In the days that followed, gas appeared haphazardly around
the area, and 50 families had to be evacuated. Holes were spud into the water table above the salt to find
and vent the gas. Investigations proved (Figure 23) that gas had leaked through a breach in the well casing
— which was 22 years old — at caprock depth. Depths to caprock and to salt are 100 m (350 ft) and 300 m
(1000 ft), respectively (Bérest and Brouard, 2003; Pirkle, 1986).

i

Figure 23. Conceptual sketch of an LPG leak from the Mont Belvieu cavern (from Bérest and Brouard, 2003).

2.2.3.2.6 Teutschenthal/Bad Lauchstadt, Germany, 1988

The Teutschenthal/Bad Lauchstadt storage site is located 40-km west of Leipzig, central Germany (Figure
25), Arnold et al. (2010). Bedded rock salt (halite) deposits lie at a depth of 500 m—1000 m (1500-3000
ft), with the thickness of the halite increasing to the SE, from less than 50 m to more than 500 m. The
overburden comprises 300 m (1000 ft) of argillaceous rocks overlain by a 110 m (360 ft) thickness of an
alternating sandstone and mudstone sequence (Figure 24). The well Ug Lt 5/71 was drilled and completed
in 1971, within which the last cemented 11-%" casing shoe was set at 726.4 m depth, and the intermediate
16-%" casing shoe depth at 92.1 m (302 ft) (Figure 24). The cavern, with a volume of 40 000 m?3, was used
to store ethylene (in a supercritical state). On March 29, 1988, a drop in pressure in the ethylene annulus
of cavern Ug Lt 5/71 from 75 bars to 40 bars was observed. One hour later, the first eruption of an
ethylene — water mixture took place 50 m (165 ft) away from the well and was followed by additional
eruptions in a North-West direction and 250 m (800 ft) southward, close to the neighbouring cavern Ug
Lt 6/71 (Figure 25). Elongated chimneys formed, from ejected debris and partly pulsating ethylene-water
fountains, aligned along parallel WNW-ESE emission of ethylene continued for several days until an
estimated 60—80% of the cavern volume was released. An area of 8 km? was evacuated. Ethylene outflow
decreased rapidly. Immediately after the start of the eruption, elevation surveys revealed an NW-SE
trending ellipsoid uplift of 0.2 m (0.7 ft). Fractures and crevasses, displaced concrete road pads, and
fractures were found in a building at the crest of this uplift. This enabled an estimate of uplift prior to the
blow-outs as around 0.5 m (1.7 ft). Subsequent downhole surveys found a damaged connection to the
11-3%" casing at a depth of 111.8 m, from which ethylene escaped and accumulated in a sandstone layer
between 100 and 140 m depth. The sandstone lies below a 25-m thick impervious layer, which was
uplifted and led to overstretching and failure of the 11-%", ultimately resulting in a massive release of
ethylene on March 29%.
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Figure 24. Casing program and top-hole geology of Ug Lt 5/71. Based upon and modified from Katzung et al. (1996).
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Figure 25. Aerial photo of the site on April 3" 1988 showing location of the well, the settlement area of Teutschenthal, alignment
of eruptions and close up of main eruption fracture. Right side showing fault zones and area of uplift as dashed lines and elevation
measuring points as squares. Based upon and modified from Katzung et al. (1996).

2.2.3.2.7 Clute, Texas, 1988

This storage cavern facility was constructed in the Stratton Ridge Salt Dome about 1.6 km (1 mile) NE of
Clute in south Brazoria County, 25 km (15 miles) SSW of Houston, Texas. Several hundred oil and gas wells
drilled across the salt diapir have established its shape and structure. The caprock is several hundred feet
thick, comprising limestone, gypsum, and anhydrite beds and the diapir shows an unusual geometry,
including a large structural depression in the eastern third of the dome. This and the features and
problems associated with the caprock, which are most likely caused by active salt movement, indicate
that the internal salt structure is complex and still evolving. The internal structure and fabric of the salt is
thus likely to influence construction and operation of any storage caverns (Lord et al., 2006).

On December 27, 1988, company officials advised the Railroad Commission of Texas that they were aware
ethylene had been lost from a storage cavern. By December 30, it was assessed that the loss amounted
to 1850 m3 (0.5 million gallons). Water wells in the area were tested but found no contamination (Toth,
1989a). It was decided to drill an exploratory well near the site to try and discover the whereabouts of
the escaped ethylene and perhaps attempt recovery of some (Toth, 1990, 1989b). The first test well was
drilled on March 19%, 1989 and the fugitive ethylene was immediately located. The escaped product was
flared off and continued to be so until at least April 1990 (Toth, 1990). Company officials said the casing
failure could have been caused by movement in the salt formation with product having escaped at around
396m (1300-ft) depth.

2.2.3.2.8 Mineola, Texas, 1995

This incident occurred in 1995 at the Mineola Storage Terminal about 145 km (90 miles) east of Dallas,
Texas (Warren, 2006). Its cause and how the resultant fire at ground level was extinguished was described
by Gebhardt et al. (2001). The facility had two storage caverns the wells to which were originally drilled
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as oil producers in the late 1950s. One cavern, the volume of which was 49 000 m3 (13 million gallons) of
propane, suffered loss of product. Well completion included an 8-%" casing set at 484 m (1584 ft). The
shoe of the 5-%" tubing string was 720 m (2400 ft) deep, 30 m (100 ft) above the cavern bottom; it seems
that undersaturated water, rather than brine, was used as an injection fluid. The cavern well developed a
casing leak at an undetermined depth. According to Gebhardt et al. (2001), the “initial’”’ theory was that
injection of undersaturated water led to dissolution and thinning of the salt pillar (wall) between the
caverns; a leak was created when a workover was run on the second cavern, where nitrogen was being
used in the workover to ensure that there was no LPG in the tubing. The pressure induced in the workover
well caused fracturing in the salt pillar. In this theory, the pressure surge was transmitted to the cavern
in LPG causing a breach in its well casing. Propane escaped from the well and migrated upwards,
eventually escaping through surface soils to the atmosphere. It collected in low-lying areas around the
terminal and surrounding forest and found an ignition source. The water-bearing shallow water sand was
filled with LPG. A water well used to supply water for cavern leaching located approximately 50 ft (15 m)
from the product withdrawal well was first to ignite and burn. This was followed by the cavern wellhead.
Propane escaped through the soil up to 30 m (100 ft) from the well itself. Firefighters inferred from the
characteristics of the fire that the casing leak was at shallow depth. Considerable efforts were required
to extinguish the fire.

2.2.3.2.9 Hutchinson, Kansas, 2001

On January 17, 2001, at 10:45 am, a sudden release of natural gas burst from the ground under a store
and a neighbouring shop in downtown Hutchinson, a town with 40,000 inhabitants in Kansas. Within
minutes, the building was ablaze (Figure 26). During the afternoon of the same day, eight brine and
natural-gas geysers began bubbling up, 3-5 km (2-3 miles) east of the downtown fire, some reaching 10-
m (30-ft) in height, two of the geysers igniting. The next day, natural gas coming up from such a long-
forgotten brine well exploded beneath a mobile home, killing two people. Also on January 17, 15 min
after the first downtown blast and 13 km (8 miles) northwest of downtown Hutchinson, technicians from
the Yaggy natural-gas storage recorded a gas-pressure drop of 7 bars (100 psi) in the S-1 salt cavern,
whose casing shoe was 239 m (794 ft) below ground level. The underground storage facility was
developed in the 1980s to hold propane. The owner became bankrupt, and the wells were plugged by
partially filling them with cement. In the early 1990s the site was converted to a natural-gas storage. A
link between the pressure drop and the events in Hutchinson was suspected immediately, even though
the distance between the storage and the downtown geysers [10-12 km (7—-8 miles)] set a puzzling
geological and reservoir engineering problem. A plug was set at the bottom of the S-1 well and a downhole
video run. This revealed a large curved slice in the casing at a depth of about 180 m (585 ft). It was
suspected that various metal objects, including a steel casing coupler, had been dropped down the well
when the former storage was abandoned. During the well re-opening, when the cement and cast-iron
plugs were drilled, the system composed of the drill bit and dropped metal objects cut a slice “like a
kitchen knife cutting into a can” in the 900 (23-cm) casing of the S-1 cavern at about the depth (179 m or
595 ft) of the later leak. Gas moved vertically up the outside of the casing from the breach until it reached
a fractured gypsiferous/dolomitic horizon (G on Figure 27) at the top of the Wellington Shale Formation.
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Figure 27. Hutchinson leak pathway. Quaternary alluvions are composed of sands and gravels, 15-m (50-ft) thick. Elevations are
in feet. Below are the Permian Ninnescah Shale, the Upper Wellington Shale and the Hutchinson Salt member. The gas-bearing
interval ranges from 82-m (270-ft) deep in the east side of the city to 122-m (400-ft) deep several miles northwest of the city; the
dip is 6 m (20 ft) per mile. Gas migrated through fractured dolomite layers (G-G). (Kansas Geological Survey, 2001a, 2001b).

At this point the gas migrated laterally up-dip to the east towards Hutchinson, remaining trapped between
the two impermeable shale layers, until it encountered the abandoned brine wells. Most of these were
only cased down to a shallow aquifer. Clear evidence of the existence of multiple independent channels
within the dolomite layer is suggested by the occurrence of a dozen geysers during the 24-h period
following the first blow-out. The geysers appeared in the west and then progressively eastwards, and
vented the accumulation of gas under the city, until no further gas eruptions occurred. In the following
weeks, a number of seismic reflection lines were acquired to try to locate the gas migration path, and 36
venting wells were drilled. Only eight of them hit gas, supporting the view that migration of gas to surface

KEM-28 — Part 1: 2.2 Tightness of salt caverns
55



occurred along narrow pathways or channels within the dolomite layer (Allison, 2001). After 1997, the
State had authorized a 17.5% maximum pressure increase, raising the maximum pressure at the casing
shoe (239-m, or 794-ft, deep) to 47.8 bars (693 psi). This additional storage capacity remained largely
unused for years on Cavern S1. Early in January 2001, gas was injected, and the pressure jumped from 29
bars (426 psi) to 47.6 bars (691 psi) at 6 a.m. on January 14. The pressure gradient was then 0.266 bar/m
(1.18 psi/ft) at leak depth on January 14 and gas pressure was above the overburden pressure. The
pressure began to drop at the wellhead, a move that, with hindsight, may be interpreted as a clear sign
of increasing leak rate. The pressure build-up spread throughout the gas-filled fractured channels,
ultimately reaching that of hydrostatic pressure beneath the Hutchinson area. After the accident, poor
regulation and, when compared to other states, the small number of inspection staff in Kansas state, were
implicated by several experts (e.g., Ratigan, 2001). New sets of regulations were discussed and imposed
(Johnson, 2002). These included mandatory double casing in wells, corrosion control, restrictions on well-
conversion (salt caverns designed to store LPG could not be converted to store natural gas, and cavern
wells that have been plugged cannot be reopened and reused), a maximum pressure gradient of 0.76
psi/ft (0.173 bar/m) at the production casing shoe, and new testing requirements (with a Mechanical
Integrity Test (MIT) performed every 5 years).

2.2.3.2.10 Magnolia, Louisiana, 2003

The natural gas storage facility of Magnolia is located at Grand Bayou, Louisiana, where several other
storage and brine production caverns are operational. Salt roof is 200 m (600 ft) deep. In 2003, the facility
included Caverns #13 and #14, drilled in the 1970’s. On November 1, operators started filling the caverns
with natural gas. On December 24, an underground gas leak led to the release of about 9.9 MNm?(0.35
billion ft3) in a matter of hours. The gas migrated to an adjacent aquifer and then to the atmosphere. On
December 29, cavern operations were suspended, and 30 residents were evacuated. The wells were
plugged, and 36 vent wells were installed in the aquifer over the salt dome, of which 17 collected or
burned off gas. Downhole videos were run in the wells. Several theories were put forward to explain the
gas leak from around 440 m (1450 ft) below the surface. Causes of the leak were considered to be: crushed
casings (EIA, 2006), cracks in the casing (Edgar, 2005; Hopper, 2004), separation of three or four casings
connections permitting gas to leak behind the casing and then to the surface (Nations, 2005), or improper
back-welding that resulted in cracks in the well casing (State of Louisiana, 2017). Video of Well #13 is
reported as showing cracks in the casing near a coupling; the well had been plugged at the point of the
lowest crack, after which the leakage stopped, which pointed to the cracks as a possible cause of the
leaks.

2.2.3.2.11 Boling, Texas, 2005

Four caverns had been solution-mined and filled with natural gas between 1980 and 1983 in the Boling
Dome near Boling, Wharton County, Texas. Depth to the caprock is globally about 192 m (630 ft), and the
top of the salt occurs at a depth of around 305 m (1000 ft). Cavern roof depths are between 1066 and
1083 m (3497 and 3553 ft), except for Cavern #3, the roof of which is deeper by 45-60 m (150-200 ft).
Apart from Cavern #3, casing shoe is close to the cavern roofs, 0-18 m (0-59 ft) above, which are flat
(Figure 28). In the Fall of 2005, Cavern #4 was nearly full. An abnormally fast pressure drop was observed,
which was monitored over a period of several weeks. Temperature loggings found cold spots in Caverns
#1, #2 and #4, raising the possibility of a production casing leak not far above the cavern roof. During gas
removal, the three caverns were filled with water.
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Figure 28. General cross-sections of caverns, based on sonar data. From Osnes et al. (2007).

Figure 29. Examples of failures detected by the video inspection. From left to right: circumferential fracture of the pipe body, of
the threaded coupling, and thread jump-out. From Osnes et al. (2007).

Detailed investigations into the incident were undertaken, including running downhole video camera logs,
which identified casing collar and coupling partings for over 100 m above the casing shoe depth (Figure
29). The video log revealed that the casing had failed at eight different locations, always near or at a
connection. Failure often was a circumferential fracture. The casing being dragged down after it fractured,
up to 60 cm height of cement could be observed in between the two parts of the fractured casing. Fracture
shape, the absence of any failure in Cavern #3 the chimney which was 60-m in height, and flat roofs,
strongly suggest that casings were overstretched above cavern roofs and experienced tensile failure. This
was confirmed by numerical analyses, that clearly showed the cemented casings of Wells #1, #2 and #4
were not able to accommodate the resulting large tensile salt strains, and their ultimate strength limit
was exceeded (Figure 30). The well repair procedure for the three leaking wells included milling a 30 m
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(100 ft) section from the original 11-%" casing and cementing a 10-%" welded liner. The new casing shoe,
30 m higher than the original one, was therefore in a zone where simulations suggest the strain induced
by the salt creep should stay below the casing strength, thanks to this new 30 m long cavern neck.
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Figure 30. Observed and modelled casing deformations (Osnes et al., 2007). Top: comparison of measured casing separation and
predicted relative displacements between casing connections from finite element modelling. Bottom: vertical strains as a function
of depth in the salt near the centre lines of the Wilson storage caverns predicted from finite element modelling.

2.2.3.2.12 Epe, Germany, 2014

At the Epe site, 80 km north of Dortmund, Germany, several dozens of salt caverns have been leached-
out from a 200—-400 m thick sequence of halites overlain by clastic and argillaceous rocks; top of salt can
be found at a 1000-m depth. The Epe S5 cavern is 147 m in height, with a diameter of 82 m (269 ft) and
volume of approximately 450 000 m3. In 1980, approximately 408 000 m3 of oil were injected into storage.
The cavern operated in brine compensated mode, with brine injected or produced through a 7-%" string
to displace the crude oil through the 11-3%4" —7-%" annulus. The last 11-3%" casing is anchored at a 1086.8-
m depth and the penultimate 16" cemented casing at a 212 m depth. Typical of a strategic oil reserve, it
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experienced only a small number of withdrawals or injections. On February 23" and 24" 2014, a pressure
drop of 3.6 bars was recorded in the annular space of Cavern S5. The cavern was taken out of operation
and a number of inspection runs were performed in the well. These did not indicate any evidence of a
leakage. The mining authorities agreed to commence operation again on April 2" 2014 with restrictions
regarding the maximum pressure. On April 12th 2014, an oil seep was discovered at surface in a meadow.
On April 15™, two more spills developed close to a farm, inducing a family to leave their home for some
days. After first analysis of the locations of the spills, it became clear that the origin of the crude oil was
Cavern S5. The cavern was made safe and multiple efforts were undertaken to understand the reasons
for the leakage, assess the extent of the leakage, minimize its impact and, ultimately, restore cavern
integrity. Investigations and computations suggested that cavern convergence, evidenced by subsidence
measurements at ground level, caused movement of the rock mass (salt) surrounding Cavern S5,
especially at a depth of 217 m (Figure 31). The calculated vertical strain at a depth of 200 m is approx.
0.1-0.2 mm/m, enough to trigger a significant displacement on the casing connection at 217 m. Above
212 m, the completion, including the 16" casing, is much stiffer and stronger than the one casing section
below and it was concluded that the first casing connection below the 16" casing shoe was a critical point
for structural damage.

At a depth of 217 m crude oil pressure was 81 bars and capillary entrance pressure of the enclosing
argillaceous series (mudstones) was approximately 47 bars. Pre-existing shear zones and fractures in the
surrounding rocks re-opened, along which the crude oil migrated as the permeability of the matrix is too
low for oil penetration. Upon reaching the base of the Quaternary series, the crude oil migrated into a
shallow, groundwater aquifer and ultimately reached the surface. As a result of this incident, and as is
already the case in the Netherlands, it is expected that to prevent that kind of incident in future, the
regulations for operating storage caverns in Germany will require a double barrier installation for all wells
(Bezirksregierung Arnsberg, 2014; Coldewey and Wesche, 2015; Kukla and Urai, 2015).
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2.2.3.2.13 Tightness of hydrogen storage caverns
Four hydrogen storage caverns have been operated worldwide:

» At Teesside in the United Kingdom, for more than 30 years, 3 salt caverns whose geometrical
volume is 70 000 m? each, have been in operation. Each can store 1 million Nm? of almost pure
hydrogen (95% H, and 3-4% CO,). These salt caverns are located at an average depth of 370 m.
They are operated according to the compensation method (average pressure is halmostatic).

» At Clemens Dome, Lake Jackson in Texas (USA) where, since 1986, Conoco Philips has stored 30.2
Mm? of hydrogen from synthetic gas (95% hydrogen) in an 850-m deep salt cavern. The salt cavern
has a geometric volume of 580 000 m? and is operated between 70 bars and 135 bars.

> At Moss Bluff, Liberty County, Texas, since 2007, Praxair has stored 70.8 Mm? of industrial
hydrogen in a salt cavern. The cavern has a geometric volume of 566 000 m? and is operated
between 76 bars and 134 bars.

> At Spindletop Dome, in Beaumont, Texas (USA), Air Liquide commissioned in 2017 a 588 000 m?
hydrogen storage cavern. The salt cavern is located at a depth of 1,500 m and its diameter is
about 70 m.

No tightness loss has been reported from these six caverns which have been operated (in 2022) for a
cumulated period of 150 years.

2.2.4 Lessons learned

The analysis of the leak mechanisms identified in the 11 cases previously described enables to identify
some common patterns. In the following the onset and nature of a casing breach, the development of a
leak, consequences at ground level and monitoring-prevention are discussed. These three successive
steps are represented in Figure 32.
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Figure 32. Schematic of leakage development cases with an intermediate outlet accumulation (from Bérest et al., 2019b).
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2.2.4.1 Onset of a breach

2.2.4.1.1 Leak initiation

In most incidents, a breach (and leakage) is created through a steel casing at a depth where the well
completion comprises a single cemented casing (“single barrier”). It is noteworthy that in the oldest wells,
the depth of the penultimate casing shoe was shallow, and a single casing formed more than 50% of the
total length. In the accidents described here, depths of the two last cemented casings were 35.5 m and
410 m at Mineola; 212 m and 1086.6 m at Epe; 823 m and 1737 m at Eminence; 92.1 m and 728.4 m at
Teutschenthal (Figure 33). The breach may result from physico-chemical phenomena (internal and
external corrosion), or in faulty screwed or welded connection between two consecutive pipes.

92.1m 35.5m
212 m 111.8m -
217 m o
410 m
823 m
728.4m
1086.6 m .
Mineola
Teutschenthal
Epe
1639.5m
1737 m
Eminence #4

Figure 33. Depths of the two last cemented casings and depth of the breach through the tubing at Eminence, Epe, Teutschenthal
and Mineola.

However, external mechanical phenomena may also contribute to the creation of a breach. At
Hutchinson, a somewhat exceptional case, an LPG storage well on abandonment was plugged and
cemented. When required for later natural gas storage, the well had been drilled-out. A slice was cut in
the steel casing during drilling.

Deformation of the salt mass (or, more generally, the rock formation) is a more generic cause. Two basic
cases can be distinguished, depending on whether the casing is subject to excessive tensile or shear
stresses.

In the first case (see Section 3.3, Casing overstretching) the last cemented casing shoe is close to the
cavern roof (the “chimney” or “neck’” below the casing shoe is not very tall). In the case of Eminence,
cavern creep closure was rapid in this region of the well, because the caverns were deep, and/or because
cavern roof was flat, a shape that generates large vertical strains, as in the case of Boling wells #1, 2 and
4. In Boling well #3 the last casing shoe was anchored much higher above the cavern roof and the well
experienced no leak (Figure 33). In both the Eminence and Boling cases, large vertical strains led to casing
overstretching and failure. To a certain extent, the Epe case also belongs to the tensile failure type,
however overstretching took place at much shallower depth. Breach creation is believed to originate in a
large overall subsidence, which was initiated by and as a result of cavern convergence. This led to a sharp
contrast in vertical deformations above and below the penultimate casing shoe, where the breach
appeared.

KEM-28 — Part 1: 2.2 Tightness of salt caverns
62



Teutschenthal exemplifies the second case. Two stages were recognized in the leak development. The
initial leak rate was slow, perhaps over many years, or even dozens of years, during which time gas
accumulated in a 30-m thick layer whose thickness increased by half a meter; in this layer the casing,
strongly bonded to the rock mass, became overstretched and at one point it experienced tensile failure,
leading to the formation of a much larger ““secondary’’ breach, which allowed higher leak rates. One hour
later, ethylene and water mix blew out at ground surface. In the second case, due to tectonic deformation
inside a salt dome, large differential movements develop, including horizontal differential (shear)
displacements between two levels, the mechanical properties to which are in sharp contrast (for instance,
salt top and caprock). The casing, which is strongly bonded to each of these two levels, experiences shear
failure (this is likely to have happened also at Clute). This interpretation is confirmed by several incidents
(the consequences of which were small) such as the failure of casings at caprock depth at the West-
Hackberry oil storage facility (Sobolik and Ehgartner, 2012). There is no well-documented example in
which a leak clearly starts at the depth of the last-cemented casing shoe, which often is considered to be
a weak point from the perspective of cavern tightness. For instance, at Boling, breach(es) were close to,
but above the casing shoe point.

To summarize the main findings, two likely causes — which do not exclude one another, and do not exclude
a combination with other causes — appear. In all the cases, a breach is created in a zone where well
completion includes a single casing. Except for the Hutchinson case (the breach was created when re-
drilling an abandoned well), five cases are related to a structural cause: Eminence, Boling, Clute,
Teutschenthal and Epe cases, with proven or suspected excess tensile stress experienced by the casings.
In the Eminence, Boling, Clute and Epe cases, this is, or is suspected to be, due to salt creep dragging down
the casings. In the Teutschenthal escape, this was due to a small leak that accumulated over a caprock,
creating a local uplift. We note that phenomena are relatively slow to occur and if a tightness test had
been conducted during commissioning of the caverns, it would not have detected a problem. Therefore,
a relationship exists with the ages of the wells.

Influence of well age in Table 3 illustrates that leakage occurrences happen several dozens of years after
well creation. This might be the time needed for a breach in the casing to occur through corrosion; or
excessive strains, tensile and shear stresses to build up through salt creep. In the US, the last incident
occurred in Texas in 2005 (where, since 1993, a double casing anchored in the salt formation has been
mandatory for new caverns) at Boling, which had only one casing anchored in the salt formation, and in
2001 in Kansas (where similar regulations were enforced in 2003 following the 2001 Hutchinson incident).
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Table 3. Well ages in hydrocarbon storage leakage events (Bérest et al., 2019b).

Site

Date drilled
(or debrined)

Incident date

Time span between
creation and
accident

Comment

Elk City,
Oklahoma

Conway. Kansas
Yoder, Kansas

Mont Belvieu,
Texas

Mineola, Texas

Hutchinson,
Kansas

Epe, Germany

Magnolia,
Louisiana

Eminence,
Mississippi

Teutschenthal

Boling,
Texas

Clute, Texas

Unknown. After
195477

Beginning 1951
Idem

1963

End of 1950’s

Drilled in 1980
Re-drilled in 1990

1980

1970’s

1970-1973

1971
End of January
1983 (de-brined)

Leached out in

February 23, 1973

After 1956
June 30. 1980

September 17, 1980
(wellhead pressure
(ll’()]))

20007

January 19, 2001

February 23, 2014

December 24, 2003

26 December 2010

March 29, 1988

Fall 2005

December 1988

19 years?

5-60 years
30 years or more

17 years

50 years

20 years

34 years

33 years

3740 years

c. 17 years

¢. 22 years

c. 27 years

Leak likely started as early as
November 1972

The described accident in 2012

October 3, 1980 (fire)

Paper written in 2001

6 weeks after repressurization

1961

2.2.4.1.2 Leak development
In this section the factors which favour the development of a leak are explored.

2.2.4.1.2.1 Anintermediate outlet (“receptor”) often is needed

A leak can only develop from a breach in the casing when a pathway to an outlet exists or is created. This
outlet may be ground level, or a sufficiently porous and permeable underground layer, or structural zone
(e.g., a fault or jointed rock mass). Conversely, where no receptor horizon exists, or when the cementing
job was completely successful, leading to a low permeability and a high gas entry pressure, a breach in
the casing does not result in a leak. This occurs when, at breach depth, the rock mass is tight or deforms
plastically, tightening the bond between rock and the cement job. In this respect, rocksalt (or clays/shales)
exhibits very favourable properties; however, it does not mean that no fluid can migrate at the rocksalt-
cement-steel interfaces, as witnessed in the Eminence or Boling examples. We also note here that cases
exist in both the storage industry and in oil and gas production wells, where a leak built up in the
cemented annulus. Generally speaking, however, in spite of many advances, it is difficult to guarantee
cementation quality from wellhead to the last cemented casing shoe. In many cases, the leak finds an
underground receptor, i.e., a porous and permeable zone whose volume is large enough to
accommodate, at least for a period of time, a large quantity of fugitive hydrocarbons. This outlet can be
at the same depth as the breach, for instance in the dome caprock (Mont Belvieu, and probably Clute
also) or, as in Teutschenthal, in a sandstone layer, 30-m thick, below a tight overburden layer. However,
in many other cases, receptor depth, where leaking products accumulate, is shallower than the breach
depth itself. When the enclosing rock is tight and well cementation is poor, hydrocarbons can migrate
upward in the cemented annulus between the steel casing and the rock, until it encounters a permeable
layer: at Hutchinson, the point of escape and lateral migration was a thin, fractured dolomitic horizon
between two tight shale layers, into which the gas migrated and moved updip, toward the town. In most
cases there is an accumulation phase during which the escaped product progressively fills the receptor:
receptor pressure increases to reach equilibrium with cavern pressure. The products may remain in the
outlet for a long period (Boling, Eminence where Cavern #7 leaked to the caprock); or product pressure
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may build up to a level such that a pathway is created to ground level (the outlet is the Doxey shales at
Elk City; and the brine aquifer at salt top in the Conway case). A poorly consolidated caprock above a salt
dome, composed of insoluble blocks left by dissolution (of evaporitic minerals), is favourable to the
development of a leak (Mont Belvieu), on the one hand because it is the site of differential displacements
in the casing and, on the other hand, because the caprock is per se a possible outlet. Revision of
regulations in Texas took this fact into account. One might infer that leaks should be more frequent
associated with salt dome storages rather than those in bedded salts. In fact, among the 12 cases
presented above, 7 are related to domal salts and 5 with bedded salt. Both cases are found in sedimentary
environment, in which successions of tight and permeable layers commonly occur in the overburden.
Mudstones and fine-grained siltstone interbeds are also found within massively bedded halite deposits.
Therefore, above a bedded salt formation, as above a salt dome, intermediate aquifer layers (or, at least,
more permeable layers, as in the Hutchinson case or at Elk City) overlain by a tighter overburden
(Teutschenthal) are potential candidates for hosting an accumulation of leaking hydrocarbons. In
addition, in a salt dome, the overburden has been deformed, which can aid fracture enhanced pathway
development within the overburden succession; the caprock often is porous and permeable, making
drilling and cementing a more difficult job.

2.2.4.1.2.2 A pressure differential is needed (leakage driving force)

In addition to a breach in the casing and a receptor horizon, development of a significant leak requires a
driving force, i.e., a pressure differential. At any depth, except maybe in the case of a natural gas storage
when inventory is at a minimum, pressure of the stored product is larger than pore pressure in the rock
mass (Figure 34). The second condition for leak development, that of a pressure gradient driving the
leakage flow, is always fulfilled. Density of the stored product plays a major role: the lighter the fluid, the
larger the pressure differential between products pressure in the well and ground water pressure at leak
depth; it is larger when the cavern is deeper, and breach is shallower. This is especially true in the case of
natural gas (or hydrogen): when the cavern is full and gas pressure is at a maximum, it is higher than
geostatic pressure at almost any depth above the casing shoe Figure 35); when a leak through a breach is
created, it can find its way to ground level even through low permeability layers. Density also plays a role
when considering effects at ground level, see below. When leaking product migrates through the
cemented annulus before reaching an outlet, pressure differential must be computed at receptor depth,
where it is higher than at breach depth. At Hutchinson, on January 14, 2001, gas pressure was 47.6 bars
at casing shoe depth (238 m) and only slightly lower (hence, larger than geostatic) at the depth of the
fractured layer through which gas escaped and spread, allowing fast leak rates.

OIL LPG GAS

GEOSTATIC

v

Figure 34. Pressure distribution in the borehole in the case of a natural gas storage (green line) and in the case of an LPG or oil
caverns (purple and red lines, respectively). Geostatic pressure and typical water pressure in aquifer layers are also represented.
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Figure 35. A gas leaks from a breach in the casing. Gas migrates through the cement and reaches a shallower aquifer layer, at
which point its pressure is much higher than in situ groundwater pressure and even, in many cases, higher than geostatic pressure.

2.2.4.1.2.3 Wellhead pressure drops

In several occurrences (Epe, Teutschenthal, Eminence, Boling, Mont Belvieu and Hutchinson), a pressure
drop was observed at the wellhead: at Epe (an oil storage), wellhead pressure dropped by 3.6 bars 3
weeks before oil appeared at ground surface. At Teutschenthal (an ethylene storage), pressure dropped
from 75 bars to 40 bars: and ethylene blew out at ground level 1 h later. At Eminence (a natural gas
storage), pressure dropped by 25.6 bars in 1 min. At Boling (a natural gas storage), pressure drop was
spread over one week, although natural gas did not appear at ground level, and it is likely that gas found
a porous and permeable level in the salt overburden. At Mont Belvieu (an LPG storage) pressure dropped
20 days before an explosion occurred at ground surface. At Hutchinson (natural gas) the pressure drop by
7 bars follows the first blow-out after 15 min; the salty aquifer layer below the city of Hutchinson was an
intermediate outlet in which gas accumulated and the pressure drop generated by the blow-out took 15
min to propagate to the S1 cavern, 13 km away. No pressure drop is mentioned in other cases, but one
was also observed in Regina South Gas Storage Cavern No. 5 in Saskatchewan (Section 3.4, Brittle failure
and 3.4.5, Roof Fall). The volume of this cavern, leached out in 1983—1984, was more than 700 000 bbls
(45 000 m3). “Maximum pressure was 3000 psi (205 bars), a relatively low value for a cavern whose roof
depth was 5363 ft (1780 m). Roof salt thickness was 50 ft. The final developed roof position was higher
than originally planned and located in a structurally unstable area with many thin insoluble bands. In July
1989, a 267-psig pressure drop occurred in this cavern following gas fill up to 3000 psig. A rate of change
in pressure decline from the pressure vs. time graphs used to monitor cavern operating condition
suggested the cavern roof had a leak away from the well bore).” (Crossley, 1998). A block fall generates
no perennial gas pressure change; the pressure drop must be due to a gas leak to a porous and permeable
layer above the salt roof.

Occurrence of a rapid pressure drop is especially puzzling in the case of a natural gas storage cavern.
Gases are much more compressible than liquids and a large gas pressure drop requires the loss of a large
fraction of the cavern inventory. When V is the cavern volume, the pressure drop due to a 8V inventory

lossis 6P = % where £ is the coefficient of compressibility of the fluid-filled cavern (Bérest et al., 1999);
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for a brine cavern, f = 4 x 10~> /bar; for a propane filled cavern § = 10~* /bar; for a gas-filled cavern,
B = % where P is gas pressure, for instance 8 = 1 /bar when gas pressure is 1 bar. A 6P =5 bar

pressure drop is generated by a 0.125% inventory loss in a brine cavern; in a gas cavern, the same pressure
drop is generated by a 5% inventory loss — a huge value. For this reason, a large pressure drop in a gas
cavern is possible only when the casing breach opens in a large, porous and permeable volume (Mont
Belvieu); or, long after the breach is created, when the leaking gas reaches ground level or a large porous
and permeable receptor.

2.2.4.1.2.4 Products viscosity, capillary effects

Leakage can affect all types of stored fluids, oil, natural gas, ethylene, or LPG. A low viscosity and a low
entry pressure in the rock formation favours leakage; as such, natural gas (and, a fortiori, hydrogen) may
be more likely to leak than liquids. It is difficult to quantify how much more likely to leakage natural gas
is, as leak rate depends, in addition to gas viscosity, on the way a leak path develops. Leak flow is likely to
be bi-phasic first, with a gas/water front inside which capillary pressures slow down gas migration rate,
before a continuous path is created from breach to ground level or to an intermediate receptor. The
storage industry (Crotogino, 1996) suggested empirical rules for conversion of a gas leak (which can be
easily measured during a tightness test) into a liquid leak. Cases have been observed in which the cavern
is found to be somewhat leaky when the testing fluid is a gas, but tight when it contains a liquid
hydrocarbon. An example was at Magnolia, where the cavern did not pass a Nitrogen Mechanical Integrity
Test, although the cavern had experienced no leakage issue when the annular space was filled with a
much more viscous diesel oil (Bennett, 2009).

2.2.4.2  Eruption at ground level

2.2.4.2.1 The path toward ground level

One might think that a leak necessarily appears at ground level near the wellhead; i.e., it follows the
shortest path to surface. This was clearly the case at Mineola, from which it was inferred that the breach
was shallow (the shoe of the penultimate casing was only 35.5-m deep) and at Eminence in 2011.
However, in the general case, and especially when hydrocarbons accumulate first in an intermediate
receptor (a porous layer or caprock, e.g., Hutchinson, Teutschenthal, Clute, Elk City, Epe) the path found
by the leak can be complex and surface release somewhat distant from the wellhead; it is often governed
by geological features at shallow depth and is not always the shallowest path along a vertical line. In such
a case, the blow-out can occur abruptly (Hutchinson, Elk City, Teutschenthal) and can be localized at a
large horizontal distance from the wellhead (600 m at Elk City, 50-200 m at Teutschenthal, 500 m at Epe,
and even up to 14 km in the exceptional case of Hutchinson); and, probably at a point where elevation is
low (Mont Belvieu, Elk City). At Hutchinson, general opinion is that a period of 8 years was needed for gas
to charge a thin, 13-km long sub-horizontal fractured level before gas erupted in downtown Hutchinson
(several experts believe that filling took place over a few days prior to the eruptions, however, this
conclusion is not fully substantiated by the (scarce) available information). At Teutschenthal, two distinct
steps were observed: first, gas slowly filled an aquifer at 100-m—140-m depth, generating an uplift, and
opening a new breach in the severely stretched casing. This led to a significantly increased leak rate, a
pressure drop (from 75 bar to 40 bar) in the cavern and, 1 h later, a blow-out at ground level. Both the
cavern and the intermediate receptor were vented by gas outflow at ground level, with ground uplift
vanishing.

2.2.4.2.2 Effects at ground level

The effects observed at ground level depend on many factors, among which are the nature of the stored
gas, the configuration of shallow layers, and local topography. They might be especially severe in the case
of a hydrogen leak. Two types of effects can be observed: mechanical effects in case of an abrupt blow-
out (Teutschenthal, or Elk City, where 30-tons rock blocks were uplifted; Yoder where, however, the
propane/water jet was small) and chemical effects (Mont Belvieu, where the gas exploded; Hutchinson,
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where several explosions occurred). Importantly, no asphyxia case has been reported in the incidents
discussed here. It is known from other types of incidents (wellhead failures, which often lead to a loss of
the full cavern inventory — e.g., Moss Bluff) that a natural gas blow-out, with high gas flow rates (gas
velocity is sonic at ground level) is not an extremely severe hazard (except at the very beginning of the
process) as natural gas, lighter than air does not spread laterally at ground level. In contrast, oil, and more
generally liquids, remain at ground level and generate low-rate leaks (Epe), and do not burn in the absence
of an ignition source. This may not be true when hydrocarbons spread over a large area of ground, as,
above the liquid phase, a cloud forms containing the most volatile parts, ignition of which is easier.
Ethylene, which is stored in a supercritical form, is gaseous at atmospheric pressure; its density is close to
that of air, with which it forms an explosive mixture (however ethylene decomposes under the effect of
light). At Clute, ethylene remained confined in the caprock. At Teutschenthal, it appeared haphazardly at
ground level, however, topography and wind favoured dispersal. LPGs present a more difficult problem.
In the cavern, they are liquid, but vaporize, at least partially, on their way to ground level when their
pressure becomes lower than their vaporization pressure — at least when the flowrate is not too fast, and
enough time is left for the rock mass to provide the heat needed for phase change. In their gaseous state,
they are heavier than air and, at ground level, they tend to remain stagnant at low elevation points, or in
building foundations (Mont Belvieu, Elk City). At Elk City effects of the blowout were mechanical rather
than chemical; measurements proved that gas concentration at ground level was small (less than 1%).

2.2.4.2.3 Actions taken after a leak is found

After the occurrence of a leak is established, its origin must be confirmed (it could result from a breach in
a buried pipeline). Gas composition often is a clue. Drilling boreholes to shallow ground water level, or to
the level where products circulate, allows venting the gas and understanding the pathways followed by
the leak (at Hutchinson, gas underground pathways, which were complex, were identified progressively;
it was composed of several branches through which gas flowed toward the city When the leaking cavern
is identified, it must be vented, when possible. At Boling, a temperature log identified the depth at which
the leak took place, as gas depressurization creates a cold spot. Frequently, a plug is set in the wellbore,
as deep as possible and hopefully below the leak level. A video log often assists in detecting this level,
especially when the rupture was created by excessive tension on the cemented casing, or re-entry
operations during well conversion damaged the casing (Hutchinson).

2.2.5 Prevention of a gas leak
Prevention of a gas leak includes quality of drilling and cementing job. More specific topics are discussed
below.

2.2.5.1 Pressure monitoring

Pressure monitoring at cavern wellhead is necessary; at Mont Belvieu, this monitoring provided a
warning, 15 days before the blow-out. However, in most cases a pressure drop was not observed, or was
observed too late, or even observed after the blow-out (Hutchinson), when the leak path was already
fully developed. In principle, careful monitoring of the wellhead pressure over a long period should
provide a warning; however, in a natural gas storage, the stored product is so compressible that pressure
changes resulting from a leak are exceedingly small, especially when the cavern experiences frequent
injection/withdrawal, the cumulative effects of which generate large uncertainties. In a strategic oil
storage, the inventory of which changes little, a better resolution can be anticipated but important efforts
must be made, in terms of accuracy and interpretation, to reach an acceptable resolution (Colcombet and
Nguyen, 2013).

2.2.5.2  Well completion

The role of wellbore completion is extremely important. It was observed that the combination of a flat
cavern roof and a short chimney leads to tensional stresses and stretching of the casing, especially when
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cavern creep closure is fast. In many of the described cases, a large difference can be observed between
the depth of the deepest and penultimate cemented casing. In other words, between the shoes of these
two casings, a single “barrier” (i.e., a casing cemented to the rock formation) can be found: a breach
through the steel casing opens directly to the rock mass. It is interesting to note that, in most cases, when
repairing a leak, an inner steel tube is added to form, with the pre-existing casing, an annular space the
bottom to which is closed; this annulus is filled with water whose pressure is monitored at ground level —
a way of creating a ““second barrier”” which did not exist in the initial design. Such a completion (an internal
tube delimiting a monitoring annulus plugged at its bottom) has been mandatory in France and Germany
for natural gas storages and the trend in Europe is to equip new liquid storage caverns with such a system,
it is a requirement under Dutch mining law (Koopmans et al., 2014). For many years in Texas, Louisiana,
and Kansas (three states in which can be found the majority of US salt cavern storages), State regulation
has required that new caverns have two cemented casings, anchored in the salt formation (Figure 36). In
addition, a tightness test is mandatory at least every 5 years, which covers the case of old caverns which
are not equipped with a double casing.

Figure 36. Schematic completion design: (left) in Europe, a water-filled annulus (in red), isolates the casing from the gas; and
(right) in the U.S., the two last-cemented casings are anchored to the salt formation.

2.2.5.3 Tightness Tests (MITs)

Although the number of storage caverns in operation increases, fewer and fewer incidents are occurring.
Several reasons exist for this.

Recent caverns are equipped with a double casing anchored to the salt formations, or a water/brine-filled
annular space. Both new and old caverns are now tested using the Nitrogen Leak Test (NLT) or Liquid Leak
Test (LLT) methods. The former consists of injecting nitrogen into the annular space, the latter instead of
nitrogen, a liquid hydrocarbon is injected. Salt caverns present a remarkable advantage (when compared
to depleted reservoirs or, more generally, oil and gas fields): borehole tightness can be tested, as the
borehole opens in a closed “container” (the cavern itself), which is almost perfectly tight. Typically, the
NLT consists of injecting nitrogen into the annular space slightly below the last cemented casing shoe. A
logging tool is used to measure the brine/nitrogen interface location. At least two measurements,
generally separated by 3 days, are undertaken. Upward movement of the interface is deemed to indicate
a nitrogen leak. Pressures are measured at ground level, and temperature logs are recorded to allow
estimating effects such as thermal expansion and compressibility and enable precise back-calculation of
nitrogen seepage. MITs are mandatory every five years in most US states and countries. Fail/Pass criteria
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have been proposed by the SMRI (Crotogino, 1996). MITs — and especially NLTs — are the most significant
prevention tool in the cavern industry. These notions are discussed in Section 4.2, Tightness tests.

2.2.6  Conclusion

In Bérest et al. (2019b), based on a study funded by the SMRI, 12 incidents involving product leaks through
the cemented casing of salt storage cavern wells are described. Their causes have been analysed and
general lessons drawn, which are informative for not only storage caverns, but also oil and gas field wells.
They prove that experience, dissemination of new techniques and best practices, and advances in well
design (double casing) and testing (MITs), leads to an ongoing reduction in the frequency and severity of
incidents.
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2.3 Blowout

2.3.1 Introduction

Generally speaking, a blowout is the uncontrolled release of crude oil and/or natural gas from an oil well
or gas well after pressure control systems have failed (for instance, after the wellhead was hit by a heavy
truck). This definition applies also to a gas storage cavern. In most cases a blowout from a salt cavern
leads to expulsion of the full gas inventory and is completed after one week or so. A gas cloud forms at
ground level. Such a cloud can ignite or explode. This incident often is considered as “the worst-case
scenario” (van der Valk et al., 2020) for a hydrogen storage. An additional consequence is that, at the end
of the blowout, cavern gas pressure is virtually zero, i.e., much smaller than the minimum gas pressure
selected for operation, with possible consequences for cavern mechanical stability.

Such an incident may also occur in liquid or liquefied storage caverns. There consequences are less severe,
at least in the case of liquid storage, as only a small part of the inventory is lost. A well described case is
the West Hackberry oil spill and fire in Louisiana.

2.3.2 Case histories

Several examples of blowouts in gas storage caverns have been described in the literature, such as that
in an ethane storage at Fort Saskatchewan, Canada (Alberta Energy and Utilities Board, 2002) or in a
natural gas storage at Moss Bluff, Texas (Rittenhour and Heath, 2012). There were no casualties in these
instances, as the gas rapidly ignited, although the entire inventory was lost. A somewhat similar accident
occurred in a “compressed air storage” (in fact, an abandoned salt mine) at Kanopolis, Kansas; a complete
description can be found in Van Sambeek (2009).

In these two cases, initial interpretation of the incident (when the blowout started) proved incomplete.

2.3.2.1 Fort Saskatchewan Ethane Blow-out and Fire (2001)

In 2001, BP Canada Energy Company operated 10 salt caverns at a storage site located about 6 km
northeast of Fort Saskatchewan, Alberta, Canada. Ethane was stored in Cavern 103, a two-well storage
cavern operated according to the brine compensation method Cavern 103 had been completed in the
Lotsberg Salt Formation at a depth of 1850 m. Brine (resp., ethane product) is injected/withdrawn through
well 103A (resp., well 103). The two wells are about 20 m apart. Equipment includes a 2-inch horizontal
connecting line between the two wellheads, an equalization line which was used during servicing
operations and was not necessary for the day-to-day operations. At the time of the incident the ethane
volume in the cavern was 76 000 m3, approximately.

In the early morning hours on August 26, 2001, [Note that this event is different from the event at
Prud’homme 2014 presented in the press releases copied below] ethane was being pumped up well 103
as brine was injected into well 103A. At 7:00 am an alarm was received from a detector analyser. A vapor
cloud formed above cavern 103. After the incident it was determined that an elbow failed on the 2-inch
connecting line. Cavern 103 was shut in. When the Emergency Shutdown (ESD) valve on the well was
activated at 7:10, the vapor cloud did not disperse. BP attempted to reduce the leak by opening up the
well to a pipeline. This attempt failed. The ethane vapor cloud came into contact with overhead power
lines. Electric arcs sparked the plume, creating an explosion and resulting fire (Figure 37), at 9:40,
approximately 2 hours after the initial failure. Fire-control experts sprayed water to cool the two
wellheads.

In the first 48 hours, black smoke from the fire was significant and observable for many kilometres but
did not present any danger to the public. Throughout the incident, the fire was contained entirely on site.
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Figure 37. Ethane fire in Fort Saskatchewan, Alberta. Note the hay rolls lying unharmed in the foreground while the fire blazes
nearby (Liz Nayowski/Fort Saskatchewan Record photograph).
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Figure 38. The first photo (right) was taken right after the fire had been extinguished and the new wellhead lowered in to place.
A temporary vent stack has been attached to the top of the wellhead. The second photo is from June 2015 and more clearly shows
the new wellhead chained in place. Acknowledgment: Dave Burdeniuk.
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Over a period of 6 days, pressure dropped from 207 bars to 44 bars as the cavity slowly emptied. Ongoing
fire control, and reduced product flow, resulted in smoke reduction. On August 29 a connecting valve
between the two wellheads was closed, reducing the fire. On September 1, the small remaining fire on
the brine well was outfitted with a new master valve (Figure 38). On September 3 [or 4?], a plug was set
down-hole in the second well, and the emergency was declared over. No injury was reported.

The incident prompted the EUB (Alberta Energy and Utilities Board) to review BP’s ignition policy. BP has
eliminated the 2-inch line between the two wells. The EUB required that wellhead on its Alberta Natural
Gas Caverns be equipped with ESDs.

The EUB Report (Alberta Energy and Utilities Board, 2002) provide interesting insight in crisis management
and public information during the incident. An oral presentation was given during a SMRI Meeting (Banff
Spring Meeting, 2002), in compliance with the company policy “to share the findings with the industry in
the interest of safety.”

Jug Manocha, a member of the regulatory authority, kindly drew our attention on a media release on July
28, 2015 from SaskEnergy (2015). This release is partly copied below. Investigations were pending. Dave
Burdeniuk, Director, Gov’t and Media Relations of SaskEnergy/Transgas kindly offered to provide updates.
A new media release (SaskEnergy, 2016a) on September 20, 2016 is also copied below.

July 28, 2015 media release

“SaskEnergy begins next phase of investigation into Prud’homme Cavern Fire SaskEnergy has started the
next phase of its investigation into the October 2014 gas release and fire at its Prud’homme natural gas
storage facility east of Saskatoon. No one was hurt in the nine-day incident [.]. The remaining caverns
were not impacted and provided natural gas service to meet the region’s peak 2014/15 winter load. The
gas release was safely contained on October 17th with the installation of a new wellhead; safety testing
and site clearance were completed two days later. A full investigation was immediately launched to
determine the exact cause of the incident and the extent of damage at the site. The original wellhead,
which controls the flow of gas into and out of the cavern, was tested at an engineering lab in Calgary and
determined the unit was not a contributing factor to the gas release. SaskEnergy, with the assistance of
specialized contractors, also began temporary repair work immediately after the incident to assess the
heat damage and ensure the facility was back in operation before peak winter months. Permanent above
ground repair work, which included thoroughly inspecting and analyzing the affected equipment at the
site, began in March 2015 at the beginning of spring thaw with all above ground repairs and replacements
now completed. SaskEnergy is currently preparing for an internal investigation within the affected cavern
well. Preliminary investigative work had discovered an obstruction 3.5 meters below the surface in the
steel well casing, which is the pipe that links the surface with the cavern located a kilometer underground
in a deep salt formation.

SaskEnergy will now use a process of injecting water to remove the remaining gas and transfer it to
another cavern at the facility. This injection process maintains the correct internal pressure to preserve
the integrity of the cavern. Once the gas is removed, closer inspection of this obstruction will be conducted,
with the potential of removing a portion of the well casing for further analysis. This project is expected to
take 30 weeks. Pending the results of this work, the cavern will either be repaired and returned to service,
or retired from use by utilizing established protocols and safety procedures.”

September 20, 2016 media release (SaskEnergy, 2016b)

“SaskEnergy has completed the investigation into the October 2014 gas release and fire at its Prud’homme
natural gas storage facility east of Saskatoon. The nine-day incident began October 11", 2014 at one of
the seven underground natural gas storage caverns at the facility. No one was hurt in the incident, and no
service was lost to any residential, business or industrial customer. The gas release was safely contained
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on October 17th with the installation of a new wellhead; safety testing and site clearance were completed
two days later. The remaining caverns at the site were not impacted. SaskEnergy’s investigation, using the
resources of industry experts, determined the cause of the incident was a failure in the steel casing pipe
used to inject and remove natural gas from the underground cavern. A thorough examination of the
impacted cavern could only be conducted after the remaining gas was safely removed, and the cavern was
filled with water. This process was carefully monitored and took several months to complete.

The failure, located about two meters below ground, allowed natural gas to leak into an external concrete
casing protecting the pipe, where it moved up and released through a valve on the side of the cavern
wellhead. The force of the high-pressure natural gas release damaged the wellhead building, causing a
spark and the resulting fire [.] The affected cavern has been decommissioned with no plans to repair and
recertify it for use at this time.”

2.3.2.2  Moss Bluff natural gas blow out and Fire (2004)

The information contained in this note is mainly extracted from Brouard Consulting and RESPEC (2013)
and Rittenhour and Heath (2012). The text below is a slightly revised version of Réveillére et al. (2017)
summary.

2.3.2.2.1 Facility background and pre-incident state

MB #1 salt cavern is located in Liberty County, Texas, approximately 80 km east of Houston, Texas. It is
part of a site comprising the natural gas storage caverns MB #1, MB #2, MB #3, MB #4, and a Praxair
hydrogen storage cavern. Only the first three caverns were in service at the time of the incident. Cavern
#4 went into service in 2011, and the Praxair hydrogen storage cavern in 2007. These caverns are hosted
in the northern part of the Moss Bluff salt dome, whose dimensions are approximately 4.5 km by 3.6 km,
as shown in Figure 39.

MB #1 was spud on September 30, 1981. The well was drilled to a total depth of 4408 ft (1344 m) with
the caprock top encountered at 865 ft (263.7 m) and the salt top encountered at 1185 ft (361 m). Cavern
leaching began in May 1982, and occurred by brief leaching periods until the cavern was put into gas
storage service in 1990. The cavern volume was 2.16 MMbbls (344 000 m?3) at that time, and its volume
was not modified until the cavern Solution Mining Under Gas (SMUG) began in 2000. SMUGing is a special
technique such that additional solution mining is performed after a first debrining took place (the cavern
is partly filled with gas). Its main advantage is that gas storage operations can start before solution mining
is completed. To accommodate SMUG, the well was configured with two hanging strings as exposed in
figure 2, during a workover operation that followed the cavern rebrining in 1999. Cavern SMUG
progressively increased the cavern volume to 8.21 MMbbls (1.3 million m3) at the time of the incident, in
2004.
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Figure 39. Moss Bluff salt dome overview (from Réveillere et al., 2017; after Rittenhour and Heath, 2012).
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Figure 40. MB #1 well configuration, from the 2000 work-over and SMUG operation beginning to the 2004 incident (after

Rittenhour and Heath, 2012).
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2.3.2.2.2 Blow-out incident

On August 9, a wireline unit confirmed the gas-brine interface level to be at 3714 ft (1132 m). The tool
touched down at 3938 ft (1200 m), and it was concluded that the casing possibly was bent at this location
(probably due to a block falling from the cavern walls), approximately 50 ft (15 m) short of where previous
logs had indicated the well string shoe.

|II

On August 17, a “normal” de-brining rate was established, and the process was considered to be “on line”
(gas being injected/withdrawn through the 13-3%" x 20" annulus, water injected through the 8-%" x13-%"
intermediate annulus, and brine produced through the 8-%" central string, Figure 40).

At approximately 4:00 a.m. on August 19, 2004, MB #1 experienced a rupture of the 8” brine-outlet piping
attached to the wellhead. The gas escaping from the open pipe ignited. The fire initially was directed
downward at the base of the wellhead (Figure 41 and Figure 42). The force of the gas flow carved a crater
60-ft (18-m) across and 30-ft (9-m) deep at the vicinity of the wellhead. Well-control experts responded
to the scene, but, due to the intensity of the fire, no attempt was made to approach the wellhead and
shut off the wing valve.

At approximately 1:30 a.m. on August 20, the fire self-extinguished for a brief period of time. This occurred
due to the wellhead assembly separating from the well casings and falling into the crater beside the
production casing. The gas re-ignited within a minute, with the flame then being directed upward, fuelled
by gas escaping from the 20" production casing.

Figure 41. Blowout and fire at Moss Bluff.

Post-incident logging confirmed that the interface level was far from above the pre-incident depth of the
8-%" tubing shoe: the gas did not enter the brine 8-%" brine string from its shoe, but from a leak path
within this string. The Emergency Shutdown (ESD) valve on the 8-%" outlet surface pipe was found in the
appropriate position — i.e., fully closed, but was located downstream of the 8-%" rupture.
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Figure 42. Moss Bluff - Early incident photo.

2.3.2.2.3 Investigation Summary
The incident that occurred at Moss Bluff Cavern 1 beginning on the morning of August 19 and continuing
through the morning of August 20, 2004, initiating a blowout that lasted until August 26, can be broken
down into three significant events.

1) The first event was the compromise of the 8-%" well string that allowed high-pressure gas to fill
the string. Although uncommon, these types of events do occur, and safety systems are installed
to protect above-ground components from such an event.

2) The second, and most significant, event was the fracture of the 8-%" above-ground brine piping.
This piping experienced tensional forces beyond its tensile strength limit. It was subjected to an
accelerated column of brine being pushed by high-pressure gas, and its integrity was
compromised due to internal corrosion that had thinned the pipe significantly. This extremely
aggressive internal corrosion and/or erosion resulted in well over a 50% wall loss and was not
something the facility had experienced in these systems prior to the incident.

3) The third event was the separation of the wellhead from the 26" and 20" casings. This event was
primarily a result of exposure to intense heat and scouring, and is considered a secondary event
rather than a primary contributor to the incident.

2.3.2.2.4 Post-incident assessment and return to service

Moss Bluff Cavern 1 was depressurized for approximately three months in late 2004 as the result of a
wellhead incident resulting in the loss of the natural gas inventory. An MIT of the cavern after the blowout
indicated that the well was not leaking. Similarly, calliper logs performed after the incident showed no
evidence of damage to the casing. Also, a cement-bond log indicated good bonding over much of the well
except for a micro-annulus from ground surface to a depth of approximately 200 ft (60 m), but whether
it happened before or after the blow-out event cannot be determined

The wellhead, hanging strings and surface piping were replaced, design and operational modifications
were made to help ensure a similar incident would not occur again. Notably, the ESD valves were set
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directly on the wellhead. These modifications were also implemented on all of the caverns of the facility
and two other Gulf Coast cavern-storage locations. The cavern has been returned to gas storage and has
been operated with proven integrity to date.

Brouard Consulting and RESPEC (2013), in a Report prepared for the SMRI, proved that gas temperature
in the cavern experienced a severe drop to -40°C as gas pressure dropped to atmospheric. It is likely that
thermal fracturing was initiated at cavern wall. However, at the end of the blowout the amount of gas
remaining in the cavern was small, and heat transfer from the rock mass swiftly increased cavern
temperature. It was computed that depth of penetration of thermal fractures in the rock mass was small.

2.3.3  Blowout model
2.3.3.1 Underground model

2.3.3.1.1 Gas thermodynamic behaviour in the cavern

A simplified model of cavern gas thermodynamic behaviour was given by Bérest (2013) see Section 2.1,
Thermodynamics. Bérest’s model integrates the thermodynamics of gas in the well-cavern system to
predict the blowout on underground gas storage caverns. Only major assumptions and simplifications of
the model are provided- in this Section. The model is widely developed in the papers Bérest et al. (2013),
Djizanne et al. (2014b).

Both gas behaviours in the cavern and in the wellbore must be described; they are coupled through the
boundary conditions at gas entry at the end of the wellbore (gas temperature and pressure must be
continuous). The thermodynamic behaviour of hydrogen exhibits some specific features of interest (in
particular, an isenthalpic depressurization can lead to hydrogen warming); so, instead of the standard
state equation of an ideal gas, a van der Waals state equation was selected to describe the gas behaviour

during the blowout, P = —a/v? + RT/(v — b) and h(v, T) = C,T — %a + (vr_T;)) (h = e+ Pvis the gas

enthalpy). (However, ideal gas state equation is used for natural gas such as methane or compressed air.)
During a gas withdrawal, the energy balance equation can be written m[é(T,v) + Pv] = Q where mis
the mass of gas in the cavern, e is the gas internal energy, P and v its pressure and specific volume. In
addition, cavern volume is constant, or V = mv. From thermodynamics, é(T,v) + Pv = CVT +
T(0P/0T),v.Q is the heat flux transferred from the rock mass to the cavern gas through the cavern wall.
Blowout in a gas cavern is a rapid process: it is completed within a week or less. During such a short period
of time, temperature changes are not given time enough to penetrate deep into the rock mass and, from
the perspective of thermal conduction, cavern walls can be considered as the sum of small flat surfaces
whose area equals the actual area of the cavern.

When a varying temperature, T, = T,(t), is applied on the surface, the heat flux per surface unit can be
expressed as Q = fot —K T.(v)dt//mk(t — T) where K and kare the thermal conductivity and diffusivity
of salt, respectively. When these simplifications are accepted, the heat balance equation can be written:

Q VT _ —EK ot T (1)
v +o -1 v2  CVVk fO Jr(t-1) de (8)

Where X, is the (actual) surface of the cavern walls.

2.3.3.1.2 Gas thermodynamic behaviour in the wellbore

The gas rate in the borehole typically is a couple hundreds of meters per second (more when hydrogen is
considered). This means that, only a few seconds are needed for gas to travel from the cavern top to
ground level. Such a short period of time is insufficient for cavern pressure to experience large pressure
changes and steady state can be assumed at each instant. (Obviously, when longer periods of time are
considered, cavern pressure slowly decreases). Duct diameter orDis assumed to be constant throughout
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. . . . . u
the well; hence, the cross-sectional area of the well is constant too. Gas massic flowrate is m = >

Enthalpy is such that %+%+ g = 0. The momentum equation can write U:—ZP + %+ g =—f().

Head losses per unit of length are described by f(u) > 0. During the blowout, the gas flow is turbulent.
The average gas velocity is uniform through any cross-sectional area (except, of course, in the boundary
layer). The effects of friction are confined to a thin boundary layer at the steel casing wall. Head losses

are written f(u) = Fu? where F = % is the friction coefficient and f is the friction factor. The

&

, L 1 . _ .
Colebrook’s equation is used, 7o 2logqg (_3.710) where € is the well roughness (¢ = 0.02 mm is

typical).

Gas pressure and temperature (hence, gas specific volume) at the end of the string are known from the
computation of cavern gas thermodynamic behaviour. In principle, gas pressure at the wellhead should
be atmospheric, however, when gas flow rate is very high, such an assumption leads to a solution such
that gas flow is supersonic in the upper part of the well, which is not compatible with the second principle

. d e -
of thermodynamics (d—j > 0) [no shock can exist inside the wellbore]. In such a case, it is assumed that the

flow rate is sonic at the wellhead (“choked flow”), or u = c. No constraint is applied to wellhead gas
pressure which, in general, is larger than atmospheric. Conversely, when the cavern pressure is relatively
small, the gas flow is said to be “normal” and gas pressure is atmospheric at ground level. These
assumptions (“Fanno-flow” model), which are standard (Landau and Lifchitz, 1971, Section 91) are
commonly accepted (von Vogel and Marx, 1985).

Note that heat transfer from the rock mass to the wellbore is neglected, and gas flow is considered
adiabatic. In the computations, gravity forces (g) are neglected. This model was tested against the Moss
Bluff historical case with good results (blowout duration was predicted correctly, Bérest et al., 2013;
Djizanne et al., 2014b).

2.3.3.1.3 Computations: subterranean part

A 500 000 m? hydrogen storage cavern is considered by Djizanne et al. (2022). Cavern top depth is 1000
m and cavern height is 197 m; tubing diameter is 8-%". Gas temperature and pressure in the cavern before
the blowout are 45 °C and 176 bars, respectively. Figure 43 and Figure 44 gives evolutions of gas mass,
velocities, temperature, and pressure during the blowout.
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Figure 43. Evolutions of gas mass in the cavern and gas velocities at cavern top and ground level. The blowout is 7.3 day long;
the flow is choked (sonic at ground level) during 3.4 days, after which 90% of the hydrogen mass has been expelled from the
cavern and gas celerity rapidly drops.
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Figure 44. Evolutions of gas temperature and pressure. mass in the cavern and gas velocities at cavern top and ground level.

2.3.3.1.4 Computations: aerial part

The flammability range of hydrogen (a volumetric ratio gas to air between 4% and 75%) is large. In
addition, the ignition energy of this mixture is low (0.02 mJ, to be compared to 0.29 mJ for methane).
When compared to natural gas, early ignition of a hydrogen-air cloud forming at the wellhead is highly
likely (for instance due to electric arcs generated by differences in electric potential of the wellhead and
the ground). The worst-case scenario is a vapor cloud which does not ignite immediately (for instance
because gas outflow rates are very high) as an explosion with dramatic possible consequences can be
expected.

An example of a computation of the aerial part of a blowout was given by Djizanne et al. (2022). When
hydrogen is expelled from the cavern, an unconfined cloud, a mixture of air and hydrogen, forms above
the wellhead. The cloud is defined by the volume in which the Lower Flammability Limit (40,000 ppm) is
reached. The shape and evolution of the cloud is governed by buoyancy (it rises because of low hydrogen
density), atmospheric conditions (stability and wind speed — 10 m/s at a 10-m height in the following
computations) and hydrogen flowrate from the wellhead (which decreases with time, as described
above.) A recent version of the Unified Dispersion Model developed by Woodward et al. (1995) is used.

Three hazardous phenomena mainly associated with the ignition of the dispersing flammable cloud are
considered:

1) Flash fire (thermal effects are dominant). This phenomenon is generated by the ignition of a
flammable gas/air mixture at a distance from the source. The event is developed as the flame
front burns through the pre-mixed vapor cloud and expands its volume. The cloud expansion can
push vapours ahead and enlarge the visible flame and burn back to the source to become a jet
fire.

2) Unconfined vapor cloud explosions (overpressure effects are dominant). Unconfined Vapor Cloud
explosion (UVCE): This phenomenon is generated when the ignition of a flammable gas/air
mixture leads to significant overpressure levels. In accordance with this definition, the effects
produced by this event can be more severe than those generated by a flash fire. Generation of a
UVCE is due to changes in the combustion process that are attributed to a total or partial
confinement of the gas/air mixture as well as variations of the turbulence intensity in the
environment.

3) Jet fire following the ignition of gas issuing from a pipe or orifice (thermal effects are dominant).
This phenomenon is observed if the cloud is ignited at the source location. Thermal radiation is
transferred away from the flame’s visible boundaries. The effects associated with this event are
more severe than those generated by a transient flash fire, especially if the jet impinges on an
object.
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The occurrence of these events can result into lethal effects on the general public and severe damage to
nearby structures due to considerable thermal effects or high overpressures. When compared to natural
gas, early ignition of a hydrogen-air cloud forming at the wellhead is highly likely (for instance due to
electric arcs generated by differences in electric potential of the wellhead and the ground). The worst-
case scenario is a vapor cloud which does not ignite immediately (for instance because gas outflow rates
are very high) as an explosion with dramatic possible consequences can be expected.

The lethal distances (see Figure 45) are computed according to the severity of the overpressure or the
thermal radiation. The evolution of the dispersion cloud during a blowout of a 500 000 m? hydrogen
cavern, whose string length and diameter are 1000 m and 8-%", respectively (see description of the
subterranean part of a blowout, above) is presented in the following figures. For this purpose, the
dispersion of hydrogen is predicted for nine atmospheric conditions that describe the stability of the
atmosphere as well as the velocity field in the surrounding environment. These conditions are specified
by the French Circular of May 10%", 2010. The maximum expansion of the cloud is achieved during the first
120 minutes (Djizanne et al., 2022). The distance from the cloud for which irreversible effects occur (for
an ignition at 120 minutes) depend on atmospheric conditions and the type of event. Typically, it is 40 m
in the case of a flash fire, from 350 m to 700 m in the case of an unconfined vapor cloud explosion and 55
m to 110 m in the case of a jet fire (the thermal effects are computed at a height of 1.5 m to evaluate the
hazardous effects on the general public.)

2 min 5 min
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Figure 45. Extension of vapor cloud as a function of time (no ignition). Vertical axis: height above the wellhead.
Horizontal axis: downwind distance from the wellhead.

2.3.4 SSSV (Underground automatic safety valve)

A hydrogen blowout must absolutely be prevented. In Europe, all gas storage caverns are equipped with
an SSSV (Underground automatic safety valve, also called WRSV), an underground safety valve which is
kept open through a pressurized line which is automatically closed in case of a wellhead failure. No
blowout occurred in caverns equipped with an SSSV (several hundreds of caverns, sometimes operated
for more than 50 years.) It must be noticed that debrining (first gas injection) raises a specific problem as,
at this stage, the well is still equipped with a brine string, and an annular valve must be designed. During
operation, the safety valve is set in the hydrogen production tubing. A tentative design is suggested in
Figure 46 (Storengy, HYPSTER Project).

It seems that no specialized SSSV for hydrogen salt caverns have been designed and tested yet. A high
priority should be attached to this issue.
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3 Salt cavern structural stability

Author: Pierre Bérest — Brouard Consulting

3.1 Rock-salt behaviour
NB. the mechanical and transport properties of the host rocks of salt caverns are discussed at different
places in this report.

3.1.1 Introduction

The mechanical behaviour of salt can be studied at various scales: the scale of crystals, at which
dislocations climb, glide, and pile up; the scale of grains and interfaces between grains, where micro-
cracks can form and pressure-solution is active; and the scale of the salt formation, in which the salt, clay
or anhydrite layers generate specific interactions. These scales are provided by Nature. Two other scales
are man-made. A large part of this Section is dedicated to the scale of the body under study: mine, cavern,
or repository. The first paragraph discusses the laboratory scale.

3.1.2 Laboratory tests

Salt behaviour exhibits a fascinating complexity. Few other rocks have given rise to such a comprehensive
set of laboratory experiments (see, for instance, the eight Proceedings of the Conferences on the
Mechanical Behavior of Salt). While a full description of these efforts is beyond the scope of this paper,
the results that are widely accepted by rock mechanics experts are listed below.

3.1.2.1 Steady-state creep

It generally is accepted (e.g., Bérest, 2013) that the axial strain,&, observed during a creep test performed
on a cylindrical-shaped salt specimen in the laboratory, is the sum of three components: the thermoelastic
strain, the steady-state viscoplastic strain (&) and the transient viscoplastic strain (&,-), whose sum is the
viscoplastic strain, VP = &, + &5, as shown in Figure 47 and Figure 48, and mathematically expressed in
one-dimensional rate form as:

¢ =2 —al +é + & 9)

where contractive strains and compressive stresses are positive, the applied deviatoric stressis ¢ = /3]/,
OkkSij

where J, = s;;5;;/2 is the second invariant of the deviatoric stress tensor, s;; = 0;; — ; E'isYoung's
modulus; T is the absolute temperature; and a is the thermal expansion coefficient of salt. During a
triaxial test, when confining pressure is P, the axial stress is ¢ + P (no “extension test” during which the

axial stress is smaller than the confining pressure is considered).

The steady-state viscoplastic component contribution to the total deformation is typically defined as a
constant strain rate, £, reached after several months when the temperature and the deviatoric stress
are kept constant. For rock salt, steady-state strain rate is a function of shear stress and temperature. A
simple formulation (Norton-Hoff’s law, or “power” law) for a steady-state creep is:

dj _ 3égesl . —Q\ n
€&s =3 3, s = A(®) exp (RT) a (10)
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where @Q and n are two constants, with nin commonly the 3-6 range and the thermal constant, %, in the

3000 to 10,000 K domain, and A = A(®) is a function of the relative humidity (in %RH). At a deviatoric

stress of 0 = 10 MPa and at ambient temperature, the steady-state strain rate for salt is typically about
g = 10710571,

Viscoplastic £,(1)
strain
X
£
e(1)
time
X >
152 | €a(02)

Elastic strain

Figure 47. Schematic strain-stress curve during an isothermal uniaxial creep test. Increasing mechanical loading.
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Figure 48. Schematic strain-stress curve during an isothermal uniaxial creep test. Decreasing mechanical loading.
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3.1.2.2 Transient creep

The transient component describes the rock viscoplastic behaviour before steady state is reached. Any
change in applied loading or temperature triggers a transient creep response. Following a compressive
load increase (“direct transient creep”) or ¢ = g; when t < t;_,, and o = g, > 03 when t > t;_,,,
transient creep is characterized by faster initial strain rates compared to the steady state strain rates. If
the applied stress is kept constant after the stress change, the transient rate slowly decreases until the
transient strain exhausts itself (Figure 47), i.e., the total strain rate becomes equal to the steady-state rate
and the transient strain reaches an asymptotic value defined as the transient strain limit &/, = &,-(0,, T)
that is a function of deviatoric stress and temperature. Munson et al. (1997) suggested:

g = KyeTo™ (11)

Where Ky, ¢, and m (m = 3 is typical) are three material constants.

Munson et al. (1984) proposed an internal variable, {(t), such that, during a creep test, &, = ¢, to
describe the evolution of the transient strain, which slowly increases to reach the transient strain limit
ety = €5-(0,T) when g and T are kept constant. During a uniaxial creep test:

g ¢ _ £ AN — 7)\?

~<1,==0({/efy;4) =exp|A(1— -1 (12)
Etr Ess

¥
Etr

where 4 is a function of g (M-D transient law). The case of a load decrease (“stress drop”, or g, < agy), is
addressed in the next paragraph.

Although other formulations can be selected, Norton-Hoff and M-D law constitutive laws capture the
main features of both transient direct and steady-state creep behaviour and they will be used for
interpretation, at least in a qualitative way, of the main results reported herein.

3.1.2.3 Reverse transient creep

When at t;_,, the applied deviatoric stress is decreased abruptly (0, < 07) and kept constant (a “stress
drop”), steady-state creep rate will be reached again after a long period of time. This rate is slower than
the steady state rate when the load was higher as &,(g) and is an increasing function of a. In fact two
kinds of behaviour can be observed. When the load decrease is small, the transient viscoplastic rate
remains contractive (as it was before the load change). When the load decrease is large, the transient
viscoplastic rate is expansive: during several weeks or months, sample height increases (strain rate is
negative) although the applied axial stress is compressive (Figure 48).

3.1.2.4 The case of small deviatoric stresses

It has been suspected for long (Spiers et al., 1990; Urai and Spiers, 2007) that, in the small deviatoric stress
domain (o < 3 MPa), the governing mechanism for salt creep was pressure solution — rather than
dislocation creep (Figure 49). A consequence should be that creep rate in this domain is much faster - by
several orders of magnitude - than the rate extrapolated from tests performed in the high-stress domain.
In addition, creep rate should be a decreasing function of grain size: it should be a linear function of the
applied stress, and the presence of a small amount of brine at the grain interface should be a necessary
condition for active creep. These statements were based on theoretical arguments, geological evidence
and the results of tests performed on artificial salt.
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Figure 49. Tests performed on Avery Island samples at high deviatoric stress (coloured dots) at RESPEC laboratory and five tests
performed at small deviatoric stress on the same Avery Island salt sample in the Altaussee drift (black dots) (from Bérest et al.,
2022).

»

Several testing campaigns performed on natural salt during which testing devices were set in remote mine
drifts (where temperature and humidity are quite constant) confirmed these views (Bérest et al., 2022,
2019a, 2005).

Various authors suggested constitutive laws which take into account this duality (Cornet et al., 2017). A
simple example is Marketos et al. (2016) law:

s =mewn (G2 (7) + 2o (32) (2) (13

whereDis the grain size, g, = 1 MPa is a reference stress, T is the absolute temperature (in Kelvin). When
the applied stress (o) is low, the power-law term is negligible, and the opposite is true when the applied
stress is high.

Such a change in the constitutive has important consequences in shallow caverns, when cavern pressure
is close to geostatic (Figure 50), and (Cornet et al., 2017) when the virgin state of stress is not isotropic.
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Figure 50. Comparison between steady-state volume loss rates at various cavern depth when Munson-Dawson and Marketos laws
are considered (from Gordeliy and Bérest, 2022).

3.1.2.5 Temperature

The role of temperature is two-fold. On one hand, creep rate is a function of the sample temperature; on
the other hand, salt warming or cooling generates thermal expansion or contraction.

1+v v

. . . : 34 Q n-1 .
Sij :T(Tij—EO'kk(Sij'i'aRTé‘ij'i'?exp (—E) (1’3]2) Sij+65-ﬁ(T,..) (14)

The influence of temperature on the steady-state strain rate is captured through the term: exp (ﬁ), and
i - Q/RT? ~3—10x1072/°C when T =300K. (Transient strain rate is also temperature-

58
dependent.) However, several authors (for instance, Tijani, CEC Cosa Report, 1987, unpublished.)
underlined that such a formulation is likely to be too simple. Hunsche (1984) mentioned that for a given
testing temperature, the creep rate is slower after a step during which temperature was higher than it
was before that step. A possible explanation for this is that some brine is removed from the sample when
the temperature is high; this might also be a consequence of “thermal reverse creep”. In a cavern,
temperature of the stored fluid may change by several dozens of °C, with possible effects on rock
temperature and the creep closure rate of the cavern, but this effect does not seem to be large enough
to be detected; the same cannot be said of a repository of heat-generating wastes.

The thermo-elastic effect of temperature is captured through the coefficient of thermal expansion, which
is larger than for most rocks, agg;; ~ 4 X 107*/°C. Daily fluctuations in room temperature by * 1°C, or
T ~ 1073571 can blur the results of a creep test when the steady-state strain rate is slower than &g, ~
107971,

It is known that, in an idealized spherical or cylindrical cavern, a change in cavern temperature has no
effect on cavern volume — a counter-intuitive result that remains approximately true even when a more
realistic cavern shape is considered (Karimi-Jafari et al., 2007). Conversely, tangential stresses, or g;;, are
generated at the cavern wall. Their order of magnitude is large:
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These tangential stresses are compressive when the cavern fluid is warmed and tensile when the cavern
fluid is cooled. Because the tensile strength of salt is low (1-2 MPa), the effect of fluid cooling can be
especially important. In fact, prompted by the needs of gas traders, withdrawal rates from gas caverns
tend to be faster; cavern gas cools down by several dozens of °C during withdrawal. This effect has been
discussed by several authors (Bérest et al., 2012; Lux and Dresen, 2012; Pellizzaro et al., 2011; Wallner
and Eickemeier, 2001; Zapf et al., 2012). It was feared that such a temperature drop would generate
fractures at the cavern wall. However, computations prove that, in most cases, only a thin salt layer at
cavern wall experiences severe temperature drops and tensile stresses (Bérest et al., 2012).

3.1.2.6 Visco-plastic threshold

It has been frequently observed that, in Zechstein salt domes, anhydrite “stringers” float in the salt mass.
Anhydrite is significantly denser than salt and dimensional analysis — or more sophisticated numerical
computations — strongly suggest that these stringers should sink to the bottom of the dome (Li and Urai,
2016). They do not, and it was suggested that there exists a threshold for deviatoric stress below which
viscoplastic behaviour vanishes (Van Oosterhout et al., 2022). The testing campaign mentioned above
suggests that, should such a threshold exist, it would be smaller than 0.05 MPa.

3.1.2.7 Humidity

Influence of water vapor on salt creep during laboratory tests has been investigated by several authors,
among which are Horseman (1988), Spiers et al. (1990), Le Cléac’h et al. (1996), and Hunsche and Schulze
(2002, 1996). Hunsche and Schulze proved that steady-state creep rate increases by a factor of 90 when
relative air humidity varies from 0% RH to 75% RH (the limit above which salt dissolves in air water vapor);
they also proved that this effect was much more pronounced during uniaxial tests and, more generally,
when the sample experienced dilation. Dilation increases salt porosity and permeability; vapor can diffuse
through micro-cracks and open grain boundaries; at contact areas, where stresses are high, solubility rises
and creep is faster. Van Sambeek (2012) observed a clear correlation between room-closure rate (which
was slow) and relative humidity in a 600-m deep salt mine.

One can expect that brine influence be even more significant. Spiers et al. (1990) and Cosenza et al. (2002)
proved that, when saturated brine is added at the periphery of a salt sample submitted to a moderate
mechanical loading (say, 10 MPa), creep rate immediately accelerates. However, when mines are flooded
with brine, it seems, in most cases, that the brine-filled mine is more stable than the dry mine had been.
[See Van Sambeek & Thoms (2000), who observed that subsidence rate above the Jefferson Island Mine
decreased by a factor of 10 after the mine was flooded, or Feuga (2003), who performed a sonar survey
in an old flooded mine at Dieuze to find that actual mine geometry was exactly the same as what was
expected from a map drawn by the miners 130 years before.] These results suggest that creep
acceleration only exists in a relatively thin damaged zone at pillar walls and that the favourable effect of
the increase in mine internal pressure (from atmospheric to halmostatic; i.e., from 0 bar/m to 0.12 bar/m)
is much more significant from the perspective of mine stability. This topic clearly is still open to discussion.

3.1.2.8 Triaxiality

It is assumed in most models that viscoplastic strain rate is a function of stress through the second
invariant of the stress tensor, or J,. In fact, most laboratory tests are the so-called “triaxial” tests during
which the two main stresses are equal, which means that the influence of the third invariant of the stress
tensor, orJ3, cannot be investigated. Liu & Hunsche (1988) performed “true” triaxial tests on cubic
samples and proved that “within the limits of precision of the measurements, the behaviour is isotropic”
(p.235). Mellegard et al. (2007) performed creep tests under alternating compressive (0 > o, = g3 > 04)
and extensive (0 > 0; > g, = 03) states of stresses and observed that while creep rate depends on
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|o; — 05| only, “each time the Lode angle was changed, a significant transient response (not predicted by
constitutive models) was observed” (p.9). Munson et al. (1992), however, proved that closure

displacements in a 655-m deep room of the WIPP repository was explained better when, instead of /3],

the viscoplastic potential was expressed in terms of |o; — 03] = 2 605111\/]_2 (the Tresca criterion; Y is
the Lode angle). Tests performed on hollow cylinders seem to confirm this choice.

3.1.3 Constitutive laws

Many models were proposed to capture the main features of this behaviour. In simple terms, most of
them include a Maxwell model (to describe steady-state creep) and a Kelvin model (to describe transient
creep). However, these models are non-linear (the relations between stress and strain rate are non-
linear); the parameters strongly depend on temperature; in some models, relative humidity also plays a
role. More recently, in addition to dislocation creep, which is the governing mechanism at high deviatoric
stress, a second mechanism, pressure solution, which is especially active in the low deviatoric stress (o <
3-5 MPa) also is taken into account.

A couple of examples are briefly described below, which will be used in the following.

LUBBY2 CREEP LAW MUNSON-DAWSON CREEP LAW
£=|:_L+_L{1—i(jﬁﬂ-a v = 0% pig JF'C‘( 7 when gzé
e Mk a LA |F=el ) when ¢zs
,g"” =_i[l_gi(_,‘n_j ;_f:“"—l)é'n f;'_\_\ :.4€Xp(—Q/RT)CI‘” } Steady-state
1k a 'y 1
o =31, Sy =28 LEMAITRE CREEP LAW

My = 3’?", exp(m,p' +".;T)

. o m
Mg =30, exp(k,o) & =K (cr/;z)

0\aY
) ransien = A A i la’
ﬁ and A =a, + B, Log,(ofu) ]’T i ¢ eXp[ RTJ[K]

6 parameters to be fitted 7 parameters to be fitted 3 parameters to be fitted

G, = 3G, exp(ko) o=

e The Lubby2 creep law (Heusermann et al., 2003; Lux, 1984) is a Kelvin + Maxwell non-linear model
which describes both transient and steady state creep.

e The Munson-Dawson model (Munson and Dawson, 1984) is a (non-linear) generalized Kelvin-
Maxwell model, including both transient and steady state creep. However, it cannot describe
rheological reverse creep, as it is built in such a way that the sum of the transient and steady state
creep rate is always positive (¢ + &5, = Fégg > 0).

e The Norton-Hoff model is a simplified version of the Munson-Dawson model; it includes steady
state creep only (i.e., F = 1). As such, it is well adapted to the computation of the long-term
behaviour of a cavern submitted to a constant pressure.

e The Lemaitre creep law (Tijani et al., 2009), also called Lemaitre-Menzel-Schreiner creep law, is
worth mentioning as it is extremely simple; three parameters only are used. This law allows a
good description of the initial transient phase during a several month-long lab test. As such, it is
well adapted to the computation of a cavern submitted to pressure cycles. As a > 1, it predicts a
vanishing creep rate in the long term.

Many other laws, more or less sophisticated, were proposed in the literature, see for instance Giinther
and Salzer (2012) or Hampel (2012).
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3.1.4 Cavern creep closure
3.1.4.1 Consequences of the main features of salt behaviour for cavern behaviour

From laboratory tests performed at the laboratory, a few conclusions can be inferred:

e Rock salt behaves as a non-Newtonian fluid. In the long term, salt cannot withstand without
flowing a non-isotropic state of stresses (in which shear stresses are non-zero). A consequence is
that all salt caverns shrink when fluid pressure is smaller than geostatic pressure at cavern depth.

e Cavern creep closure rate increases exponentially with cavern depth. The driving force for cavern
volume loss is the gap between geostatic pressure and cavern fluid pressure; creep rate is an
increasing function of rock temperature; both increase with depth.

e Large (transient) thermal stresses are generated at cavern wall following temperature changes.

e Cavern behaviour depends upon the full history of cavern pressure evolutions since cavern
creation

More difficult to anticipate, in a cavern, in addition to transient rheological creep described above,
transient geometrical creep results from the slow redistribution of stresses in the rock mass — an effect
which does not exist in a sample tested at the laboratory.

3.1.4.2 Cavern volume and volume loss measurement

Measuring cavern volume loss, or cavern volume loss rate, is not an easy task. A fundamental difference
must be made between brine caverns or liquid/liquefied hydrocarbon caverns and gas storage caverns.

Most often, liquid storage caverns are operated through the brine compensation (or “balance”) method.
A large amount of brine is available at ground level; the well is equipped with a brine injection string;
products are circulated through the annulus; any brine injection (or withdrawal) is balanced by an
equivalent withdrawal (or injection) of products, in order that cavern pressure remains approximately
constant. In most cases, cavern pressure is kept halmostatic: the operating pressure at casing shoe depth,
divided by casing shoe depth; i.e., the gradient at casing shoe depth, is 0.12 bar/m. [However, in some
cases, the cavern is shut-in and cavern pressure increases due to liquid warming and cavern creep closure;
the cavern is vented when its pressure reaches a pre-definite level, for instance a gradient of 0.18 bar/m.
The advantage of this last method, which is used for instance in the US Strategic Petroleum Reserve, is
that the average creep closure rate is slower that when the gradient is kept constant and equal to 0.12
bar/m.]

Gas storage caverns, most often, are operated as a pressurized bottle: fluid pressure (P) experiences large
swings as it is an increasing function of the gas inventory (m), which is essentially varying, PV = mrT. A
minimum and a maximum gas pressures are defined. In many cases, the maximum gradient is 0.18 bar/m
(Bérest et al., 2020). The minimum gradient is 0.06 bar/m, typically; however, this value is selected
according to the specifics of the site. It is less frequent that gas storage caverns be operated according to
the brine compensation method (operations require that a large amount of brine be available at ground
level). The hydrogen storage caverns at Teesside (UK) and several natural gas caverns in Canada are
operated according to the brine compensation method.

Choice of the operating method has profound consequences. High pressures may have detrimental
consequences for cavern tightness; low pressures lead to high volume loss rates (which are a highly non-
linear function of the gap between geostatic pressure and cavern fluid pressure). Large pressure swings
(which generate large temperature swings in gas caverns) raise specific problems. In that sense, the
balance method, during which cavern pressure is (most often) constant and moderate, raises less
problems. However, in the case of gas caverns, operations are much simpler — and cost-effective — when
cavern pressure is cycled, and this method is widely preferred by operators.
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Measurement of cavern volume and cavern volume loss rate is not an easy task. Sonar surveys provide
much information (in addition to cavern volume, cavern shape is measured). However, its accuracy is 3-
5% (in the best cases, a resolution of 1% can be achieved. A remarkable example was described by Rokahr
et al. (2007), see also Section 3.4, Brittle failure, and in most caverns a clear picture of cavern volume loss
rate cannot be reached before several years or more. Other methods can be used; cavern volume
evolution can be measured; however, these methods do not allow measuring cavern shape changes; in
addition, interpretation of tests results is not straightforward, as account must be taken of the effects of
phenomena other than creep closure (brine warming and brine thermal expansion; possible leaks through
the well casing or cavern walls; additional dissolution following cavern pressure changes, etc.). For this
reason, these tests are not routinely performed and must be considered as scientific tests.
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Figure 51. Example of a liquid outflow test.

Among these methods, the liquid outflow test (Figure 51) consists of opening the wellhead and recording
the flow of liquid expelled from the wellhead as a function of time. The cavern must be equipped with a
liquid-filled string (brine, in most cases). Interpretation is not straightforward as, in addition to cavern
creep closure, other phenomena (brine warming, additional dissolution) contribute to brine outflow.

The shut-in pressure test is the most commonly performed. The wellhead is closed, and wellhead pressure
evolution as a function of time is recorded. Interpretation is more difficult as pressure is not kept constant
during the test. Dozens of examples were described in the literature.

Such a test is almost impossible in a gas cavern, as gas in a cavern (even when highly pressurized) is more
compressible than any liquid by 1 or 2 orders of magnitude. A third method, the interface displacement
measurement, which applies to gas storage caverns, consists in measuring vertical displacements of the
gas-brine interface during gas injection or withdrawal. This method is not frequently used (a string
lowered in the cavern is needed.) An interesting example (Figure 52) was provided by Denzau and Rudolph
(1997).
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Figure 52. Denzau and Rudolph test (1997). Gas pressure history and cumulated volume loss (no unit is provided) during a four-
cycle pressure test in a gas storage cavern ay Epe, Germany (Denzau and Rudolph, 1997).

As a matter of fact, only a dozen of fully documented testing results was published in the literature.

3.1.4.3 The role of cavern depth

A couple of important lessons can be drawn from the simplest model, the Norton Hoff constitutive law,
oré =d/E + Aexp(— Q/RT)c™, which captures a couple of important features of salt behaviour. In
the case of an idealized spherical cavern, when cavern pressure (P.) is kept constant and halmostatic and
geostatic pressure is Py, the steady state deviatoric stress and the volume loss rate are:

=R e (HPE o

A somewhat similar formula can be obtained in the case of an idealized cylindrical cavern:

- Eeal D
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(The same formula holds for the Munson-Dawson model). Rock mass temperature, brine volumetric
weight, halmostatic pressure, geostatic pressure are linear functions of depth, T =T, + Gz,

G =18°C/km,P, = ypz, Py, = YrZ, 3, =0.12 bar/m, yg = 0.22 bar/m. Steady state volume loss rate is

an increasing function of depth because both the rock temperature and the gap between geostatic
pressure and halmostatic pressure increase with depth. This is clearly confirmed by field observations.
Tests at the Vacherie and Rayburn’s salt domes in northern Louisiana have been described by Thoms and
Gehle (1983). In early 1978, exploratory boreholes were drilled to depths of 5000 ft. (1525 m). The
exploratory boreholes were logged several times with 4-arm calliper tools over a period of approximately
four years. Borehole pressure was kept constant (“halmostatic”, or 0.12 bar/m — 0.52 psi/ft). A final
calliper logging of both holes was performed in April 1982 (1465 days and 1438 days, respectively, after
boreholes drilling). Below a depth of approximately 3400 ft. (1040 m), hole closure increased drastically
(Figure 53), reflecting the non-linear effect of higher temperature and the larger gap between geostatic
pressure and brine pressure in the borehole (i.e., the effect of depth below ground level).

Figure 53 dispatches diameter loss as a function of time and depth. Closure rate decreases with time in
the lower part of the well, where the closure rate is faster.
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Figure 53. Diameter loss as a function of depth in two boreholes during a 4.5-year period: diameters at Vacherie and Rayburn’s
are 9" and 8.5", respectively (after Thoms and Gehle, 1983).

3.1.4.4 Transient behaviour in a salt cavern

The role of cavern depth is clearly illustrated by the analysis of steady state. However, steady state does
not provide a full picture of cavern behaviour, even in the case when cavern pressure is kept constant.
Figure 54 provides diameter loss as a function of depth in Vacherie’s borehole at three different instants
after the initial log (163 days, 413 days, and 1465 days, respectively). Closure rate is much faster during
the first year after borehole creation.
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Figure 54. Diameter loss as a function of time in Vacherie’s borehole after 163 days, 413 days and 1465 days (4.5 years), DAIL =
Days After Initial Logging (after Thoms and Gehle, 1983).

3.1.4.5 Geometrical versus rheological transient creep closures

A couple of theoretical comments are needed at this stage. Consider for instance the case (somewhat
sketchy) of a cavern created instantaneously at t = 0. Cavern pressure, which was P,, before cavern

creation, equals P, after cavern creation (P, is the halmostatic pressure, typically, and is kept constant
after cavern creation, Figure 55).

P— t

P

Figure 55. Pressure evolution in a non-cycled cavern.

An idealized spherical cavern and the simplest model (Norton-Hoff) are considered. This model includes
no rheological transient creep (the transient creep observed at the laboratory is not included in the

numerical model). The initial deviator stress (S = g, — dgg; |S| is the deviatoric stress) and the initial
volume loss can write:

S5(r,t =0%) = (@) 3(Peo—Pc) VTSS(t —0%) = — 3(1+v) (Poo—Pg)

r 2 2 E (18)
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And the derivative of the deviator stress (when the Poisson’s coefficient is v=0.5) can write (Gordeliy and
Bérest, 2022):

as +y— At |3 " (a0)? _ (a0)*"

S0n = [fea—rl |5 (%) - (%) (19)

T

From which a couple of important lessons can be drawn:

1. The initial deviatoric stress is much larger than the steady state deviatoric stress.

This derivative of the deviator is not zero; after t = 0, cavern evolution is transient, even though the
constitutive equation includes no transient component. Such a transient cavern evolution is said to be
geometrical, as opposed to the rheological transient creep, which results from the constitutive law. The
geometrical transient creep is due to the slow redistribution of stresses in the rock mass from its initial to
its final steady-state distribution, an effect that does not exist when an idealized triaxial creep test is
performed on a rock sample. (Stresses are uniform in the sample.) Note that the deviator decreases at
the cavern wall (35(a,, 0%) < 0) and increases at a large distance from the cavern wall (dS(r,0%) > 0

when aL > [3n]3(=D). 1t slowly converges to the steady-state distribution. Failure criteria will be
0

discussed later. However, it can be noted that a “dilatant” criterion, /3], < a[l;], or |S| < a|2S + 3P,|

(DeVries et al., 2003]) often is used to assess cavern integrity; I;is the first invariant of the Cauchy stress
S|
|2S+3P|
function of time at the cavern wall, this criterion is more demanding immediately after cavern creation

rather than later.

tensor; see Section 3.4, Brittle failure. As is an increasing function of S, and S(ay, t) is a decreasing

2. The initial volume loss rate is much faster than the steady state volume loss rate

ELASTIC STRAIN

VISCOPLASTIC STRAIN

Figure 56. Schematic of Munson-Dawson law.

A more realistic picture can be obtained when considering the Munson-Dawson law (Figure 56) which,
opposite to Norton-Hoff law, takes into account transient creep:
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¢ =2+ AF[0,T,{(D] exp (2) o™ (20)

where F is a monotonously decreasing function of an internal parameter { = |&;,| (the transient strain)

which increases to &;, (the cumulated transient strain rate) when o and T are kept constant such that
F(o,T,¢}) = 1 (transient creep exhausts itself).

Figure 57 displays the evolution of an idealized spherical volume when pressure in a 950-m deep cavern
drops abruptly from geostatic pressure (P, = 20.9 MPa) to halmostatic pressure (11.4 MPa). Both the
NH-law (no rheological transient creep) and the M-D law (rheological transient creep is taken into
account) are considered. The geometrical transient loss of volume is active during several centuries.
During a short period, the rheological transient loss of volume is extremely active (it is larger than the
geometrical transient loss of volume by several orders of magnitude). However, after one year, it becomes
negligible and only the geometrical loss of volume must be taken into account.

Figure 57 compares the evolutions of cavern volume loss rate in the case of the Munson-Dawson and
Norton-Hoff creep laws.
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Figure 57. Creep closure rate as a function of time (Above) and Deviatoric Stress distribution in the rock mass when Norton-
Hoff and Munson-Dawson laws are considered (from Gordeliy and Bérest, 2022).

Obviously, these notions apply when cavern pressure is kept constant. When cavern pressure is cycled,
with a cycle period somewhat similar to the duration during which rheological creep is active, volume loss
is much larger than in the case when cavern pressure is constant and equal to the average pressure value
during a cycle (see Paragraph 3.1.5). This is due, on one hand, to the fact that the constitutive law is non-
linear (volume loss rate is faster when pressure is low than when pressure is high) and, on the other hand,
to the effect of rheological creep, which is active during each cycle.

KEM-28 — Part 1: 3.1 Rock-salt behaviour
97



3.1.4.6  Creep closure rate is a site-specific notion

Creep ability strongly depends on the salt formation under consideration. Volume loss rate strongly
depend (several orders of magnitude) on the effective mechanical properties of the salt formations
(Brouard and Bérest, 1998). In the Table below, a simple index is suggested. Based on laboratory data,

steady state cavern volume loss rate of an idealized spherical cavern, 981.5-m deep, is computed. It varies
by 5 orders of magnitude.
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Figure 58. Comparison between different salts (Brouard and Bérest, 1998).

3.1.5 Remarkable volume losses

3.1.5.1 Case histories

As explained above, volume loss rate is a non-linear function of the gap between geostatic pressure and
cavern pressure. Based on in situ measurements, when cavern pressure is halmostatic and has been kept
at rest for several years, volume loss rate is 10°/yr at a 250-m depth (Brouard et al., 2017) gap; it is 3x10°
4/yr at a 1000-m depth (Brouard, 1998) and 1%/yr at a 1500-m depth (these are orders of magnitude; the
actual values may vary by one order of magnitude, depending on the site under consideration and are
faster in a cycled cavern). Several remarkable cases are known. For instance, a loss of volume by 60% in
37 years in the Tersanne gas storage site in France, Hévin et al., 2007, where caverns are 1450-m deep
(Figure 59). In this gas storage cavern, the minimum pressure was 80 bars. This fast evolution is consistent
with what was observed at the laboratory, where experimental creep strains were exceptionally fast.
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Figure 59. Smoothed TEO2 vertical profiles, as measured in 1970, 1980 and 2007 (Acknowledgement: G. Hévin, Storengy).
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Figure 60. Cavern #1, Eminence Salt Dome, Mississippi, in 1970 and 1972 (Serata and Cundey, 1979, p. 170).
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Similar observation was made in the Eminence salt dome 1 cavern (Mississippi) after a much shorter
period (1970-1972, Figure 60). This case has been described by Allen (1972, 1971), Baar (1977), Serata
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and Cundey (1979), Coates et al. (1983). The following description is partly drawn from Réveillere et al.
(2017). The top of the salt is between 730-743 m (2400-2410 ft.); it is overlain by a 150 m-thick (500 ft.)
cap rock of limestone and anhydrite. In 1991, this natural-gas storage site comprised seven caverns.
Caverns #1 to #4 were certificated in the early 1970s; caverns #5, #6 and #7 were certified in 1991. These
caverns are especially deep, from 1725 m to 2000 m (5650 ft. to 6550 ft.) in the case of Cavern #1 (Figure
60). For those wells drilled in the 1970s, the last cemented casing shoe, with a diameter of 13-%", was at
a depth of 1737 m (5700 ft.) (Allen, 1972, 1971). Salt was cored at the interval of 5700 to 6700 ft. (1740
to 2040 m). The anhydrite average content was 4 % (Coates et al., 1983). Cavern #1 was filled with gas at
a 70 bars (1000 psi) pressure over a period of two months, after which it was increased to 280 bars (or
4000 psi; geostatic stress at cavern depth is 38-45 MPa, or 5500-6500 psi). After a second pressure cycle,
the “cavity bottom was at 6408 ft (1953 m), showing a loss of 152 ft (45.6 m) in about two years” (Baar,
1977 p. 144), and cavern volume loss was 40 % (Figure 60). Once the problem was recognized, reduced
losses were achieved through various measures, including less dewatering and maintaining a higher
minimum pressure over extended time periods. Fig. 14 exhibits a couple of features of special interest.
The cavern bottom rose by 152 ft. (45.6 m) in about two years. However, there is no sign that massive
salt blocks fell from the cavern walls to the cavern bottom. Serata and Cundey (1979) note that “it was
suspected that much of the boundary salt had failed and fallen from the walls to the cavity floor” (p. 167);
however, Baar (1977) rightly mentions that such a block fall would not lead to a change in the volume
available for gas, and that it would make diameter changes smaller than observed in the upper part of the
cavern (in sharp contrast, for instance, with the Markham case described in Section 3.4 Brittle failure,
characterized by a combination of creep closure and salt-block fall).

3.1.5.2 Bottom upheaval

Creep closure was more intense at the cavern bottom than at the cavern top. This phenomenon, also
observed at Tersanne and Markham (see this Section and Section 3.4) is puzzling. It has been hypothesized
that both the geothermal temperature and the gap between geostatic pressure and gas pressure were
higher at the cavern bottom, resulting in faster creep rate in this region (Bérest et al., 1986). Several years
later, gas seepage from several caverns at this site led to decommissioning. It is generally believed that
large creep closure led to cemented-casing overstretch over the cavern roofs (see Section 3.3, Casing
overstretching).

3.1.6 Creep closure in a cycled cavern
Creep closure is significantly faster in a cavern whose pressure is cycled (rather than constant), Gordeliy
and Bérest (2022); volume loss rate is quite sensitive to the value of the minimum pressure.

In this section, the M-D and N-H laws are used to simulate the case of a cyclic pressure change. The elastic
moduli are set to E = 17,000 MPa and u = 5667 MPa. The parameters of the M-D and N-H laws are
taken from in situ tests performed on the Cavern EZ53 of the Etrez site, Gordeliy and Bérest (2022), except
that the power law exponent n is set to n = 3 in these examples. A constant pressure difference, P,, —
P = 10 MPa, was maintained at the cavern wall over a long period of time before t = 0, such that
steady state was reached at t = 07. At t = 07, the cavern pressure is cycled according to P, — P (t) =

P, — P& — AP sin (%) where P4V = P (average cavern pressure during the cycles), AP (amplitude of

the cycles) and T (period of the cycles) are three constants. On Figure 61 (upper left), the steady-state
volume Evolution (when cavern pressure equals average pressure) is drawn for comparison. The M-D
law, short cycle periods (1 day and 1 week) and two cycle amplitudes (AP = 3 MPa and 6 MPa) are
considered; the average pressure difference is P.. — P4¥ = 10 MPa. Volume loss is more than doubled
when cycle amplitude is doubled, reflecting the non-linearity of the creep law. Influence of the period is
more discreet. Figure 61 (upper right) illustrates the difference between the N-H and M-D (more realistic)
creep laws. Volume loss is considerably larger when the M-D law is selected; this is expected, as the M-D
law takes into account the rheological transient behaviour of salt, which is activated during each pressure
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cycle. Longer periods (a one-year period is typical of the historical operation mode of natural gas caverns)
are considered in the lower pictures. Lessons are similar to those drawn when the cycle period is shorter:
volume loss is much larger when the M-D law is selected; the influence of the cycle period (1 month and
1 year) is relatively minor. (Note, however, that more time is left to restore cavern volume when cavern
pressure is higher.)
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Figure 61. Volume change for a cavern under cyclic pressure. Results are computed with the N-H law or the M-D law for several
sets of cycle amplitude AP and period T.

3.1.7 Creep closure in a hydrogen storage cavern

Storing hydrogen does not seem to raise specific rock mechanics problems, except that its thermodynamic
behaviour (hence, amplitude of the temperature swings) is slightly different from those of methane or
compressed air and pressure cycles might be more frequent, see Section 2.1, Thermodynamics.

Creep closure may lead to large volume losses, subsidence (Section 3.2), casing overstretching (Section
3.3), permeability increases at the anhydrite/salt interface.
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3.2 Subsidence

3.2.1 Introduction

Subsidence is an unavoidable consequence of salt cavern creation and cavern creep closure. An abundant
literature was dedicated to this topic. It is generally accepted that the volume of the subsidence bowl
roughly equals the cavern volume loss. The maximum vertical subsidence is of the order of magnitude of
the volume loss divided by the square of the cavern depth; however, the exact figure and, more generally,
the shape of the subsidence bowl (the ‘transfer function’) generated by a single cavern are site-specific
notions. Subsidence can be computed both through full 3-D computations and through a simpler ‘transfer
function” method.

3.2.2 Geometrical characteristics of the subsidence bowl
3.2.2.1 Subsidence bow! volume and creep closure volume

From a theoretical standpoint, equality of the volume of the subsidence bow! above a salt cavern and the
cavern volume loss can be proven as follows.

oQ
Y

Q oV

Figure 62. Main notations.

Assume that a cavern, volume V, internal pressure P, is created in an infinite half-space {2 whose

boundary (ground level) is (2 (Figure 62). From the equilibrium condition, d;; ; = 0, it results that 0 =

J,%i61j,;d02 = — [ 6, A2 + [, x; 6;n;dA where [, x;0;n;dA = —3PV. Furthermore, it can be

assumed that rock mass strain rate can be described as the sum of an elastic component plus an isochoric
) 1+v)dy; SeeSii .

viscoplastic component &;; = ( ?J” - W’;‘ Sy efjp,

which, even if simple, captures the main features of salt rheological behaviour. It results that fﬂ Epe d) =

Joy timidZ + [5 U;nidA = fQ% d and, after some algebra:

g, =0 (salt dilation is neglected) — a model

3 (1-2v)PV

favui nle' + fa!) ui TlldA = — B

(21)

The difference between the growth rate of the subsidence trough (at ground level d2) and the shrinkage
rate of the cavern is zero when cavern pressure is kept constant. Based on field observations, most
authors (Eickemeier, 2005; Nguyen Minh et al., 1993; Ratigan, 2014; Reitze, 2000; Shober et al., 1987; van
Sambeek, 2000); Ratigan, 2014), agree on this: above a salt cavern, trough volume roughly equals cavern
volume loss due to creep closure. In fact, the as-observed value is slightly smaller because vertical
subsidence at a large distance from the wellhead often is too small to be measured, although its
contribution to the overall trough volume is not negligible.
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3.2.2.2 Transfer function

The vertical component of subsidence at ground level often is approximated by a “transfer function”,
U, = Vypssf (%), where 7 is the distance from a given point at ground level to the wellhead and v, is

the cavern volume loss. In the case of a cavern cluster, it is generally accepted that the effects of the
individual caverns can simply be added, allowing straightforward computation of the overall subsidence.
The transfer function is a site-specific notion. Various transfer functions have been proposed in the
literature. A popular choice is:

f@) = % exp (-2 (22)

where a = 1 is typical; note that in this model subsidence trough volume equals cavern loss volume:
— 0 r —
Vtrough = fo Vloss anf (E) dr = Vioss (23)
and the maximum vertical subsidence at ground level equals the cavern volume loss (v;,ss) divided by the

square of cavern depth, u,(0) = v;,s/H?. In the case of an elongated cavern, Schrober-Sroka
(1987) proposed

(24)

szt]

—_2a 2 Zb _ 2 1°
f@%lﬂ—@#@&mduwg)wp[ﬂmw

where y is the influence angle and z, and z; are the depths of cavern bottom and cavern roof,
respectively, 0 < a < 1. When y = 45° and cavern height is small (z;, = z; = H), one gets:

f(r,zy, =z, =H) = a%exp (—T[ rz) (25)

HZ

Many more or less empirical formulas have been proposed in the literature, for instance Eickemeier
(2005):

FOE7) = e [0 () | (26)

8

where R = ,/z,z; cot 3; 1, § and [ are empirical constants to be fitted on field data.

Fokker et al. (2002) provide the following empirical formula, whose coefficients were back-calculated in
the case of the Barradeel brine field (caverns are more than 2500 m deep in this site):

fr) =2 exp(_yrs)max (27)

wherey = 4.5 X 1077 m™> and § = 1.97 (Z,,4, varies with time).

Horizontal stresses are compressive at a short distance from the wellhead (folds can form) and tensile far
from the wellhead (crevices can form).

Maruyama (Maruyama, 1964, p.331) considers the case of a loss of volume in a point of an elastic infinite
half space and suggests the following formula:

_ 3 H?
f(T,H) —EW (28)

KEM-28 — Part 1: 3.2 Subsidence
103



which is the exact solution of an elastic problem. However, this solution seems to overestimate the
vertical displacement at large distances from the wellhead (see for instance Figure 65).

3.2.2.3 Horizontal displacements

INSAR techniques allow to measure the horizontal displacements due to subsidence. Most often, for
computations, it is accepted that the displacement vector points to the centre of the cavern (Figure 63):

U(r,0,z=0) = vi5f (1) (éz - %é}) (29)

Allowing to compute strains and stresses at ground level.

2 rf(r)/H

0 r
é f I f(r)

Figure 63. Generally accepted assumption for horizontal displacements.

3.2.3 Case histories
3.2.3.1 Mont Belvieu, Texas

There are several caverns in this site. Caverns depths are 500-650 m; the useful volumes of the caverns
are 1-3x10° m3. The shape of the subsidence bowl is conic (Figure 64).

3.2.3.2 Subsidence at Bernburg, Germany

Profile of the subsidence bowl as a function of time is shown in Figure 65.

KEM-28 — Part 1: 3.2 Subsidence
104



Approximate outer limits of dome

+ Storage well

» Survey benchmark

Note: subsidence contours
in mm/year

0 150 300 450 m
Scale o+~

Mont Belvieu, Texas
124 storage wells in
Barbers Hill salt dome

Figure 64. Subsidence in the Mont Belvieu (Texas) site (after Ratigan, 1991). At this site, 124 caverns were operated in 1991.
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Figure 65. Subsidence in the Bernburg (Germany) site (from Menzel and Schreiner, 1985).
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3.2.3.3 Subsidence at Tersanne, France

Creep closure rate above the Tersanne gas caverns cluster is described in Paragraph 3.1.5. Nguyen Minh
D. et al. (1993) tried to reconcile subsidence trough volume and cavern volume loss (Figure 66). The
former is 60% of the latter, significantly less than predicted by theory. The discrepancy might be due to
an underestimation of the far field vertical displacements which are small and difficult to assess.
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Figure 66. Subsidence above the Tersanne (France) gas cavern cluster (Nguyen Minh et al., 1993).
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3.2.3.4 Subsidence at Maceid, Brazil

More recently, a remarkable example was described by Vassileva et al. (2021), published in
www.nature.com/scientificreports.

“Since 1970, a total of 35 brine extraction wells have been installed along the Mundau Lagoon coast in the
urban area of Maceid, Brazil. Maceid, the capital city of the Brazilian state of Alagoas, lies in the Sergipe-
Alagoas salt basin, which formed along the Brazilian coast during South Atlantic rifting and was initiated
in the Late Jurassic.” Caverns depth is 1000 m, approximately and their volume ranged from 30 000 m3 to
540 000 m>. The extraction ratio (the ratio between the cumulated maximum cross-sectional area of the
35 caverns and the area of the cluster footprint) was slightly larger than 25%. In the period 1995-2004, a
6 million m?® volume (approximately) was excavated and an additional 6 million m? volume
(approximately) was excavated during the 2004-2019 period.

On Figure 67, InSAR series are represented. On the upper right corner, two vertical subsidence profiles
are shown. The maximum vertical subsidence is more than two meters.

“At the beginning of 2018, fractures on both buildings and roads started to develop. |...]. A total of 6,356
buildings were classified as risk zones and placed under demolition by the Brazilian authorities, with
consequences for 25,000 residents, who had to be relocated to other parts of the city.”
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3.3 Casing overstretching

3.3.1 Introduction

Under many respects, this topic is related to roof fall; however, occurrence of large strains in the cavern
roof - rather than failure of interbedded layers - is the primary cause of the incident. As such, its origin
cavern creep closure (discussed in Section 3) Casing overstretching results from large cumulated strains
at cavern roof (after a long period of time, in some cases when the steel casing, whose elastic limit is
small, is not able to accommodate such deformations, resulting in casing failure and gas leak. A couple of
cases are known. The design of the cavern shape and location of the last cemented casing shoe above the
cavern roof play a major role, as flat roofs, interlayered formations, large spans and the absence of a high
enough chimney expose the cemented casings to large strains and increases the risk of casing overstretch.

Note that in dry mines, at a different scale, the same phenomenon occurs when bolts experience tensile
failure when they are fully grouted to the salt mass.

3.3.2 Case stories
3.3.2.1 Boling 1, 2, 4, Texas, USA, 2005

This case was described by Osnes et al. (2007). The following summary is reproduced (with small changes)
from Bérest et al. (2019c), based on Réveillere et al. (2017). Four caverns (‘wells’), Wilson #1 to #4, had
been solution-mined and filled with natural gas between 1980 and 1983 in the Boling Dome near Boling,
Wharton County, Texas. Depth to the cap rock is generally about 192 m, and the top of the salt occurs at
a depth of around 305 m. Cavern roof depths are between 1066 and 1083 m, except for Cavern #3, the
roof of which is deeper by 45-60 m. Apart from Cavern #3, 11-3%" casing shoe is close to the cavern roofs
(0 to 18 m above), which, except in the case of cavern #3, are flat (Figure 68). In the Fall of 2005, Cavern
#4 was nearly full. An abnormally fast pressure decline, which was monitored over a period of several
weeks, was observed after the well was shut-in. Temperature loggings found cold spots in Caverns #1, #2
and #4, raising the possibility of a production casing leak not far above the cavern roof. It was decided to
remove gas and the three caverns were filled with water. Detailed investigations into the Cavern #4
incident were undertaken, including running downhole video camera logs, which identified casing collar
and coupling partings for over 100 m above the casing shoe depth (Figure 69).

The video log revealed that the casing had failed at eight different locations, always near or at a
connection. Failure often was a circumferential fracture. A 60 cm (2 ft.) length of cement was visible
between the two last casings. Failure shape, the absence of any failure in Cavern #3 the chimney to which
was 60 m in height, and flat roofs, strongly suggest that casings were overstretched above cavern roofs
and experienced tensile failure. Above cavern roof, salt experiences large vertical strains and the
cemented steel casing, strongly bonded to the rock mass, is stretched until its tensile strength — or tensile
strain limit — is exceeded (in Osnes et al. (2007) paper, this strain limitis € = 2 — 3.5 x 1073).
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Figure 68. General cross-sections of caverns, based on sonar data. From Osnes et al. (2007).

the threaded coupling, and thread jump-out. From Osnes et al. (2007).

This was confirmed by numerical analyses, that clearly showed the cemented casings of Wells #1, #2 and
#4 were not able to accommodate the resulting large tensile strains in the salt roof, and their ultimate
strength limit was exceeded (Figure 70). [Note that the pressure decline observed at Cavern #4 wellhead
is somewhat puzzling. A pressure decline in a gas cavern implies that a significant amount of gas seeped
to a pre-existing or newly created void. Was the cement sheath around the steel casing able to
accommodate such an amount of gas?]. The well repair procedure for the three leaking wells included
milling a 30 m section from the original 11-%" casing and cementing a 10-%" welded liner. The new casing
shoe, 30 m higher than the original one, was therefore in a zone where simulations suggested the strain
induced by the salt creep should stay below the casing strength, thanks to this new 30 m long cavern
chimney.
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Figure 70. Observed and modelled casing deformations (from Osnes et al., 2007): vertical strains as a function of depth in the salt
near the centre lines of the Wilson storage caverns predicted from finite element modelling.

3.3.2.2 Eminence salt dome 1,3, 4, Mississippi, 1972, 2004 and 2010-2011

The following description is drawn from Réveillere et al. (2017), Bérest et al. (2019¢c) and Wellinghof
(2013). The Eminence salt dome is located 20 km northwest of Hattiesburg, Mississippi. The top of the
salt is between 730-743-m deep; it is overlain by a 150-m thick cap-rock of limestone and anhydrite. In
1991, this natural gas storage site comprised seven caverns. Caverns #1 to #4 were certificated in the
early 1970’s and caverns 5, 6 and 7 in 1991. These caverns are especially deep, from 1725 m to 2000 m -
in the case of Cavern #1 (Figure 71). For those wells drilled in the 1970s, a 30" surface casing was set and
cemented at 50 ft. (15 m). A 28" hole was then drilled to 2700 ft (823 m) and a 20" OD cemented casing
set, and the last cemented casing shoe, diameter 13%", was at 1737 m (5700 ft.) depth (Allen, 1971,
1972). Cavern #1 was filled with gas at a 70 bars (1000 psi) pressure over a period of 2 months, after which
gas pressure was increased to 280 bars (or 4000 psi; geostatic stress at cavern depth is 38-45 MPa). After
a second pressure cycle, the “cavity bottom was at 1953 m [6408 ft.], showing a loss of 46 m [152 ft.] in
about two years” (Baar, 1977; Coates et al., 1981) and cavern volume loss was 40 %, see also Figure 71.
Once the problem was recognized, reduced losses were achieved through various measures, including
maintaining a higher minimum pressure over extended time periods and less dewatering. In 2004, Cavern
#4 well casing failed at a depth of 1639.5 m (Wellinghoff et al., 2013), i.e., a few dozens of feet above
cavern roof. The company took Cavern #4 out of service, filling it with water and shutting it in. On
December 26, 2010, a large, unexpected pressure drop of 25 bars (357 psi) in one minute was detected
in Cavern #3. The initial response to the leak was to flow ~8.65 mcm (306 MMcf) of gas into the pipeline
system. Another gas leak from the wellhead of Cavern #3 was accompanied by water shooting into the
air from on-site water wells. On January 4, 2011, the company began flaring gas from Cavern #3, until its
production tubing became clogged with debris. Gas was also escaping from the ground around the
wellhead of Cavern #1. A large cave-in occurred, sealing off the flow. The company began drilling
monitoring wells in the surrounding freshwater zones. By January 24, 2011, the decision was made to
take Caverns #1 and #3 out of service. Later, a leak to the caprock was detected in Cavern #7 and
maximum operating pressure was lowered from 248 bars to 191 bars (3600 psi to 2775 psi). Investigations
revealed that leakage in Cavern #3 well likely arose through salt creep leading to overstretching of the
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casings above the cavern, where displacements due to creep closure were especially intense (Wellinghoff
etal., 2013). These excessive strains led to damage of steel casings and/or steel-cement and cement-rock
interfaces, as a result of which, gas migrated up the well to the cap-rock and ultimately to surface.
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Figure 71. Cavern #1, Eminence Salt Dome, in 1970 and 1972 (Serata and Cundey, 1979, p.170).

3.3.2.3 Dewdney Field, Saskatchewan, Canada, 2015

This case was described by Coleman Hale et al. (2015). The Dewdney field is located in Regina,
Saskatchewan. The caverns are completed in the Prairie Evaporate Salt, an extensive bedded salt
formation (Figure 72). At Dewdney Field, the salt interval top is 1575-m deep, and base is 1690-m deep,
generally. The upper 65 meters of the interval is composed of interbedded salt, potash, and thin
mudstone (clay) seams. Eight caverns were developed in the early 1970’s (Figure 73) Three of them were
used for natural gas storage. In 2015, four LPG storage caverns were active. They were operated in
compensated mode (brine is injected when products are withdrawn, and cavern pressure does not vary
much over time). The four active caverns have volumes ranging from 103,590 m3 to 149,862 m3? and
maximum diameters range from 79.7 m to 130.6 m. Cavern roofs are generally flat, and the distance
between cavern roof and last casing seat is small. “Throughout the operational history of the cavern field,
this interbedded interval has proven to increase strain on the cemented production string of each cavern
well. All of the wells have experienced some degree of cemented casing damage, and four of the eight
wells have experienced severe casing separations within the interbedded interval”, p.1, Coleman Hale et
al. (2015). A good example is provided by Well 2, which was drilled in 1971 and used for LPG storage. In
2013, casing inspection logs found separated casing at 1602, 1613, 1621 and 1626.5 m. It was decided to
install a liner and to drill a second wellbore entry (well 2A) to maintain fluid rates. Well-2A entry is 20 m

to the east of Well 2.
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During Well 2A drilling, much information was gained on the state of We

Potash creep rate is 10 times faster and intermediate between “hard’
multiple horizontal mudstone (clay) seams, ranging from 3 to 21 cm in th

[I-2 roof. Well 2A also provided
an opportunity for the collection of formation cores and an updated set of wireline logs, which were
analysed by RESPEC. The salt is “hard” (very “slow creeping” according to Munson’s classification, (1998)).
” and “soft” salts. In addition,
ickness were found. The clay is
soft (“it can be scratched with a knife”) and “it was determined that the clay seams are a plane of
weakness” (Figure 72). During drilling, mud return was lost at 1602 m, where a clay seam exists, proving
that a void or path existed with well 2. A Nitrogen test proved that void/path volume was 14.7 m3. More
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generally, nitrogen injections (during MIT) proved that horizontal fractures had been created in the
mudstone seams (No cavern-to-cavern communication was detected). Void/path volumes ranged from
9.6 to 38.4 m? and the radial extent can be at least 20-m away from the wellbore axis.

RESPEC analysis
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Figure 74. Dewdney Cavern No. 2 Vertical Cavern strains predictions, RESPEC Analysis 2015 (from Coleman Hale et al., 2015, p.14).

RESPEC analysed vertical strains generated by 40-year long operation of several caverns through
numerical computations. The steel casing was not explicitly modelled, displacements were assumed to be
continuous at cement casing and casing-rock interfaces. The criterion for tensile failure was expressed in
terms of a maximal strain ofe = 3.2 x 1073. As a conclusion, overtime the vertical strain on the cemented
casing exceeded the failure limit. Casings failure have occurred approximately 30 to 35 years after well
completion (and less for gas storage caverns operated between 0.15 to 0.70 psi/ft or 0.03 to 0.158 bar/m).
Figure 74 shows a typical computation performed by RESPEC: at the bottom of the casing the € =
3.2 x 1073 strain limit is exceeded in less than 5 years after cavern commissioning. The distances between
the shoe seat and cavern roof or the maximum cavern diameter affect the magnitude of the vertical strain.
RESPEC concluded that caverns are stable (when operated according the brine-compensation method)
but that the vertical strain on the cemented casings resulting from potash fast creep and mudstone poor
tensile strength exceeds the casing strain limit. These effects are larger when the distances from the
casing shoe to the top of the cavern and to the depth of maximal diameter are smaller (such a geometry
favours large strain rates in the salt roof).

KEM-28 — Part 1: 3.3 Casing overstretching
114



3.3.3 Researches dedicated to overstretching

It is worth mentioning a paper by Belzer and DeVries (2017) who used numerical modelling to predict
tensile casing failure of cemented casings of natural gas storage caverns. In conclusion they state that
“Some aspects of cavern design (such as the cavern depth, diameter, and roof shape) can be controlled
and used to limit casing strains and the potential for tensile casing failure. However, the creep rate of the
salt cannot be controlled and can have a significant impact on casing strains. Additionally, the location of
the casing shoe, minimum pressure, and characteristics of cemented casing completions can also impact
casing strain”, p. 1. Also worth mentioning is the paper by Lux et al. (2019) who performed numerical
simulations of a system consisting of “casing, annulus cementation, and contact surfaces in space and
time under consideration of a time-dependent cavern convergence”, p.8; and lab tests which suggest that
“strain-based assessment criteria used by Park et al. (2006), [i.e., € = 0.02 %], available for casing and
annulus cementation, seem to be very conservative”, p. 8.

See also further research on this topic in the reference list (i.e., Allen, 1972, 1971; Baar, 1977; Belzer and
DeVries, 2017; Bérest et al., 2019b, 2019c; Bérest and Brouard, 2003; Coates et al., 1981; Coleman Hale
et al., 2015; Lux et al., 2019; Munson, 1998; Osnes et al., 2007; Park et al., 2006; Réveillere et al., 2017;
Thompson et al., 2007; Wellinghoff et al., 2013).
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3.4 Brittle failure
NB. the mechanical and transport properties of the host rocks of salt caverns are discussed at different
places in this report.

3.4.1 Introduction

Even if rock salt behaviour is generally recognized as pre-eminently ductile, it exhibits several brittle
features which are important from cavern structural stability. In this Section, these features, as observed
at the laboratory (dilation, tensile failure, effective tensile failure) are described first (3.4.2).

Examples of brittle failure in salt caverns are discussed in Paragraphs 3.4.3-3.4.7.

The first example is related to thermal stresses (Paragraph 3.4.3). Following abrupt pressure changes,
cavern gas experiences large temperature changes and thermal stresses develop at cavern wall. In
particular, tensile stresses and fractures are generated at cavern wall. In the early 1990’s, this topic
generated several papers as loss of tightness was feared. These concerns were alleviated by further
analyses which proved that after a large withdrawal temperature return to equilibrium is fast and time
enough is not left to allow fractures to penetrate deep into the rock mass.

The second example, and most spectacular, is the onset at ground level of a crater, several dozens of
meters deep (Paragraph 3.4.4). This example is worth mentioning as it can generate severe concerns in
the general public. However, it must be mentioned that, technically speaking, cratering results from
overburden failure rather than salt failure; in addition, the main origins of craters are the presence of too
large a roof span and the absence of a salt roof above cavern top — two circumstances which, in sharp
contrast with brine production caverns, do not apply to salt storage caverns. A dozen of cases are known.

The third example is roof fall (Paragraph 3.4.5) whose origin is relatively well characterized (flat, large-
spanned roof set in an interstratified part of the rock formation and, in most cases, cavern pressure drop).
Five examples have been described in the literature.

The fourth example is bloc falls from the cavern wall (Paragraph 3.4.7). In most cases, this incident is
mundane, and its origin is the redistribution of stresses following cavern creation and operation. A more
systematic cause is the presence of Anomalous Zones which are frequent in the Gulf Coast salt domes. Six
examples are described.

3.4.2 Failure criteria (laboratory)
3.4.2.1 Dilation

When an increasing deviatoric stress is applied to a salt sample, onset of “dilation” can be observed:
(inelastic) volumetric strain rate becomes positive (expansion), a clear sign of the development of multiple
micro-fractures in the sample. These micro-fractures are oriented in the direction of the most
compressive stress. Onset of dilation is easier when the confining pressure is smaller. Dilation generally is
accompanied by a loss of material strength, an increase in permeability and acoustic emission, a decrease
in ultrasonic wave velocities (Popp et al., 2012, 2007), and a strong influence of external humidity on
strain rate. It is widely accepted that rock dilation is a relevant indicator of damage (Cristescu and Hunsche,
1998; Cristescu and Paraschiv, 1996). Several authors suggest that the onset of dilation characterizes the
long-term strength of the rock.

Onset of dilation can be predicted by a stress criterion obtained during short-term tests, often described by:

n= IPTTATTS) “]|2+b) < 1 (Spiers et al., 1990) where n is called the dilation index (no dilation before n =1); J, =
1

ijSji 8ij

S’;’ ; Sij = 0ij — Uk'; L. I, = oyy. For Gulf Coast salt, Van Sambeek et al. (1993) suggest b = 0,a = 0.27

(Compressive stresses are negative.)
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Figure 75. Dilation criterion in the plane (Popp et al., 2007).

DeVries or RD criterion

This criterion is expressed as follows:

Iq n
pafge| +To

3 —Do si . 3v3J
FOS = G3cosw-Dasing) - 4 3y=arcsin |— Tj] (30)
V2 23
where T, is the rock tensile strength,
FOS is the Factor Of Safety (no dilation when FOS > 1),

0, = 1MPa is a reference stress,

Y is the Lode angle,
L is the mean stress, and
J>and J; are the second and third invariants of the deviatoric stress tensor,

respectively.

Advanced criteria, taking into account stress triaxiality (through Lode’s angle) were proposed by DeVries
et al. (2006). Generally speaking, as was underlined by Schultze (2007), the dilation criterion must be seen
as a band (in the o-plane) rather than a line, as the onset of volume increase does not coincide with the
onset of changes in ultrasonic wave velocities (Popp et al., 2002), and Figure 75.

There is strong evidence that the dilation criterion must be modified when, instead of a single
monotonous loading, dozens of cycles are applied to the sample (see Arnold et al., 2011; Diisterloh et al.,
2012). DeVries and Mellegard (2010) proved that variability of dilation onset was strongly related to
preconditioning procedures.

It must be noted that the dilation criteria mentioned above do not depend on the stress rate, a possible
flaw when rapid stress changes are discussed. Schultze (2007) noted that at this time no author
mentioned such a dependency when the dilation index is concerned. However, Wallner (1984), speaking
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of rock strength rather than dilation criterion, stated that “the strength besides the well-known
dependence on the stress also depends on the strain rate” (p.745), a concept that should be revised in the
new context of rapid pressure changes in salt caverns. However, during a blowout, cavern pressure drops

from P; = 200 bar to P, = 0 bar in 8 days, typically. The amplitude of the deviatoric stress variation at

3(P,—P1)

cavern wall during this period is or 15 bar/hr, a relatively small stress rate.

3.4.2.2 Tensile failure

It is known that most rocks exhibit poor tensile strength. Tensile strength can be measured through direst
methods or through the Brazilian test. The tensile strength of salt typically is T, =1-2 MPa (Hansen et al.,
1984), smaller than uniaxial compressive stress by one order of magnitude. In most cases, contrary to the
case of a mine gallery, no tensile stresses are generated at a cavern wall. Even in a gas cavern, when the
gas inventory is small, stresses at cavern wall are compressive, except perhaps at some specific locations
such as overhanging parts or a flat roof. Blocks may fall, and cavern shape is rearranged; overall cavern
stability is not at stake. However, when high-amplitude rapid cycles are conducted, gas temperature
experiences large changes, and tensile “thermal stresses” are generated at the cavern wall. This topic is
addressed in Paragraph 3.4.3.

3.4.2.3 Tensile effective stress — Hydraulic micro-fracturing

When, at the wall of a borehole, gas — or brine — pressure (P) is larger than the least compressive stress
Omax bY, say, Ty = 2 MPa or, 60,,,,, a fracture is created. The onset of such a fracture allows the
assessment of in situ stresses in rock formations (Doe and Osnes, 2006; Durup, 1994a; Rummel et al.,
1996). The pioneering works of Kenter et al. (1990) and Fokker (1995), however, proved that, before the
onset of such a discrete fracture in the pressure domain: —t, < d0,,4, (tensile failure criterion, t is
small or null), micro-fractures develop, and salt permeability increases significantly. This mechanism has
important practical consequences. It is known that when a tight, brine-filled cavern is abandoned, cavern
pressure increases to geostatic pressure and above (Wallner and Paar, 1997), raising fears of tightness
loss and brine migration. Micro-fracturing allows pressure release and brine seepage in the immediate
vicinity of the cavern — a much less severe scenario. The SMRI has put this problem at the centre of its
research program (Bérest, 2007; Ratigan, 2003; Rokahr et al., 2003). In the long term, a similar problem
is raised in a radioactive waste repository, when anaerobic corrosion generates gases whose pressure
increases (the “gas-frac scenario”, Popp et al., 2012, 2007). An abundant literature has been dedicated to
laboratory experiments (see for instance Alkan and Pusch, 2002; Peach, C.J., 1991), and studies raise
experimental difficulties. Bérest et al. (2001b) performed tests on hollow spheres and proved that
permeability starts increasing slightly before the condition a,,,, is met. It was observed that such micro-
fracturing is accompanied by small, or no, acoustic emission and a small increase in salt porosity (Popp et
al., 2012). The micro-fractured zone develops in a direction perpendicular to the minimum compressive
stress (Wolters et al., 2012), and “micro-cracks and associated permeability develop anisotropically with
strain” (Popp et al., 2002, p. 109).

When these notions are applied to an actual salt cavern, two additional problems appear. The first
problem lays in the computation of the least compressive stress. This stress is low (making the onset of
micro-fractures easier) in two circumstances: (1) in a gas or liquid-filled cavern after a rapid pressure
increase following a long period of time during which the cavern was kept idle (2) in the case of a flat roof
raises specific problems, as the vertical stress is such that: (0,, + P) ; = (0sait — Pfiwia)9g > 0, and the
effective stress is larger in the rock mass than it is at cavern wall]. This idea was mentioned by Wallner
(1988) and Wawersik & Stone (1989); a comprehensive discussion can be found in Brouard et al. (2007)
and Djizanne et al. (2012). The second problem is the modelling of the post-micro-fracturing behaviour.
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3.4.2.4  Post failure behaviour

In the previous sections, the onset of dilation or hydro-mechanical fracturing was discussed. How these
notions can be applied to the dimensioning of a cavern or a mine raise difficult problems. The simplest
approach consists of simply drawing the zone in which the dilation criterion or the tensile failure criterion
is met, without attempting to model the rock behaviour after the onset of damage. This approach was
applied successfully to back-calculate the behaviour of salt mines in which collapse or loss of tightness
had been observed (Bauer et al., 2000; Bérest et al., 2008a) or to design salt caverns (DeVries, 2006). It
should be noted that, in a cavern with constant pressure, delayed onset of dilation is not expected. A

n+1
. . . . : — 3
typical constitutive law can be written: ¢ = £¢! + é? = M - 6 + @, where ® = A exp (R—g) %

increasing function of J,. In the rock mass, div(6) = 0inQand ¢ - n = 0 on 0Q, typical: when averaged
throughout the entire rock mass, the deviatoric stress, J, is a decreasing function of time, and the dilation

isan

criterion will never be met when it is not met from the start.

It must be said that at this time, however, that there is no consistent theoretical basis that allows for
predicting failure through a dilation criterion. (Such a basis exists, for instance, when a perfect plastic
criterion is used). The adopted approach is more empirical: a dilated zone may appear at the wall of a
cavern or a dry mine pillar, but to prevent generalized failure, the dilated zone must remain confined
inside a non-dilated zone. In a dry mine, for example, a significant part of the core of the pillars must
remain non-dilated. Such a prudent approach seems to provide a conservative assessment. This approach
was adopted successfully in a couple of post-mortem analyses.

Figure 76 shows the case of the Saint-Maximilien panel at Varangéville, France. From the central pillar (on
the left), 9 rooms are created, progressively and the increase of the dilatant zone is represented. When
rooms 7, 8, 9 are created, a continuous dilatant zone is generated when the 9*" room is excavated —i.e.,
when the panel collapsed.

Various attempts were made to describe the “post-dilation” behaviour of salt mathematically. Several
modelling strategies can be used to account for volume increase. Thorel and Ghoreychi (1993), Serata and
Fuekenjorn (1993) and Briickner et al. (2012) treat the dilation criterion as a plastic-like criterion: the flow
rule can be associated, or not. Pudewills (2012) introduces a second viscoplastic potential that, in addition
to the second invariant/,, depends on the first invariantl;.

Volume increase is related to porosity increase (Pusch and Alkan, 2002; Stormont and Daemen, 1992),
which, in turn, is related to permeability change through a modified Kozeny-Carman relation (Popp et al.,
2012). However, this approach might be too simple, as the “secondary” permeability clearly is not
anisotropic. In addition, the material loses some strength (weakening), and viscoplastic strain rates are
faster. Chan et al. (1996), and Thorel and Ghoreychi (1993) use Kachanov’s damage theory, in which the
constitutive law is a function of Kachanov’s “effective stress”,6 = o /(1 — D), strain where D is a damage
parameter increasing from 0 (virgin state) to 1. In such a context localization is likely and may raise difficult
numerical problems. Strain softening is an alternative modelling strategy, successfully used by Kamlot et
al. (2007) to compute dilatancy in the Asse Il salt mine in Germany. A remarkable dynamic analysis was
provided by Minkley and Menzel (1996) in the case of mine excavated in a salt formation with brittle
behaviour.
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Salt Dilation - Factor of safety (FOS)
Dilation zone: 0<F05<1

0.589 1.333 1778 2.222 2.667 3.111

Salt Dilation - Factor of safety (FOS)

Dilation zone: 0<F05<1

0.559 1333 1778 2222 2667 3111

Salt Dilation - Factor of safety (FOS)
Dilation zone: 0<F05<1

oA 05589 1.333 1378 2222 2.667 3.111 3.556

Figure 76. Varangeéville salt mine. Progression of the zone in which the dilation criterion is met during excavation of galleries n°7,
8 and 9 (after Bérest et al., 2008b).

When gas or brine can enter the micro-fractures, the poro-mechanical problem is fully coupled. Whether
the notions of Darcy flow and Biot’s coefficient (classical notions in Reservoir Engineering) apply is an
open question (see Cosenza et al., 2002; Pfeifle and Hurtado, 2000). When gas is concerned, the notion
of a capillary pressure (two-phase flow) does not apply, as micro-fracturing creates new voids (Brine must
not be removed by gas.), which provides a possible explanation for the results of a micro-fracturing test
performed in a wellbore by Durup (1994a). Most of these comments also apply to post-tensile micro-
fracturing and dilation as well. Interpretation of laboratory tests becomes more difficult, because the
development of dilation and fluid permeation cause the state of stress in the sample to be non-uniform.
In addition, it is believed that, to some extent, a dilated material can “heal” and restore its initial strength
(Chan et al., 1996; Popp et al., 2012; Wolters et al., 2012). In this sense, one must distinguish between
compaction, which refers to permeability decrease observed when an isotropic stress is applied, and true
healing, which means that any memory of past damage has been lost. These research fields are being
pursued actively, and new developments are expected.
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3.4.3 Thermal stresses (tensile failure)
3.4.3.1 Onset of thermal stresses

This topic was briefly addressed in Paragraph 3.4.1; the onset of tangential thermal stresses at cavern wall
was predicted. More details are discussed in this paragraph.

Especially in the case of the N-H law, during several days after an initial abrupt pressure drop from P.” to
P, rock mass response is almost perfectly elastic (deviatoric stress change is slow). Consider for instance
an idealized spherical cavern. Principal stresses are o, ,0p9 = 0g¢p;S = 0py — 0ggis the “deviator”,

|S| = 4/3/,. The deviator jump is:
3 3 _
[s51+ = =2 (%) (Bt - B (31)

However, in the case of a gas-filled cavern, gas experiences a severe temperature drop during a rapid (a
few days) depressurization, as gas heat capacity is low (much lower than brine’s, for instance). Rock
temperature change can be written 7(r,t) < 0. Thermal stresses must be taken into account (when
cooled, rocks at cavern wall contract. Deeper rock layers, whose temperature remain constant, do not
contract. Generated strains are not compatible and thermal stresses are created. These stresses are
tensile, as superficial layers at cavern wall are stretched in the tangential direction). They are compressive
when the rock is heated instead of cooled. When temperature changes are large, rock failure at cavern
wall takes place.

These stresses are especially large in the case of rock salt, whose thermal expansion coefficient agg;; is
large. The thermoelastic constitutive equations for displacement (u”*) and stresses (o) of purely
thermal origin can be written:

ouTH 2v5alt099
P = E + AsaqitT (32)
salt
TH TH
u (1 Vsalt)aae —V0rr
r E + AsaitT (33)
salt

TH
where a4, is the thermal expansion coefficient of the rock mass. Boundary conditions are O, (a()) =0,

ol () = 0 and r3u’(r) - 0 when r — . The second equation can be subtracted from the first one,
the resulting equation can be divided by r and integrated with respect to r betweenr = gy andr = by =

O'rr Q)

o, leading to —= Dy 1+ salt)

= 0, from which u™(a,) = 0: thermal stresses generate no

Esalto‘salt'r
+ o0t ot

cavern volume change, and agf T
“Vsalt

= (. The overall deviator stress change is:

[SEL (ap t) + §TH (ap D]F = — 2 (Pr—P7)+2 EsqitXsaieT(ao,t) (34)

1-Vsair

—3(PF—p-
In the right-hand side of this equation, the first quantity is positive, for instance 30 k) 7.5 MPa, the

second quantity is negative, for instance, for instance E_, =17,000 MPa, V54 = 0.3,7 =9 °C and

salt
2E 01t Qsait (I(aU—Ot) = —21.8 MPa. (Various values of this quantity from the literature are given in Table

salt)

a).
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The overall deviator is negative (the effective stress is tensile) when the thermal stress is large enough;
i.e., when the thermodynamic Evolution is fast enough, as explained in Bérest et al. (2012), hydro-
fracturing is likely.

Table 4. Thermal stresses coefficients for various salts.

E a Esalt@salt °
(éiaI;;) Vsait (><18C‘lslt/°C) A-vsar) Dl
Pellizzaro et al. (2011) 27.05 0.3 3.2 1.237
Staudtmeister et al. (2017) 18 0.2 4 0.9
Argiello and Rath (2012) 31 0.25 45 1.86
Tijani et al. (2012) 25 0.3 3.5 1.25

3.4.3.2 Case histories

3.4.3.2.1 Asalt cavern solution-mined below a mine drift

Dreyer (1978) solution-mined a small (2.5-m high) cavern underneath a mine drift and filled the cavern
with liquid nitrogen, lowering cavern temperature by T = —200 °C. After several days, nitrogen was
withdrawn from the cavern. It was observed that the huge tensile stresses generated by cavern filling had
left four main fractures, 50-cm deep, which were not fully closed (Figure 77).

27 cm 7 &
g, : ."- L
100 cm N
AT
fine crack ——% loneitu-
A L.

of the
workshop

Figure 77. Thermal fractures in a salt cavern leached out underneath a 600-m mine drift, the temperature drop is -200°C (from
Dreyer, 1978).

3.4.3.2.2 Agallery in which hot exhaust gases circulate
Lee et al. (1982) describe a drift, 1.8-m high, 150-m deep, in a granitic paragneiss rock mass in which hot
exhaust gases from an underground power plant circulate. Virgin stresses are not known.

Gas temperature was 315 °C (t = 300 °C) generated spalling. Roof rose by 1.8 m. environ. Scales were 2.5
cm thick; their diameter was 0.3 to 0.6 m (Figure 78). Rupture surface was generally parallel to the wall.
As mentioned by Gray (1965): « the course of the fracture seemed to be determined mainly by the pattern
of thermal stresses surrounding the opening, and not by the gneissic structure of the rock »... A test proved
that spalling started when gas temperature was 61 °C.
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Figure 78. Thermal spalling in an exhaust gas drift at North Bay, Ontario (Lee et al., 1982, p. 964).

3.4.3.2.3 Atestinasalt mine

In 2014-2015 a scientific consortium, led by Storengy, a storage company, performed a cooling test in a
gallery of the Varangéville salt mine in France. This test was supported by the Solution Mining Research
Institute (SMRI). A horizontal cold airflow was blown along a 10 m? salt surface at gallery floor for 28 days.
Mine temperature is 14 °C and cold air temperature was —6 °C. Each cold phase was followed by a 28-day
warming phase (a “cycle”). During the first cycle, after 2 hours, cracks appeared on the surface and a large
number of acoustic events were recorded. Four cycles were managed. During each cycle, cracks opened
and closed, and new cracks were generated (Figure 79). From acoustic emission and post-mortem analysis
of cores, it was inferred that cracks depth was 1 m. The horizontal distance between two main cracks also
was s = 1 m, approximately. Crack aperture was from o = 0.3 to 1 mm (Balland et al., 2016).

Figure 79. A thermal fracture during the SMRI test at Varangéville. The wall was cooled by T =-20°C (Acknowledgements: G. Hévin,
Storengy).

3.4.3.2.4 A mine ventilation shaft in the Gorleben mine
In the case of an idealized cylindrical cavern (or a borehole, or a mine shaft), thermos-elastic stresses at
cavern wall can write:
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aer(a) = Pc+ - P

-_ ESa sa
Opp(@) = —(RF — ) — el (35)
05,(a) = —Esaie®saieT/(1 — Vsair)

Figure 80 shows a South-South map of a mine ventilation shaft wall between 370-m and 380-m depths.
During winter, ventilation air drops by 7 = —20 °C; air pressure does not change, drop from P =Pt,
rock. Additional thermal stresses by 20 MPa generate horizontal fractures (red dots).
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Figure 80. Thermal fractures at the wall of a ventilation shaft of the Gorleben Mine (Wallner and Eickemeier, 2001; Zapf et al.,
2012).

One may ask why thermal fractures are horizontal (rather than vertical) in a cylindrical cavern (or
borehole). In simple terms, the thermal stresses must be added to the visco-plastic stresses. When the
cavern has been at rest before the temperature drop, steady state stress distribution is reached (Wang et

al., 2015):
2 1
oy (a) = —F; 055,(a) = —Peo — (1 - ;) P; 055(a) = —Poo — (1 - Z) P;
1 Poo—P;
L(@) = =3P —3(1-2) P; 5 (@) = &= (36)

And the least compressive (tangential) stress is the vertical one; after cooling it becomes the most tensile.
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3.4.3.3 Growth of fractures at cavern wall

Sicsic and Bérest (2014) computed the theoretical example of a cavern in which a low temperature (1 =
—40 °C) following a blow-out is kept constant in the cavern during a 6 month-long period (In fact, gas
temperature rapidly increases after one week.) Many thin fractures, perpendicular to the cavern wall,
develop first (Figure 81). As temperature is kept low, fractures grow; their length is the thickness of the
zone in which the vertical stress is tensile; however, they are smaller and smaller. A kind of selection takes
place, some fractures keep growing. The geometry has very little influence on the position and spacing of
cracks. Although the surface of the rock wall is neither perfectly flat nor smooth, the global picture is that
of a parallel array of cracks.

=1,110

=1, 140

-1, 150

(xI10"3)
(=10°3)

30 35 40 45 50 55 30 35 40 45 50 55 30 35 40 45 50 55

(a) 3 days (b) 7 days (c) 6 months

Figure 81. Fracture growth as a function of time when a low temperature is kept (artificially) constant at cavern wall.

3.4.3.4  Factors mitigating the concerns raised by thermal fractures

These analysis and computations raised concerns in the early 2010’s. It was feared that, after large
pressure drops, thermal fractures be created and caverns loss tightness. These computations may seem
concerning: they predict that fractures can be created at cavern wall. They must be taken with a pinch of
salt.

3.4.3.4.1 Rapid warming of the cooled gas

First, in sharp contrast with the theoretical example described in Paragraph 3.4.3.1 for that matter, cold
temperature is not applied for a long time at the walls of a salt cavern: when pressure drop comes to an
end, gas warms rapidly (see Paragraph 2.1.3.5: in the Melville cavern, temperature started warming
before the end of the gas withdrawal It is known from experience that fracture depth equals the depth of
the zone in which tensile stresses (perpendicular to the cavern wall) were computed. This depth is
determined by the depth of the zone in which rock temperature significantly dropped. In general, this
depth is small in a cycled cavern. Not enough time is left for cold temperature to penetrate deep into the
rock mass at cavern wall and the tensile zone is thin.)
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3.4.3.4.2 Thermo-elasto-viscoplastic stresses in an actual cavern
Second, tensile stresses are slightly lessened in a visco-plastic medium (when compared to an elastic
medium).

In an actual salt cavern stresses evolutions are more complex as, in addition to the purely thermos-elastic
stresses whose order of magnitude was computed in the previous section, pressure changes generate
viscoplastic strains and additional stresses. Numerical computations are required. Fig. 8 shows the results
of such computations in an elongated cylindrical cavern. The effects of pressure cycling in a point of the
cavern wall is represented. Temperature evolution (red line) is the same for the three examples; however,
the thermo-elastic, thermo-visco-plastic (Norton-Hoff and Munson-Dawson) are discussed successively.
The three principal stresses, the deviatoric stress and the mean stress are represented.

On Figure 82, the upper picture shows temperature evolution during gas pressure cycles. The middle
picture shows that, at cavern mid-depth, the vertical stress is tensile (and high) following large pressure
drops (phases 4-5 and 8-9), a consequence of the development of thermal stresses (see the Gorleben
example above). The lower picture represents the deviatoric stress (more precisely, \/]_2) and the mean
stress (|I;]) multiplied by 0.27. Dilation occurs when \/E > 0.27|1,]; i.e., at cavern mid-depth, the
vertical stress is tensile (and high) following large pressure drops (phases 4-5 and 8-9).

Figure 82 shows that these effects (onset of tensile stresses and dilation) are slightly mitigated when the
Norton-Hoff law (instead of the thermoelastic law) is considered, as viscous effects allow some stress
redistribution, making deviatoric stresses smaller.

This is all the truer when Munson-Dawson law (Figure 82, bottom) is taken into account, as viscous effects
are exacerbated.
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Figure 82. Stresses Evolution at the wall of a pressure-cycled cavern (top: Norton-Hoff model; bottom: Munson-Dawson model).

3.4.4 Cratering (overburden failure)

Cratering is the most spectacular failure mechanism of a salt cavern: a cylinder of rock drops abruptly by
several dozens of meters (Figure 83). However, this phenomenon requires special conditions which have

never been met in storage caverns.
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o N
Figure 83. Craters formed above salt caverns above.

3.4.4.1 Case histories: a summary

A few introductory definitions are needed. A subsidence bowl is a trough observed at ground level above
any underground opening. Its vertical profile is smooth, and its slope is several mm/m or less. In some
instances, folds and vertical fractures, implying a discontinuity in horizontal displacements, can be
observed at ground level. A crater (Figure 84, Above) is generated by downward vertical displacement of
a piece of rock (the “piston” model, Figure 84, Below) or an inward horizontal displacement of loose
materials toward a central hole at the roof of a cavern (the “hourglass” model). A discontinuity in vertical
displacements by several meters or dozens of meters (a “step”) can be observed at the edge of a crater.
A sinkhole is defined less clearly: a sinkhole is a crater or a subsidence bowl deep enough to generate
safety issues for buildings, mains, roads, ground water flow etc.

Millions of craters or sinkholes have been created worldwide during geological times. Natural sinkholes
result from the collapse of overburden rocks above karstic voids created through the dissolution of
limestone (sometimes of gypsum or chalk) by swift running water; or through the washing of loose
shallow materials through fissures and caves, a process named suffusion. A similar classification (“piston”
and “hourglass”) applies to sinkholes created above caverns leached out from salt formations for brine
production or hydrocarbon storage. If crater formation — deliberate or not — is not exceptional above
caverns operated for brine production, no case is known of a crater formed above a gas or liquid storage
cavern. The reason is that brine producers search for a high extraction ratio of the salt formation, which
may lead to horizontal dimensions of the cavern too large from the standpoint of structural stability,
hydrocarbon storages must absolutely be stable, as hydrocarbons are much more valuable than brine,
and large safety margins are selected.
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Figure 84. Cratering: cavern roof reaches the top of the salt formation and rises in the overburden through progressive weathering
of the clayey layers (stoping), until (Above) a piston drops in the cavern by several meters or dozens of meters without experiencing
deformation or (Below) water-saturated sands or gravels flow toward a central hole created at the top of a cavern (hourglass)
which rose in the overburden through stoping.

Formation of twenty-odd craters were described in the literature (Bérest, 2017). None was associated
with a cavern deeper thanH = 500 m. Two lines of reasoning can explain this.

The rock cylinder above the cavern can fall only if its weight, mR?Hypg, minus the force resulting from the
pressure applied by cavern brine at cylinder bottom, mR?Hy,, is larger than the sum of the shear forces

which apply to the lateral surface of the cylinder, fOH 2nR7,, (z)dz. Overburden rocks are assumed to

satisfy a Coulomb criterion (7,,(z) < C + tge 0,(2), cohesion C, friction angle ¢) and 0,-(2) = yrZz.
(The maximum admissible shear stress increases with depth). The condition writes:

(YR —VYp)R>2C+yrHtge (37)

Where H is the cavern roof depth, R is the radius of the cylinder, y is the volumetric weight of the rock
mass (0.23 bar/m), y; is the volumetric weight of brine (0.12 bar/m). When cohesion C is neglected, to
err on the safe side, it can be inferred from known cases that a crater cannot form when the ratio between

. L R _1 .
cavern radius and cavern roof depth is significantly smaller than T=372 condition met by all storage

caverns.
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Figure 86. Cavern filling through debris and blocks fallen from cavern roof.

It could be feared, however, that a cavern rises in the overburden without experiencing any radius
decrease (« chimneying ») as shown in Figure 85. The criterion would be met before stoping occurs, but
it should be violated after a sufficient rise of the roof (this occurred in the Lorraine and Kansas caverns
mentioned in Figure 83). However, this can only occur after cavern roof reaches the top of the salt
formation. In addition, during stoping, blocks fall at the bottom cavern and bulk (the volume of the blocks
assembly at the bottom of the cavern is larger than the sum of the individual blocks volume): their volume
equals (1 + f)times their initial volume. The bulking factor f s site-specific. f = 50 % is often suggested.
From the analysis of block falls in the 62 caverns of the U.S. Strategic Petroleum Reserve, Munson et al.
(1998) suggest f = 55 %. Guarascio et al. (1999) propose 1 + f = 1.7 to 1.85 for hard rocks (limestone)
and 1 + f = 1.3 to 1.5 for soils or soft rocks (marls, shales). However, at Twente-Rijn in the Netherlands,
Dortland (2003), Dortland et al. (2005) and Mensen and Paar (2002), suggest f = 7 — 14 % [a small
value]. It is easy to check that a cylindrical cavern whose roof rises in the overburden through stoping and
chimneying is fully filled by accumulated blocks when its actual height equals its initial height divided by
f (Figure 86). When cavern depth then is sufficiently high, there is no risk of crater formation. Several
cases are known in Lorraine, France.
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3.4.4.2 Apuzzling example (Matarandiba Island, Brazil, 2018)

The following information was taken from Réveillere, Bérest and Jeronimo, (2021), whose main source is
the CPRM (Brazil Geological Survey) Preliminary Report, by Guimarées et al. (2018).

The Matarandiba Island, 30-km west of Salvador/Bahia — Brazil, belongs to a humid and dense forest
region with many lagoons. Matarandiba Island belongs to the Reconcavo Basin, which was formed from
the fragmentation of the Pangea Supercontinent during the Cretaceous. Its basic architecture is a half-
graben, with normal faults at the edges: at the east, Salvador’s fault system (oriented NE-SW) and, at the
west, Maragogipe’s Fault System (oriented NNE-SSW). The salt deposit is located 1200-1300 m below the
surface. It has a stratified, continuous, and horizontal geometry, with a thickness varying from 20 to 60
meters; it is composed 92% NaCl (halite).

Cagdes

Matarandiba

Figure 87. Location of geological faults (red lines), salt cavities (blue circles) and sinkhole (yellow ellipse) at Matarandiba Island
(based on CPRM Preliminary Report information, Guimardes et al., 2018).

In 1976 the first well was drilled, and the salt production started in 1977. 51 wells were spud for brine
extraction and an equal number of cavities was created. The cavities have diameters of 150 m and several
of them formed a cluster of interconnected caverns (Figure 87). In 2018, 10 of the 51 wells were active
(Guimaraes et al., 2018). In the island, four water production wells are used to feed the salt extraction
system. An artificial lake (“Lago”) (Figure 88) occupies a large part of the island and its water is also used
for salt recovery. Studies have revealed a quasi-orthogonal system of faults with general orientation
N40°E and N45°W. It coincides with the major and minor axes of the sinkhole formed in 2018 (Guimaraes
et al., 2018).

KEM-28 — Part 1: 3.4 Brittle failure
131



Igstalacoes da Dow Chemical

Erosdo

s

7
i e e Y,

. Ll N __ -,
Figure 89. Drone view of the sinkhole location in Matarandiba Island (from G1, 2018)

The crater was discovered on May 30, 2018 during routine rounds (Figure 89). The exact day on which the
crater appeared is not known, nor whether the collapse was sudden or progressive. The crater had an
elliptical shape when it formed, its dimensions being 69-m long, 29-m wide and 45-m deep. Its dimensions
have increased over time, reaching 90 m x 41 m and 36-m deep in February 2019. In May 2020, the
dimensions were 110-m long, 47-m wide, and 33-m deep (G1, 2020). The sinkhole is located more than
200-m away from a well that was put out of operation in 1985 and, therefore, no activity has been carried
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out in this well for more than 30 years (G1, 2020). Since the discovery of this sinkhole, more than $ 1
million were invested in studies and monitoring technologies (sobregeologia.com.br5). According to a
geomechanical study carried out in 2019, the region around Dow the mining installations in Matarandiba
Island is stable and a new crater is unlikely to occur (G1, 2019).

Origin of the crater is still a controversial issue. According to gl.globo.com, a cavern may have appeared
leached out at relatively shallow depth due to a fast flow of underground water (possibly triggered by
pumping and creation of the artificial lake) and the presence of geological faults in the region. One must
be assumed that this process was fast. Other experts believe that the crater originates in the drop of a
cylinder to the caverns cluster. However, the sinkhole diameter/cluster depth is very large (when
compared to the criterion suggested above) and a 100-200 m offset is observed between the sinkhole
and the cluster. Compelling evidences are missing.

3.4.5 Roof Fall

3.4.5.1 Case histories
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Figure 90. a. Kiel 101 (Baar, 1977; Rohr, 1974) b. Regina South No. 5 (Crossley, 1998, 1996) (Crossley, 1996 et 1998) ; c. Jintan JK-
A (Wang et al., 2018); d. Oneok No. 1128 (Istvan et al., 1997; Johnson, 2003).

3.4.5.1.1 Kiel K101, Germany

This case was described by Dreyer (1978), Rohr (1974) and Baar (1977). Cavern Kiel 101 (Figure 91) had
been leached out between 1305 m and 1400 m, Rohr, (1974). The horizontal line (at a depth of 1352 m)
corresponds to the limit between the Lower Permian (above) composed of “Haselgebirge”’ salt,
containing 22 % red clay, and the Upper Permian (below), which is purer. The high insoluble content in
the Lower Permian had resulted in a high sump at the cavern bottom. The leached-out volume was 68
000 m?3, the sump volume was 28 000 m3, and only 60 % (39,600 m3) of the leached-out volume was
available for gas storage. Kiel K 101 was one of the first gas-storage caverns in Europe. It had been
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decided, before de-brining the cavern, to lower cavern pressure using an immerged pump in order to
investigate cavern behaviour at low internal pressure. Cavern pressure during the test results from the
brine/air (or water/air) interface height above the pump. A sonar survey was run before cavern
decompression. The first pump lowered in the wellbore was revealed to be under-dimensioned. When a
certain depth was reached, cavern creep closure was so fast that the pump was no longer able to lower
interface depth: the creep closure rate equalled the pumping rate. On January 11, 1967, cavern pressure
was lowered from 156 bars at casing-shoe depth to practically zero through a more powerful pump.
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Figure 91. Kiel K 101 Cavern vertical cross-section before and after the first depressurization test (Rohr, 1974, p. 94).
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Fig. 4-10. Internal pressure at the roof of the Kiel 101 cavern. (After Dreyer, 1972.)

Pressure drop due to dewatering of the access well. Initial depths of cavern top and
bottom approximately 1305 m and 1400 m, respectively; maximum diameter about 40
m. The lower part of the cavern was filled with insoluble residues; the vertical diameter of
the brine-filled cavern is given as about 30 m.

Fig. 4-11. Rise of brine levels, Kiel 101 cavern. (After Rohr, 1974.)

Brine levels in the access well were lowered at the indicated times to the indicated
levels. The curves reflect the cavern closure due to stress relief rather than “cavern load-
ing”.

Figure 92. Pressure evolution in the K 101 cavern during the three depressurization tests (right) and during the first
depressurization test (left) (after Baar, 1977, p. 148).

It can be observed that, when pumping stops, the air/brine interface rises, and the rise rate decreases
with time (Figure 92). Rate decrease results, on one hand, from the transient character of creep closure
(Creep closure rate would decrease even if interface depth remained constant.) and, on the other hand,
from the increase in cavern pressure due to interface rise. The test was repeated twice, on March 1,
1968, and May 17, 1969 (Figure 92, right). The 1969 test is not directly comparable to the two first tests
(smaller initial cavern-pressure drop). However, it seems that, during the three consecutive tests,
transient closure rates are smaller and smaller. After the 1967 pressure drop, the roof fell, and the volume
indicated by the sonar had decreased from 36,600 m? to 32,100 m?, a volume loss of 18.5 % (11 % when
the overall volume of the cavern is considered, see Figure 91). Note that the apparent volume loss is the
sum of the actual cavern-creep closure and the volume increase (“bulking”) of the salt blocks that fell
from the roof to the bottom of the cavern. An additional volume loss of 1900 m3 was observed five months
later, when the third sonar survey was run. A 3-m-thick layer at the cavern roof fell immediately or, more
precisely, before the second sonar survey run 45 days after the decompression began (or 900 hours after
the decompression ended) according to that seen in Figure 92 (Baar, 1977, Figure 4-10). Among the
factors explaining this massive roof fall are: presence of a relatively large roof span and a somewhat flat
roof, and heterogeneity of the salt formation (especially at the cavern roof). In the K 101 cavern case,
however, the magnitude (and rate) of the pressure drop must be highlighted: more than 2 MPa/day
during six consecutive days. At the end of cavern decompression, the gap between geostatic pressure P,
and cavern pressurePat casing shoe depth was P, — P = 313 bar (Rohr, 1974), a considerable value.
During such a fast pressure drop, theoretical considerations show that the rock mass at the vicinity of
cavern walls experiences a response that is mainly elastic: high deviatoric stresses develop at the cavern
walls. Later, these deviatoric stresses slowly decrease at the cavern wall, because of the viscoplastic
redistribution of stresses in the rock mass. For this reason, the first cavern pressure drop is critical for
cavern structural integrity. In addition, in the particular case of a flat roof (The Kiel 101 roof can be said
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to be somewhat flat.), the drop in cavern pressure generates high additional horizontal stresses. When,
above the roof, the salt formation is interlayered, and the tensile and shear strengths at the interface
between layers are low, failure is highly likely. Although no description of the salt formation above cavern
roof is available, it is known that the insoluble content in the clayey Lower Permian salt was high, see
Figure 91. It must be mentioned that, in contrast to the case of a gas-filled cavern, a rapid brine-pressure
drop results in a very slow temperature drop (0.03 °C/MPa) and thermal stresses at the cavern wall are
not large enough to contribute to roof failure.

3.4.5.1.2 Regina South No. 4 and No. 5, Saskatchewan, Canada

This case was described by Crossley (1998, 1996) and was mentioned in Réveillére et al.’s (2017) report
for the SMRI. Two massive roof falls occurred in the natural-gas storage at Regina South (Saskatchewan,
Canada) in caverns No. 5, Figure 92 (and No. 4, Figure 93) after the fifth (respectively, fourth) year of
operation. Yearly pressure cycles were applied. These two falls led to gas seepage to non-salt overlying
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Figure 93. Cavern No. 5 vertical cross-section after the second roof fall (Crossley, 1998, Fig. 3).

At the time of these incidents, TransGas Ltd operated 24 caverns in the Prairie Evaporite formation, a
bedded salt formation of the Elk Point evaporitic basin in western Canada. Cavern development occurs
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3,000-5,000 ft [900-1500 m] below surface with 2,000-4,000 psig [140 — 280 bar] wellhead pressures.
Usual salt thickness varies 300-500 ft [90 -165 m]. A single cavern is typically designed for a spatial volume
of around 900,000 bbls [150 000 m3] or a usable gas volume of 800 MMcf [23 million Nm3] with withdrawal
rates of 40-200 MMcfd [1 to 5 million Nm? /day].

3.45.1.2.1 Incident in Cavern No. 5

At Regina South Gas Storage Cavern No. 5, “Cavern washing [...] started in April 1983 and was completed
in August 1984. Cavern debrining (first gas filling) was completed in December 1984”. The final spatial
volume was 706,000-736,000 bbls (112 000-117 000 m?3), depending on the calculation method. “The
cavern had a somewhat irregular shape: more than 300 ft [90 m] wide at the bottom and 70-80 ft [21-24
m] high before the cavern diameter came back to a more reasonable diameter of around 100 ft [30 m]
with the smallest section of around 20 ft at the final roof location. The cavern roof depth was 5,363 ft
[1636 m]. The maximum cavern height was 180 ft [55 m]. The floor salt thickness was 102 ft [31 m], while
the roof salt thickness was 50 ft [15 m]. Several unmined insoluble ledges and fingers were left jutting
into the cavern void space in the top half to one-third of the cavern ... The maximum allowable wellhead
pressure was set at 3,000 psig [210 bar] with a usable gas storage volume of 900 MMcf. The minimum
wellhead pressure was 600 psig.” [41 bar, a low value]. The cavern was cycled once a year. [Note that
maximum wellhead pressure (3,000 psi) is a low value for a cavern whose roof is 1636 m (5,363 ft.) deep
— i.e., a gradient at the cavern roof of 3000 psi/5363 ft. = 0.56 psi/ft. (0.127 bar/m); generally speaking,
a typical maximum admissible gradient is 0.8 psi/ft. (Bérest et al., 2015). “The final developed roof
position was higher than originally planned and located in a structurally unstable area with many thin
insoluble bands which threatened future stability. In July 1989, a 267 psig [18 bar] pressure drop occurred
in this cavern following gas fill up to 3,000 psig [207 bar]. A rate of change in pressure decline from the
pressure-vs-time graphs used to monitor cavern operating condition suggested the cavern roof had a leak
away from the well bore [A block fall generates no perennial cavern pressure change when the cavern
remains tight after the fall.] In September 1989, the cavern was gamma ray/neutron logged. An 8-16 ft
[2.4-4.8 m] roof fall was indicated at the well bore area, and 60 ft [18 m] of new material lay in the cavern
bottom, suggesting possible side-wall ledge falls. [...] Special logs were run to check for gas loss
(accumulation) above the cavern roof; no presence of hydrocarbons was found. The 7-in. production-
casing-cement bond appeared sound at the roof. In November 1989, a special gas-sonar survey was run
by French Well Surveys Inc., Houston, in a dry (gas-filled) cavern environment. The sonar indicated that a
massive roof fall of 27 ft [8.1 m] had occurred over a radial distance of 90-100 ft [27-30 m] and that a 65-
80 ft [20-24 m] pyramidal rubble pile lay on the cavern bottom. The roof salt thickness was then only 31
ft [9.2 m].” Such a large pressure drop is remarkable. Gases are compressible: a very large leak is needed
for pressure to drop significantly. Roughly speaking, the lost mass is 267/3000, or 9 %, of the total gas
inventory. This is possible only when the leak opens in a porous and permeable layer (a “receptor” in the
terminology of Bérest et al. (2019c) and Section 2) whose pressure is significantly lower than cavern
pressure. In October 1991 another salt collapse was identified, although there had been no noticeable
cavern operating problems from 1989 to 1992. Logging at 2,300-2,400 psig [15.8-16.6 MPa] found the
rubble pile 60 ft [18 m] higher than identified in 1989 which meant there was now a total of approximately
120 ft [36 m] of rubble in the bottom of this cavern. The cavern roof showed no change, still registering
30 ft [10 m] of salt at the well bore. TransGas concluded that “the roof fall likely occurred in early 1991
when the cavern was cycled down to low pressure and an abnormal pressure rise was observed, most
likely the result of fluid re-entry.” Highly pressurized gas accumulated in the porous and permeable non-
salt layer above cavern roof. When cavern pressure drops, gas flows back swiftly to the cavern, possibly
leading to further damage of the porous medium at cavern roof. “In May 1993, the cavern spatial volume
was recalculated and found to be reduced to 400 000 bbls [65 000 m3] or more, or a 45 % loss of space
from the original volume”. This loss of space is due to the combined effect of creep closure and fallen
blocks bulking. “In June 1993, a second special dry-gas sonar was run at 2,250 psig [155 bar] wellhead
pressure by Sonar wire to identify the new roof shape [Figure 92]The sonar tool looked down along the
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slope of the rubble pile to the bottom. The height of the rubble pile was confirmed at 120 ft [36 m]. The
cavern floor may have come up by 40 ft [12 m] from the original floor position. No major change in roof
position was recorded. Although the roof had sagged 10 ft [3 m] since 1989, there still should have been
a minimum of 31 ft [9.4 m] of salt above the cavern roof. The southern half of the roof area [left side of
Fig. 19] was not well defined on the sonar. It could not be determined, therefore, whether any salt was
left there or if the roof breached up into the overlying formation. At present, it appears the entire upper
portion of the cavern roof and sidewall areas have changed significantly from the original brine sonar in
1984 and the gas-sonar survey in 1989. The cavern roof area is fairly flat and approximately 230 ft [70 m]
wide. Since 1989, this cavern has been used only sparingly and is still classified as "emergency use only."
The exact location 170 of the cavern leak point is still unknown. The maximum operating pressure was
further reduced to the 2,250 psig [155 bar] level to curtail the risk of additional possible gas loss”.

3.4.5.1.2.2 Incident in Cavern No. 4

Quotations found in this section, are taken from Crossley (1998). “Cavern washing began in January 1976,
was completed in October 1979, and the cavern was used for partial gas storage during 1978-1979 [...]
Following cavern development in 1979, the final spatial volume was calculated at 916,906 bbls [150 000
m?3], based on brine-displacement metering during gas injection”. “The widest section of the cavern was
208 ft [63.4 m] and the maximum cavern height was 197 ft [60 m]. The cavern roof depth was 5,349 ft
[1631 m] with the floor at 5,546 ft [1692 m]. The roof salt back thickness was 15-32 ft [4.6-9.8 m] (gamma
ray-neutron log vs. sonar survey at well bore location), while the floor salt thickness was 102 ft [31 m]. At
20 ft [6 m] below the roof, the cavern walls necked-in to about 62 ft [19 m] in diameter because of an
insoluble layer. The maximum allowable wellhead pressure was set at 3,200 psig [220 bar]. [The cavern
roof was 5349 ft. deep, and the gradient there was 0.6 psi/ft, a low value.] with a usable gas-storage
volume of 1,100 MMcf [31 million Nm?3] [...] the minimum wellhead pressure was 600 psig [40 bar]” [0.11
psi/ft, a very small minimum gradient] A temperature logging at a low-pressure level of 800 psig [55 bar]
wellhead indicated that the inner casing string was damaged in the mid-cavern area. This was the first
indication that a cavern roof fall had probably occurred during the 1992-93 production season. There was
a rapid pressure drawdown in February 1993. A gamma-ray/neutron log confirmed the roof fall and
indicated that the cavern roof position may have risen by 23 ft [7 m] or a 23 ft [7 m] roof fall had occurred.
This meant that now no salt remained above the roof of the cavern. The cavern roof was up by 6 ft [1.8
m] into the overlying carbonates and anhydrites of the Red Beds formation and just below the Dawson
Bay limestone and dolomites formation. It was believed the Red Beds would provide an effective seal to
natural gas if it remained undisturbed. Drill stem tests on the Dawson Bay formation indicated it to have
low permeability. The low cavern pressure experienced was greater than the minimum established
pressure for cavern stability concerns (0.15 psi/1 ft of depth to the top of the cavern roof). A review of
the cavern salt core data from the Regina caverns indicated that the current cavern roof position was
located in competent rock that is neither porous nor fluid-bearing. There should be no concern of gas loss
through the cavern roof in the cavern's current status. A decision was made to run a special gas sonar
survey to determine the condition of the cavern roof and general cavern condition to verify the future
suitability of this cavern to hold and store gas. In May 1993, the inner casing was cut off in mid-cavern
with a chemical cutter. The cavern floor was also tagged and subsequently indicated that the cavern
bottom had 40 ft [12 m] of additional material. In May 1996, SonarWire successfully ran a special gas
sonar survey tool under wellhead pressure conditions of 2,080 psig [143 bar]. There was approximately 3
ft [1 m] of viscous mud and approximately 7.5-8.5 ft [2-3 m] of fluid on the cavern bottom [Figure 94]
...The 1996 sonar indicated that there must have been 31-40 ft [9.5-12 m] of roof salt fall which occurred
in 1993 and possibly up to 50 ft [15 m] of roof fall on the south side. This was more than originally
determined from well bore logging. The new cavern roof was actually up into the overlying rock of the Red
Beds by approximately 14 ft [4.5 m] and up approximately 24 ft [7.3 m] on the south side [...]”.
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CAVERN NO. 4 1996 SONAR (GAS FILLED)
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Figure 94. Cavern No. 4 vertical cross-section: the brine-gas interface is 5500 ft. (1677 m) deep (Crossley, 1998).

In these two gas storage caverns, which were more than 5300 ft (1600 m) deep, minimum pressures were
quite low. It is tempting to infer that the creep-closure rate was fast; however, there was not much salt
available above or beneath the cavern. Salt blocks fell. At least in the case of Cavern No. 5, the cavern
roof had been set too high, in a zone in which the insoluble content was high.

3.4.5.1.3 Jintan JK-A, China

As noted by Wang et al. (2018), the first natural gas cavern in China, JK-A, in Jintan, Jiangsu province, was
de-brined in November 2010. In several respects (long leaching period, low maximum-admissible gas
pressure), this cavern is experimental, and operations were prudent. The July 2009 sonar survey (Figure
95), run after leaching was completed, shows a 116 000 m? cavern, with a diameter of 80 m and a height
of 40 m. The cavern span is large (50 m), but the roof is not perfectly flat. Salt roof, chimney top and
cavern roof depths are 978 m, 1032 m, and 1040 m, respectively. The last casing shoe depth is 1016 m.
The sonar survey profile reveals "many overhanging blocks at the wall” (p. 60). In fact, these overhangs
are not clearly visible on Figure 95, perhaps because the left-hand illustration in Figure 95 does not focus
on the NW part of the cavern in which a significant number of ledges can be seen. In fact, this bedded salt
formation contains many “interlayers with high insoluble contents”, composed of poorly soluble
anhydrite, clayey dolomite, and glauberite. The numerical model described below, takes into account four
such layers, with depths and thicknesses of (a) 1036 m and 2.1 m, (b) 1050 m and 3.2 m, (c) 1059 m and
2.5 m (d) 1076 m and 2.8 m, respectively. The most significant layer, for what follows, is the first layer:
2.1-m thick, whose bottom is 2 m above the cavern top.

KEM-28 — Part 1: 3.4 Brittle failure
139



-1020 '
§ H3 1
-1030 - .
4ot 444 + 444
1 EEEs REEa 1
-1040
£ -1050 - :
2 .
% 1060 !
= | .
-1070  H
-1080 HHH H T
T !
i { T { !
-1090 SRR 11T
-40 30 20 -10 0 10 20 30 40
Radius/m

Figure 95. Shape and dimensions of JK-A obtained by the July 2009 sonar survey (Wang et al., 2018, p. 60).

The first gas injection was in November 2010. In principle, minimum and maximum pressures were 70
bars and 158 bars or, when divided by cavern-shoe depth, 0.069 bar/m and 0.156 bar/m (As measured
pressures seem to be higher, Figure 96). Maximum gas flowrate was 1.25 million Nm3/day. Comparison
of a 2015 sonar survey to the 2009 survey displays a “notable collapse” (see Figure 97). The cavern volume
was still 116 000 m3, and the volume of the collapsed zone is 3300 m?3. A part of the roof, 50 m in diameter,
with a thickness of 2-4 m, fell to the cavern bottom. It included the salt roof and at least a part of the
insoluble interlayer.
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Figure 96. As-measured gas pressure from 2010 to 2015 (Wang et al., 2018, p. 61).
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Figure 97. Average profiles of JK-A, 2009 and 2015 sonar surveys (Wang et al., 2018).

Cavern bottom heave was 5 m and the additional insoluble volume at cavern bottom was 3900 m3. The
cavern volume increase at cavern roof was 3300 m3. These two figures are consistent: the difference can
be attributed to bulking, for instance. The authors mention that creep closure was exceedingly slow. More
puzzling, cavern volume increased by 3200 m3. In fact, the 2009 sonar was run immediately after leaching
stopped, when the brine was not yet saturated fully (it was 280 g/|, see Wang et al., 2018), and additional
dissolution took place.

The authors performed numerical computations using FLAC (Itasca Consulting Group, Inc.) A Norton-Hoff
law was selected, and low-creep salt parameters were chosen. Gas pressure history, if slightly smoothed,
is taken into account fully. The roof interlayer is described as a “weak” material, whose elastic modulus is
low. Computation results are compared to five criteria: volume loss, walls displacement, vertical stress,
equivalent strain, and dilatancy safety factor (SF). The dilatancy safety factor, also called FOS (van

. ) I . L .
Sambeek et al., 1993), is defined as FOS = 02|71\|/]_ where [; is the computed first invariant of the stress
. 2
__ SijSji _ okkbij . . . . .
tensor and /J, = S Sy =0y ——— s the computed deviatoric stress at a given point (see

Paragraph 3.1.2.1 for a definition.) The safety margin (to dilatancy onset) is larger when FOS is larger than
1. Figure 98 shows that FOS, which is larger than 1 before the cavern is operated, decreases and reaches
critical values, especially at the cavern roof, occurring in seven instances marked as T1-T7 on Figure 98
that coincided with the lowest pressure periods. The dilatant zone then is widespread, and SF is smaller
than 0.6, a low value. Analysis of vertical stresses evolution is consistent with this result. Cavern-wall
displacements are small, less than 5 cm at the cavern bottom, as are cavern volume loss and equivalent
strain. With regard to strains and displacements, cavern evolution is benign.
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Figure 98. Evolution of the dilatancy factor (SF or FOS) at four points of the cavern roof (Wang et al., 2018, p. 64).

The authors try to infer from computational results the instant when the roof fell. They spot a period (T1)

during which pressure dropped from 158 bars to 104 bars in 18 days. They conclude that the main factors
explaining roof fall include:

1) arapid pressure drop,
2) low final value of the pressure at the end of the drop,
3) aflatroof, and

)

4) the presence of the interlayer immediately above cavern roof.

It can be hypothesized that the thin (2 m) large-span (50 m) salt layer at the cavern roof, poorly bound to

the softer overlying interlayer, experienced bending, and buckling-like failure. The role of the interlayer
is likely to be decisive.

3.4.5.1.4 Oneok (Loop) 1128 GC, Gaines County, Texas

As described by Johnson (2003), the LOOP Facility was developed in Gaines County, West Texas: “ The site
was permitted in 1992 and gas storage operations commenced in 1993. There are three storage caverns
at the site, all initially completed in a similar manner. Each of the caverns was initially developed within
the Salado formation from approximately 2800 to 3000 ft. Each well was completed similarly with 13%%"
casing set to a depth of approximately 2700 ft]” (p. 2). During the summer of 2001, ”’[/]t was determined
that the newest of the three caverns (Well No. 1128 GC) had experienced |[...] sometime during its five
years of gas storage service [...] cavern roof migration of approximately 200 ft [60 m] and the loss of the
last 80 ft of cemented casing” (Johnson (2003, p. 3), see Figure 99 and Figure 100). “Because this cavern
is situated approximately midway between the two other caverns, it was feared that additional subsidence
caused inacceptable deformation of the cavern casings. It was agreed with the requlatory body that
subsidence be monitored, and that a new Mechanical Integrity Test (MIT) and a casing-inspection log be
performed. The inspection log showed that the 13-3/8” casing had not been damaged above the level
from where it parted” (Johnson, 2003, p. 6). Istvan et al. (1997) provide additional details in a paper
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written after the roof collapse. With regard to cavern tightness, they mention “sophisticated mechanical
properties logging of the well” (p. 2.), which determined that the average fracture gradient was 0.65 psi/ft
(a very low value) and that a test lasting a few hours at a 1.25 psi/ft gradient performed before brining
showed “no obvious leakage” (Istvan et al., 1997, p. 2).

Figure 3: Oneok Well No. 1128 GC Sonar Results
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Figure 99. Average radius of Oneok Well No. 1128 as a function of depth (Johnson, 2003).

Figure 4. Before/After Cavern Profile
Oneok Loop Well No. 1128 GC
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Figure 100. Oneok Well No. 1128 vertical cross-sections in 1996 and 2001 (Johnson, 2003).

Four core runs were made: at 2680 ft., 12 ft. (were recovered; at 2715 ft., 60 ft. were recovered; at 3100
ft., 49 ft. were recovered); and immediately below the third core, 60 ft. (18 m) were recovered. How these
depths were selected is not explained. “Virtually all salt in the cored interval contains impurities.
Impurities consist, on the basis of visual observation, to be anhydrite and red clay. The anhydrite is either
dispersed throughout the salt core or occurs in thin beds, which are not continuous across the area.
Anhydrite was also observed in moderately thick (about 1.5 ft horizontal beds with inclusions of salt.)
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Anhydrite is moderately abundant near the base of core 3. Mud is dispersed throughout a portion of the
salt core and alternates with the salt.” (Istvan et al., 1997, p. 2). Brazilian tests, UCS tests and creep tests
were performed on samples cut from core 2 (5 samples), core 3 (6 samples) and core 4 (13 samples).
Tensile strengths were usual; UCS values were scattered, from 850 psi (5.9 MPa) to 3565 psi (24.6 MPa);
lower values were associated with a higher insoluble amount. Three creep tests (with axial stress of 30
MPa (4350 psi) and confining pressure of 15 MPa (2175 psi) were performed, one of them ending after
20 minutes, as strains became too large; the other two lasted 20 days, with axial and lateral cumulated
strains being larger and smaller, respectively, than “comparable creep strains from other areas” (Istvan et
al., 1997, p. 5).

3.4.5.2 Lessons drawn

3.4.5.2.1 Roof falls and cavern pressure

It must be reminded that monitoring cavern shape (by sonar survey, brine-gas interface or sump tagging)
is not a continuous process. When a roof fall is observed, it is difficult to know exactly when the fall took
place (during a pressure drop or at the end? Or several days or weeks later?). Theoretical arguments
suggest that roof fall is more likely to occur when cavern pressure is low and, more specifically, during a
fast and large pressure drop. Minimum gas pressure was low at Regina South No. 4 and No. 5. [Minimum
pressure at the cavern roof was Pmin = 600 psig (41 bar), and roof depth was 5363 ft. (1636 m, or
P_ =360 bar; Pyis the geostatic pressure at cavern-roof depth when a geostatic gradient of 0.22 bar/m
is assumed). At Jintan JK-A,P bar,;,;;,and the roof depth was 1040 m (P, = 230 bar); at Oneok Well No.
1128 GC,P,,;,is unknown, and the roof depth was 2800 ft. (854 m, orP,, = 190 bar). Kiel K 101 was filled
with brine during the depressurization tests: the minimum pressure was practically zero (Figure 92
suggests it was 0.5 MPa.), and the roof depth was 1305 m (P., = 290 bar). Pressure rate was fast during
the first depressurization at K 101 (more than 20 bar/day, or 360 psi/day, according to Fig. 13), and a roof
fall was established after the sonar survey conducted 45 days later. In the case of Regina South No. 5, a
267 psig (18.5 bar) pressure drop occurred following a gas fill to 3000 psig (The cavern had been debrined
in December 1984), and a roof fall was tagged in September 1989. It is difficult to infer from these data
when the roof fall occurred. (It may have been long before the pressure drop). In the case of Jintan JK-A,
a sonar survey was run in 2015, five years after de-brining. Wang et al. (2018) used an imaginative
method, based on numerical computations, to predict when the fall took place; they suggest that this was
during or at the end of a pressure drop from 158 bars to 104 bars over 18 days. At Oneok Well No. 11128
GC, Johnson (2003) simply states that “Well No. 1128 GC ... had experienced ... sometime during its five
years of gas storage service ... cavern roof migration of 200 ft [60 m]” (p. 3). In other words, the cavern
roof seems to be more prone to fall when cavern pressure is low — especially after a fast and large
pressure drop. (However, this does not seem to be true in the case of the Regina South No. 5 Cavern). For
this reason, gas caverns are especially prone to roof fall. However, even if this assertion is consistent with
what is known from salt behaviour and failure, definite proof is scarce.

3.4.5.2.2 Roof falls and large-span roof

Roof span seems to be an important factor in the occurrence of roof falls. In the four examples, it must
be noted that cavern roof was somewhat flat; its span was relatively large (more than 50 meters). (Here,
again, Regina South No. 5 Cavern is an exception.) However, at West Hackberry, Louisiana, in Cavern 6,
used for oil storage, the roof diameter was 1200 ft (360 m), the largest among all the examples mentioned
in this chapter, and it never failed. This might be due to the fact that this cavern never experienced very
low pressures; in addition, the salt formation seems to be fairly homogeneous. It should be mentioned
that caverns shape is important when assessing stability: in a cavern with a domal-shaped roof, stresses
are distributed in a manner that is favourable for roof stability. Conversely, a flat roof is unfavourable. In
principle, cavern size plays no role (except that the probability of crossing heterogeneities of the salt
formation is higher in a larger cavern).
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3.4.5.2.3 Roof fall and interstratified roof

A third ingredient with regard to roof fall is decisive: roof falls occur when, above the cavern roof, a
horizontal layer (or horizontal layers) can be found whose mechanical properties strongly contrast with
salt properties: a weak layer, or a thin stiff layer, or a layer having an elastic modulus very different from
that of salt.

3.4.5.2.4 Conclusion

In summary, known examples prove that roof falls occur: in large-spanned, flat-roofed caverns; when
interlayers can be found above the roof; and when cavern minimal pressure is small. These three
ingredients seem to be mandatory.

3.4.6 Case histories (tensile effective stress)

Visco-plastic behaviour of the rock mass —as opposed to elastic behaviour — generates a couple of specific
failure modes. Possible effects of an abrupt pressure increase are an example of this. During a Pressure
Observation Test in a brine-filled cavern, brine is injected during a short period in a cavern to increase its
pressure to the maximum operating pressure. Further evolution of the pressure is monitored. In principle,
a fast pressure decrease is a clear sign of a leak. Consider for instance an idealized spherical cavern.
Principal stresses are o,,, 0gg = O¢¢;S = 0y — 0gg is the “deviator”, S| = |/3/,. At cavern wall, the
radial stress is the opposite of the cavern pressure; g,-(a) = —P.. It is assumed that cavern pressure, or
P, had been kept constant during a long period of time before the test. Steady state was reached before
the test,

3

S55=(r) = (@)5 3(Pwo=Pc) (38)

T 2n

At t =0, cavern pressure is increased abruptly to P, P. <P’ <P, P is the geostatic pressure at cavern
depth. The deviator experiences a jump to:
3

§*r) = (%) 2t | (s 2rep) (39)

r 2n r 2

And at cavern wall (r = ap) the deviator is:

Peo—PZ

S+(a0) = _Pc+ + ggg(ag) = %[ + P - Pc+] (40)

And this quantity can be negative (the effective stress at cavern wall, or —P} + ggg(ay) is tensile),
especially when the exponent of the power law (n) is high: there is a risk of hydro-fracturing and tightness
loss, even when cavern pressure is smaller than geostatic pressure. This may explain why the apparent
compressibility of a cavern increases significantly after a rapid pressure increase (Figure 101), as was
shown by Djizanne et al. (2012) in the case of the Etzel K-102 Test (Rokahr et al., 2000).

Note that in a gas-filled cavern this effect is mitigated by the temperature increase which accompanies
any fast pressure increase (in a brine-filled cavern, such a temperature increase also exists; in fact, it is
very small). Temperature increase generates compressive tangential thermal stresses, as mentioned
above. Numerical computations are needed to assess the overall resulting stresses.

KEM-28 — Part 1: 3.4 Brittle failure
145



THE ETZEL TEST CRADIENT
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Figure 101. Pressure history during the Etzel K-102 test (After Rokahr et al., 2000).

3.4.7 Block Falls

Block fall from cavern walls is a mundane phenomenon. Evidence of block falls include frequently
observed breaks or bending of the inner tubes hit by falling blocks and the observed accumulation of the
blocks on the floor of a cavern. Such incidents are typically not reported in literature and belong to the
routine operation of many salt caverns. In the following, only incidents that led to large volume
displacements or incidents having uncommon mechanisms are reported. Four gas-storage examples and
two oil-storage examples are described.

Cases located in Huntorf (Quast, 1983) and Jintan (Wang et al., 2017) are representative of ledge falls. A
fall was documented at the Markham salt dome (Cole, 2002) that epitomized the combination of creep
sluffing and bulking. Munson et al. (1998) paper emphasized the possible significance of the insoluble
content on rock falls in the SPR caverns; however, Thoms and Neal paper (1992) and Munson et al. paper
(2004), which described the SPR sites at the Bryan Mound and Big Hill salt domes, respectively, bring the
role of anomalous zones in salt domes dome to light. The mechanism leading to block falls is diverse and
often poorly understood.

3.4.7.1 Case histories

3.4.7.1.1 Lille-Torup

Rokahr et al. (2007) described a remarkable rock-mechanics test performed in a cavern of the Lille-Torup
(Denmark) gas-storage facility. A depressurization test was performed on Cavern TO6. The idea of the test
was to reduce the internal pressure of cavern TO6 to P. = 60 bar at a reference depth of 1460 m, see
Figure 102, and “to observe the cavern convergence as well as to check the stability of the cavern wall.
This was planned to be realized by two [high precision] sonar surveys [run in the specific test interval:
1458-1462 m], the first at the beginning of the test, before pressure was released to 60 bar, and the second
at the end of the test, after 30 days at an internal cavern pressure of 60 bar” (p. 3). As-measured wellhead
pressures, computed pressures at reference depth (1460 m) and temperature during the test are
represented on Figure 102, right. Cavern pressure decreased from 210 bars (a pressure gradient of 210
bar/1460 m = 0.18 bar/m) to 60 bars (a pressure gradient of 0.041 bar/m.) in three months and four steps.
After each withdrawal step, gas temperature decreases significantly (by 15 °C during the last
depressurization) before slowly increasing when no gas is injected. The two high-precision sonar surveys
were run on January 16, 2005 (blue, or black line), when gas pressure was 14 MPa and on March 31, 2005
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(in green, or grey) after a 1-month period at minimum pressure. For each sonar survey, five 360° scans
were performed for redundancy; in principle, “every determined cavity volume is associated with a mean
relative error of about 1 %. Measurements in oil and gas filled cavities have errors of the same order.”
(Denzau and Rudolph, 1997). At the end of the test a spall, 1000 to 2000 m? in volume, had fallen to cavern
bottom. The spall was parallel to cavern wall (hence, it is likely that it did not originate in a heterogeneity
of the rock mass). Formation of a spall was confirmed by a rise of the brine-gas interface at cavern bottom
(obviously, cavern creep closure may also be influential in interface rise.) Two high-resolution (laser) sonar
surveys were performed on January 16, 2005, and March 31, 2005, a period of time over which the cavern
gas pressure dropped from P, = 140 bar to P. = 60 bar. The increase in cavern cross-section is clearly
visible on Figure 103: “The enlargement of the cavern in this sector is interpreted as a consequence of local
failure of the rock salt at the cavern wall, that means that spalling had occurred locally.” (Rokahr et al.,
2007, p. 137).
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Figure 102. Vertical cross-section of TO6 cavern, indicating the high-resolution test interval (Rokahr et al., 2007).
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Figure 103. Test Results (Rokahr et al., 2007).

3.4.7.1.2 Huntorf, Germany
Crotogino et al. (2001) described “more than 20 years of successful operation” of the CAES storage facility
at Huntorf (Germany). Two caverns with depths between 650 m (P, = 145 bar) and 800 m, NK1 and
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NK2, were operated. Air pressure varied between P. =43 barand P. = 70 bar. The fastest
depressurization rate was 50 bar/hr. Between 1978 and 1986, there were 200 starts/yr (i.e., cycles/yr),
and less than 100 starts/yr in the 1990s. Quast (1983) compared two vertical cross-sections of the NK1
cavern, which had been run in 1976 and in 1980, i.e., before and after the first gas injection (Figure 104).
Salt “curtains”, still present in 1976 when the cavern was filled with brine, broke, and fell to cavern bottom
during the first gas injection (during which the cavern bottom rose by 16 m). Later, the depth of the brine-
air interface remained almost constant, and Crotogino et al. (2001) state that “evaluation over the whole
operational period shows practically no changes that can be attributed to roof falls” (p. 356). Djizanne et
al. (2014a) suggested that salt curtains fall originated in the change in Archimedes’ thrust when, during
debrining, brine was substituted by gas, whose density is much lower.
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Figure 104. Two vertical cross-sections of Cavern NK1 from a 1976 brine sonar survey (dotted line) and a 1980 laser sonar survey
(Quast, 1983).

3.4.7.1.3 lJintan JIKK-D cavern, China

Jintan bedded rock salt hosts the fourth salt section of the Tertiary Fu-Ning group (Wang et al., 2017). The
salt body has an E-N strike with a length of 11.75 km and a width of 5.6 km; it shows bedded structure, or
bed-like structure, with tens of rock salt and non-salt layers (Figure 105). The layers with the same
property are continuous and have stable plane distribution with a dip of less than 10°. The total thickness
of the core body is about 143-173 m. Solution mining of the JJKK-D cavern began on July 2, 2006, and was
completed on September 12, 2011. A sonar survey performed on September 13, 2011, showed that the
volume of the cavern was 214,358 m?3 (Figure 105). During solution mining, many irregular overhanging
ledges (anhydrite, mudstone, and glauberite) form on the cavern wall. Even after long immersion in brine,
these blocks are strong; however, they are not always stable and can break cavern strings when falling.
De-brining started on June 21, 2013, and ended on September 20, 2014. A sonar survey was carried out
on November 29, 2015. The cavern total volume was 217,801 m? (this increase is likely to be due
complementary dissolution, see 3.4.5.1.3 Jintan JK-A, China). Between 2011 and 2015, few changes in
cavern shape were observed, except at -1070 m, where spalling took place. Wang et al. (2017) suggest
that changes in buoyancy (i.e., in Archimedes’ thrust) applied to cantilever beam-like overhangs during
de-brining might be responsible for their fall [an idea reminiscent of that by Djizanne et al. (2014a), about
the Huntorf case].
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Figure 105. Vertical cross section of the Jintan JJKK-D cavern (Wang et al., 2017).
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Figure 106. Contours of the vertical stress in the overhanging blocks at different times (Tensile stresses are negative?)
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When interpreting computation results, emphasis is put on end of leaching (5.2 years), before and after
debrining (8 and 8.5 years; pressure at the casing shoe is 120 bars) and after 4 years of operation (12.5
years). The authors discuss the evolution of five parameters: displacement, equivalent strain, vertical
stress, safety factor (in the sense of Van Sambeek et al., (1993) and plastic zone (a variant of the safety
factor) in the overhang at a 1070 m (3508 ft.) depth. The two first parameters are not fully relevant for a
discussion of buoyancy weight influence (as they increase with time). Vertical stress evolution is
considered a better stability indicator (see Figure 106). Vertical stresses are high and negative (tensile).
[It is somewhat surprising that stresses are tensile and high in the whole ledge]. The authors suggest that
tensile failure is likely.

3.4.7.1.4 A comment on Anomalous zones

“Anomalous zones” were mentioned in Munson et al. (1998) as a “possible second factor” considered in
the evaluation of SPR block falls. In fact, heterogeneities in the salt formation were already mentioned as
a possible explanation in the case of Huntorf (Section 3.4.7.1.2) or in the case of Markham (Section
3.4.7.1.7) and a definition is needed. Thoms and Neal (1992) note: “The term "anomalous features" (AFs)
has been used by Kupfer (1990) to designate unusual features found in the stocks of Gulf Coast salt domes.
Based on observations made in rock- salt mines, he identified ten major groups of AFs, including such items
as: intense structural folding, the presence of "impurities" (e.g., anhydrite, shales, and sandstones), gas
releases, connate brine seeps, exceptionally large crystal size, potash, hydrocarbons, etc. He observed that
these unusual features tended to cluster in linear trends through salt stocks; and, if they contained three
or more AFs, [he] designated such trends as "anomalous zones (AZs)" (Thoms and Neal, 1992, p. 1). Kupfer
(1990) also noted that "shear zones" in salt stocks were often subsets of AZs. In Gulf Coast domal salt,
three groups of AFs have been reported to impact caverns:

1) insolubles (anhydrite, shale, sandstone etc.);
2) gas releases (flows or outbursts of CH4, CO; and, occasionally, H,S); and
3) potash (sylvite and, more rarely, carnallite).

“The presence of insolubles was associated with occurrences of "salt falls" within caverns. The falls
damaged "hanging strings" (tubing) used in solutioning and product withdrawal. The damage was caused
by direct "hits" of falling blocks of insolubles, or indirectly by fluid pressure waves that tended to swing
the hanging strings into the cavern walls. In any case, the tubing was damaged to the extent that it had
to be replaced. [p.2] ... Salt falls tend to occur more frequently in "dry" (no compensated) compressed
natural gas (CNG) storage caverns during periods of low cavern pressures following rapid depressurization
(drawdown).” (Thoms and Neal, 1992, p. 5). These notions also were explained by Looff (2017): “The
concept of anomalous salt and BSZ [Boundary Shear Zone] was primarily developed by Kupfer and others
from the 1950’s based upon the experience of conventional mining operations in Gulf Coast salt domes.
A brief discussion is provided below and more information in the context of salt caverns can be found in
Looff et. al., (2010a and 2010b) [ ...]” “Anomalous Salt: Salt quality and geomechanical properties can be
expected to be degraded for anomalous salt and anomalous zones often making their occurrence
problematic for drilling and cavern development and operations. Kupfer (1990) considered typical Gulf
Coast salt to be reasonably pure halite (about 97 %), of uniform grainsize of about 3-10 mm in diameter
and either massive (structureless) or banded white to grey. Anomalous salt is any salt that is considered
to be atypical such as salt with significant entrained gas, brine, shale, anhydrite, potash, sand, etc.;
sheared, brecciated, or faulted salt; coarse or fine-grained salt and voids in the salt. In its original form,
this concept was applied only to Gulf Coast domal salt but has now been expanded to include other
deformed salt structures, bedded salt and potash deposits (Warren, 2017). Major groups of anomalous
salt include but are not limited to the following:

KEM-28 — Part 1: 3.4 Brittle failure
150



e Unusual colour - Generally not an issue except where this indicates problematic impurities or
staining by fluid flow,

e K/MG salts - Highly soluble and creep prone salts that can result in planes of preferred dissolution
or anomalous creep closure

e Coarse-grained salt or veins of pure recrystallized salt - May tend to be weaker or creep faster

e Sheared/Faulted/Dilated salt - Generally an indicator of weak and friable salt or differential salt
movement - Increased potential for spalling and roof falls, loss of containment or potential leak
zones, planes of preferred dissolution and potential for casing shear

e Voids and vugs - Indicates potential for highly soluble salts or active fluid flow within the salt

e Insoluble impurities - Distribution and type of insoluble impurities may influence strength and
dissolution properties of the rock salt; increase potential for slabbing, irregular cavern shape, and
roof falls; allow migration pathways for gas, liquid hydrocarbons, cavern product, and brine

e Hydrocarbons and gas - Contaminate product and an indicator of weak salt or permeable salt.

Anomalous Zones: An anomalous zone (AZ) is a non-genetic term used to describe a zone within the salt
that can be hundreds to thousands of feet in length that contains three or more dissimilar anomalous salt
features. These zones “although highly variable, lenticular, and discontinuous in detail” are “commonly
predictable in trend” (Kupfer, 1990). Edge zones (EZ) and BSZ are specific cases of anomalous zones that
have a genetic connotation. EZ occur at the edge of a diapir where there is increased strain and where
non-salt entrained impurities can be encountered at the salt-sediment interface. BSZ occur between
differentially moving salt spines. Higher geologic risk is attached to both EZ and BSZ as they also are likely
to be areas of active shearing within the salt. EZ also have the added risk of uncertainty associated with
locating the exact edge of salt. Salt domes generally move upward over time episodically as a series of
salt spines. The salt tends to go through continuous cycles of deformation and recrystallization, with an
overprinting of older zones. It is important to realize that the current internal salt characteristics and
dome geometry are a mosaic of current geologic processes overprinted upon relict features. AZ and BSZ
can be identified by analysing top of salt and caprock maps. Other useful information is derived from
sonars, surface topography, well logs, core, and drilling records. Caprock maps are important as there are
usually more caprock well penetrations (data points) and it is generally easier to identify top of caprock
on electric logs, which are the primary source of data for mapping Gulf Coast salt domes. As previously
mentioned, due to limited data availability or other factors, when making top of salt maps, there is a
common tendency to smooth the contours and draw a “bullseye”. However, these types of maps are not
very useful for identifying BSZ. Mapping the details is important. Care must be taken to determine if such
details are geologically meaningful or are the result of errors or inconsistencies in well locations,
correlations, etc. Geologic Risk Associated with Anomalous Salt and Anomalous Zones: Zones of weak or
porous salt:

e Cavern shape anomalies - trapped product - difficulty controlling leaching - difficulty maintaining
buffers to the edge of salt, other caverns, property boundaries, etc.

e Increased potential for a migration pathway - product contamination (i.e., methane) - loss of
integrity/product Impure salt

e Increased potential for roof falls and rock falls - cavern bottom moves up and loss of effective
cavern volume - damage to hanging strings

e Shape anomalies like wings, attic space and preferred planes of dissolution — increased potential
for degraded geomechanical properties

e Increased potential for anomalous creep characteristics such as differential salt movement

e Increased potential for casing shear or deformation (in salt, caprock or overburden)

e Increased potential for sheared, weak and porous salt that creeps at a higher rate

e Higher cavern closure rates - Increased potential for surface subsidence” (Looff, 2017, pp. 3—4).
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There is no doubt that anomalous zones are closely related with a propensity to block falls, as the two
following examples will describe. However, the precise mechanism explaining the onset of block falls in
anomalous zones is unclear.

3.4.7.1.5 Bryan Mound

The case at Bryan Mound was described by Thoms and Neal in 1992 — i.e., before Munson et al.’s 1998
paper. Thoms and Neal summarized data gathered by interviewing operators of storage caverns in Gulf
Coast salt domes. Thoms and Neal also selected the Bryan Mound dome located in Brazoria County, Texas,
to illustrate effects of Anomalous Features (AFs) on storage caverns. Caverns 1 to 5, whose shapes are
irregular, were leached out during Phase I. The dotted lines on Figure 107 represent trends of AFs based
on features observed during Phase | cavern development and cores from Phase 2 wells. Insolubles, potash
and gas noticed during drilling are denoted respectively by magenta-, gold-, and green-line segments
within cavern circles in Figure 107. Falls, potash percentage in brine returns, and abundance of gas during
and following cavern solutioning are denoted respectively by the stars, and by gold and green symbols on
the right-outside of cavern circles. “[S]ignificant numbers of falls have occurred in some Bryan Mound
caverns (e.g., seven in #106). Falls are probably due to a number of factors including: amount and
distribution of insolubles, gas, and cavern solutioning technique. The "worst case" scenario for falls would
include: concentrated insolubles at the tops of caverns, ongoing gas releases, and "parallel" cavern
development from two or more wells. Concentrated insolubles would tend to break off in blocks and falls
from high in the cavern would be more likely to damage hanging strings. Gas releases would tend to
disaggregate salt and increase numbers of falls. The parallel development of caverns with multiple wells
would result in vertical ridges of unconfined salt projecting from well intersections.” (Thoms and Neal,
1992). Cavern BM 106, in which seven falls were observed (before 1992), had two of the characteristics
of the "worst case scenario" for falls: "spikes" of anhydrite were identified near the top of the cavern from
the well logs. Three wells were used in the development of the cavern, and three vertical ridges of
projecting salt can be seen in the #106 cavern sonar logs.

Cavern 1 appears to show irregular leaching angled upward toward the northeast (Neal et al., 1994) and
numerous caverns show vertical channelling or grooves (Munson, 2008). Impurity content (distribution
and type) may also influence both cavern shape and salt creep properties (Looff et al., 2010a, 2010b;
Munson, 2008). While having a similar total insoluble content as other SPR facilities, Bryan Mound has a
higher fraction of disseminated black shale as opposed to anhydrite (Munson, 2008). Two bands of sylvite
have been found on the southwest side of the dome (Neal et al., 1994). At Bryan Mound, 10 caverns show
marginal to excessive gas in oil ratios. Caverns 2, BM5, BM103, BM 111, BM 112, BM114 and BM116 have
the highest historical gas intrusion rates (Neal et al., 1994). Of these caverns, BM 103 and BM112 also
have a history of apparent salt falls and casing loss (Neal et al., 1994). It appears that anomalous salt and
BSZ play a role. Frequency of salt falls has been related to proximity to anomalous salt and BSZ (Looff and
Looff, 1998; Looff et al., 2010a; Neal et al., 1994) or shale content (Munson, 2008). Figure 108 shows the
occurrence of salt falls and gas related to BSZ identified by Sobolik and Ehgartner (2009). There is a
definite pattern; however, it is unclear if the trend is due more to BSZ or different salt spines. Slight
adjustment of the BSZ shown in Figure 107 would place most of the salt fall activity and gas occurrence in
BSZ. Looking at the salt contours, a case can be made for such adjustment. SPR Caverns, Louisiana and
Texas Munson et al. (1998), describe hanging-string damage and pipe-loss events recorded prior to
November 1997 at the 62 oil-storage caverns of the four SPR cavern facilities at Bryan Mound and Big Hill
(Texas), and West Hackberry and Bayou Choctaw (Louisiana). They include 13 caverns (called Phase |
caverns) purchased from developers, most of which are irregular in diameter, size and depth, and 49
caverns (Phases Il and 1) designed especially for the SPR Program, which are roughly cylindrical, 2000 ft.
(600 m) high and 200 ft. (60 m) in diameter. Depths to cavern roofs are all about 2000 ft. (600 m). These
caverns contain at least one hanging string, and they are typically in a quiescent condition, except during
workovers, when a cavern is depressurized to accommodate damaged hanging strings. Hanging-string
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damage is a primary “witness gage” (Munson, 1998, p. 11) of the amplitude and frequency of salt falls —
a gauge that does not exist in many gas caverns, equipped with no hanging string. Prior to November
1997, more than 33,435 ft (10,200 m) of casings had been lost. From Figure 108, 71 events (and 54 string
failures) were recorded. (While only event was recorded at Big Hill, significant events at Big Hill are
described by Munson et al. (2004) in a later paper.) They are detected through the appearance of oil in
the brine pond or by wireline logs. When a casing damage event (or loss) is identified, the string is pulled
from the cavern. In many instances, distinct abrasions and indentations are observed, coupled with a
general bending, suggesting impact and block fall. Ehgartner (1997) computed that a1 x 5 x 5 ft3 salt slab
falling in a viscous oil media would attain a velocity of 40 miles/hr (18 m/s) within 150 ft (45 m) and 130
miles/hr (60 m/s) after 2000 ft (600 m), providing a substantial kinetic energy for string bending/failure.
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Figure 107. Top of salt map from Bryan Mound salt dome with inferred boundary shear zones and salt spines with cavern locations
and occurrence of salt falls (Looff, 2017, p. 13; modified from Sobolik and Ehgartner, 2009; see also Thoms and Neal, 1992, p. 9).
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Figure 108. Distribution of Hanging-String Casing Damage and Loss Events in the SPR Caverns (Munson et al., 1998).

Munson et al. (1998) also listed various factors capable of causing damage (Table 5). Material fracture, as
influenced by concentration of local impurities, was thought to explain higher propensity for events in
some domes or caverns in a given dome. The greatest concentration of events is in the lower half for all
sites (except for the single event observed at Big Hill). Munson et al. suggest that “generation of salt falls
is a function of overburden depth” [p. 6; in fact, one may assume that the travel time needed to impact
the vertical string can also be a factor]. The operator routinely obtains wireline surveys, including cavern-
bottom tagging, which (together with sonar surveys) allow calculation of the volume of salt accumulation
at the cavern bottom. A 55 % bulking factor (see Paragraph 3.4.4) was taken into account. In the case of
Bryan Mound, an accumulation of 10,000 tons/yr. was computed. (Large uncertainty is possible.) A
reasonable correlation between the amount of salt fall and casing-damage events can be observed.
However, comparison between amounts of accumulation and the number of damaging impacts suggests
that “the general spall size of any salt fall is quite small.” (Munson et al., 1998, p. 7) .

Table 5. Major Factors Considered in Evaluation Process (Munson et al., 1998).

F Conditi Apolicati C ¢
Anomalous Zones  Natural  General Possibly a secondary factor. Secondary
Crude Type Imposed  General Possibly a secondary factor. Secondary
Leaching Method Imposed  Local Linked to geometry irregularities. Secondary
Operating Pressure  Imposed  Local Linked to stress Secondary
Depressuring
Cycling of Crude
Location in Dome  Imposed Local Cavern spacing, dome edges. Secondary
Cavern Depth Imposed  Local Linked to stress magnitude. Secondary
Cavern Geometry Imposed Local Roof span, geometry irregularities. Secondary
Creep Properties Natural  General/Local Deformation processes. Secondary

Fracture Properties Natural ~ General/Local Salt fracture, link to impurities.  Primary

Even if not very accurate (a factor of 2), local impurity content, which varies between cavern and facility
sites, can be determined from solution-mining data (e.g., successive sonar survey, volume balance).
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Munson et al. (1998) conclude that the primary factor for the propensity of salt falls is the creep and
fracture response of the salt formation. They suggest a conceptual model, inspired from studies
performed at the WIPP facility, such that the fracture criterion is highly dependent on the content of
impurities. Numerical computations were performed in the case of a vertical 2100 ft. deep shaft; damage
at the shaft walls was small, meaning that other factors that affect impurity content play a role:
“[UIndoubtly, the necessary additional feature is probably comparatively small geometric irregularities in
the cavern wall [...]” (p. 11), because stress concentration may occur there. This 1998 paper was the first
attempt by Munson’s group to identify the main factors responsible for block falls in SPR caverns. In a
later paper, Munson emphasizes the significance of geological features, also mentioned in Thoms and
Neal (1992).

3.4.7.1.6 BigHill, Texas

Munson et al. (2004) examined a major block fall that occurred in Cavern 103, one of the 14 caverns of
the SPR oil storage field at Big Hill, Texas. As mentioned above, these caverns, created during Phase Il of
the SPR Program, are of cylindrical shapes and have nearly the same dimensions: 200 ft (60 m) in diameter
and 2000 ft (600 m) high. The “cylinders taper slightly inward at the bottom to give a smaller diameter.
The cavern roofs are nearly 600 ft [180 m] below top of salt, or about 2300 ft. [690 m] below ground
surface. Consequently, the current cavern bottoms are at roughly a depth of 4300 ft [1300 m] below
ground surface.” (Munson et al., 1998, p. 2). Because of their regular geometry, the caverns were thought
to be quite stable. Only one identifiable event of damage to a brine hanging string, attributed to a salt
fall, which had occurred previously in 1990 at the Big Hill site, in Cavern 114.
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Figure 109. Schematic of Big Hill dome and SPR caverns with relative closure rates. The caverns are shaded according to their
respective closure rates, where black = low rates and white = high rates. Leaching anomalies are also represented, and a division
of the dome by salt splines is also illustrated (Munson et al., 2004). A more recent interpretation can be found in Looff (2017).

Cavern 103, a two-well cavern, is located near the centre of the Dome (Figure 109). Well B contains the
hanging string. Well A does not contain a hanging string and is used for oil injection and withdrawal.
Cavern roof and bottom depths are 2250 ft (685 m) and 4095 ft (1250 m), respectively, making cavern
height 1845 ft (565 m). Cavern creation was completed in November 1990. During solution mining, the
cavern floor rose because of the accumulation of insoluble fractions contained in the salt. After the mining
was completed, during routine cavern operation, the floor continued to rise slowly because of the
sloughing of salt from the cavern walls (the amount of insoluble fractions in the rock formation is 2.9 %).
There was a gradual increase in floor elevation between January 1992 and May 2000 of about 7 ft (2 m),
an accumulation of 212,000 ft* (7,800 m?) of salt. On March 7, 2002, a wireline log showed a marked
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increase (when compared to an earlier log on July 26) in floor elevation (Figure 110). After the March
event, cavern bottom elevations increased markedly. A directional survey deduced that the bottom of the
brine hanging string was displaced toward the southeast by nearly 30 ft (9 m). However, there was no
evidence of damage to the hanging string. A study of the wellhead pressures (recorded every minute)
showed no significant changes during this period [block falls generate pressure oscillations that typical
have periods of 20 s — typically, too short to be detected (see Bérest et al., 2017)]. A sonar was conducted
in an attempt to characterize the cavern geometry.
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Figure 110. Depths of cavern 103 bottom (as seen by sonar surveys and tags) and depths of strings A and B shoes.

The March 2002 sonar (Figure 111) showed that the brine string was buried in debris from a salt fall event.
In addition, debris from the fall also produced a marked upward slope in the cavern bottom toward the
east, directly opposite from the wall that produced the salt fall. [A large amount of kinetic energy was
needed.] The string bottom is buried “in perhaps as much as 100 feet of debris” (Munson et al., 2004, p.
8). Comparison of 1990, 2000 and 2002 surveys provided additional information. Application of a three-
dimensional graphics method (Rautman and Stein, 2003) yields grey-scale images of the sonar survey data
and displays a resolution of features not possible with earlier graphical methods (Figure 112).
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Figure 111. The Well B hanging string is buried in debris that accumulated on the east wall (Munson et al., 2004).
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Figure 112. Comparison of the 1990, 2000 and 2002 views of Cavern 103 from the compass direction of 285°, showing evolution
of a feature initially located at a depth of 1300 ft. below the cavern roof (Scale: 100 ft. Vertical and 50 ft. Horizontal). From
Munson et al., (2004, p. 7).

In 1990 (Figure 112, left), a feature appeared at a vertical cavern depth (below the cavern roof) of 1300
ft. (400 m); it was 100 ft (30 m) in length and in the form of a wedge with the apex pointed downward,
suggesting a salt fall. In 2000 (Figure 112, centre), this initial indentation had extended vertically more
than 250 ft (75 m), and a linear groove now extended upward nearly 400 ft (120 m) from the top of the
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indentation. The orientation of the groove is N75°W. In 2002 (Figure 112, right), it was apparent that “a
large volume of material that once was in the cavern wall fell to the cavern bottom’’ (Munson et al., 2004,
p. 8). The feature had grown to almost 1000 ft (300 m) in height, becoming about 30 ft (9 m) wide and 57
ft (17 m) thick. The angular extent of the void is some 45°, or about 80 ft, beginning on the west and
extending around toward the south to an angle of about S450W. The approximate salt-fall volume is 2
Mft3 (57 000 m3). The evaluation determined that a large volume of material fell from the western cavern
wall. The debris was cast up in a sloping pile against the opposite, or eastern, side of the cavern (rather
than rained down to produce a mound of debris directly beneath the western wall). It was posited
(Munson et al., 2004) that the bulk of the salt-fall mass fell as a unit, essentially straight downward,
disintegrating progressively as it hit the bottom of cavern and throwing the debris to the eastern side of
the crater.

Figure 113. Top View of the Cavern 108 Sonar Contours, Exhibiting Wings (Munson et al., 2004).

The Big Hill 103 Cavern event prompted a comprehensive review of the sonar surveys run in all the caverns
of the site, together with cavern closure rates, accumulation of material at cavern bottoms and material
deformation properties. Ehgartner used CAVEMAN (Ehgartner et al., 1995), a cavern management tool,
to compare cavern-creep closures. In Figure 109, grey-scale shadings provide the relative creep rates of
the individual caverns. The four caverns with the lowest closure rates (which include Cavern 103) are
grouped together in the SE quadrant of the dome, suggesting that the group belongs to a spline composed
of material different from the rest of the dome. The following two categories of preferential solutioning
can be observed: Linear preferential solutioning, nearly vertical, especially marked in Cavern 108 (Figure
113, which show horizontal cross sections superimposed on each other) — There are “marked” wings in
the NE and SW directions, suggesting that a more easily dissolved layer cuts diametrically across the
cavern. Caverns 107, 112 and 113 exhibit the same trend. Caverns 105, 111, 112 and 113 exhibit a
different linear preferential solutioning, a foot-shaped lobe at the very bottom of the cavern, oriented
NE-SWW, except for Cavern 105. General preferential solutioning, analogous to very large pits in cavern
walls, whose vertical extent is a hundred feet (30 meters) or larger — Cavern 110 (Figure 114) is an
extreme example of this. A third category is believed to be the result of loss rock fall through mechanical
failure. Cavern 103 obviously belongs to this category. Cavern 101 (Figure 114) presents a similar feature
at a 3200 ft (975 m) below ground surface. ”"Here the edges of the indentation appear sharp, typical of
material fracture, rather than the rounded edges typical of preferential solutioning.” (Munson et al., 2004,
p. 13).
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Figure 114. Cavern with solutioning pits (a) Cavern 110, 109; 2000 and Cavern with Mechanical Salt Fall Pits (b) Cavern 101, 210;
2000. From Munson et al., (2004).

3.4.7.1.7 Markham, Texas

Cole (2002) describes two gas caverns in the Markham storage field in Texas. These caverns were cycled
8 to 10 times per year, and withdrawal rates were 3-4 times faster than injection rates. The cavern tops
are at 1050 m and 1075 m (P, = 230 bar), and the original cavern heights were 530 m and 696 m,
respectively. The first gas injections were in June 1992 (Cavern #2) and October 1995 (Cavern #5). Cavern
operation resulted in cavern-volume loss, and salt sluffing from the walls and roof of the cavern. Brine-
gas interface surveys were run every year. As of January 2002, the caverns had lost 89 m and 128 m of
their depths. A “material balance” test also had been performed in 2001 to assess the cavern “free”
volume, and natural gas sonars were run in January 2002. Comparison of these various methods suggests
that cavern closure was approximately 5% of the initial volume; however, a similar volume of salt had
fallen from the walls to the bottom of the caverns. Comparison of sonar profiles shows vertical profile
overlay of sonars performed in June 1992 and January 2002; and May 1995 and January 2002, respectively
(Figure 115). Note the bottom heave and possible break-outs at the cavern wall. However, “no large
sections of salt from one area of the caverns fell to the bottom creating the fill ... the salt was removed in
thin layers over large areas of the caverns ... horizontal cavern closure occurred ... thus closing in part of
the area created by the salt falling.” (Cole, 2002, p. 82).
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Figure 115. Markham: (left) Cavern 2, June 1992 brine-sonar profile and January 24, 2002 gas-sonar profile; (right) Cavern 5,
May 1995 brine-sonar profile and January 25, 2002 gas-sonar profile (Cole, 2002).

3.4.7.2 Lessons learned

It is difficult to draw lessons from the above-described cases. It seems that several different mechanisms
are involved. In some cases, local heterogeneities play a major role (Huntorf); in other cases, dome-scale
anomalies are to be incriminated (Big Hill); significant pressure changes might have been instrumental
(Markham, Lille Torup).
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3.5 Conglomerates

The case of ‘conglomerates’ (large cavern clusters) has not been intensively studied in the literature,
probably because it requires heavy computing resources. The mechanical behaviour of a cluster is
complex; computations prove that a large part of the overburden load is transferred to the abutment (the
periphery of the cluster), in sharp contrast with the case of an elastic rock mass (Brouard et al., 20213,
2021b). It is proposed to study conglomerates more in detail in this project.

3.5.1 Introduction

Most considerations in the previous sections addressed the case of single caverns. In fact, in most cases,
a storage site is a cluster in which dozens of caverns are implemented, Figure 116. Caverns often have
been created at the same depth and, from a structural stability standpoint, a major problem is the
minimum distance between two neighbouring caverns or, in other words, computation of safe extraction
ratio.

Approximate outer limits of dome
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Figure 116. Subsidence in the Mont Belvieu (Texas) site(after Ratigan, 1991). At this site, 124 caverns were operated in 1991.

In the past, no 3-D computation tool was available and the cluster problem was approximated as follows.
The cluster was assumed to be infinite in the two horizontal directions and it was assumed that, at any
given instant, fluid pressure was the same in all the caverns. Any cavern was a “cell” in an infinite array of
caverns and could be treated as a single cavern such that the radial displacement was zero at a distance
from the cavern axis equal to half the distance between two neighbouring cavern wellheads. The criterion
for stability, typically, was that the computed dilatant zone at the wall of a cavern did not reach the
boundary of the cylindrical cell in which the cavern was included.
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An example of this method, based on elastoplastic computation is provided by Ineris (the French National
Agency for the Study of Industrial Risks)

The risk of a generalized collapse of a cavern cluster can be excluded when caverns number is smaller than
three or when the extraction ratio is smaller than a critical value t,, =1/ [2 * exp (0,00125*P - 0,5) - 1];
where P is the cavern roof depth (in meters). [i.e., 79%, 31% et 15% when cavern roof depth is P = 500,
1000 et 1500m, respectively].

This method suffered from two flaws. First, there is no strong theoretical basis for a description of the
behaviour of a dilatant zone joining two neighbouring caverns (see Section 3.4, Brittle failure). Second,
this method missed an important point which is the progressive transfer of the overburden weight from
the centre of the cluster to the abutment.

This problem shares some similarity with the dimensioning of room-and-pillar mines

3.5.2 Case histories
Many salt clusters are stable. A remarkable example is shown on Figure 117.
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Figure 117. A cavity cluster (Europe).

A somewhat extreme example of a “stable” cavity cluster is represented on Figure 117. This cluster had
been operated for brine production before being converted to a natural gas storage. Two caverns
coalesced (#4 and #6). The minimum distance between two neighbouring caverns is 19 m, much smaller
than the distance between the wellheads of two neighbouring caverns. Cavern depths are between 250
m and 400 m, typically. Caverns 9, 10, 12 have been operated as gas storage caverns since 2001 up to
now (2022). Gas pressure has been cycled between 35 bars and 45 bars (these values are higher than
halmostatic pressure at cavern depth, because of mechanical stability concerns.) For the same reason,
pressure change rates are smaller than 1 bar/day and gas pressures are kept equal in #9 and #10.
Somewhat surprisingly, the cluster has remained stable, though the extraction ratio is extremely high.
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The behaviour of the salt pillar between neighbouring caverns is an important issue in this context. The
elastic theory predicts that the vertical load on the pillar is significantly larger than the virgin (geostatic)
stress when the distance between neighbouring caverns is small. In some cases, the pillars cannot bear
the load excess generated by a high extraction ratio, as proved by several examples of mine collapses
(Minkley and Menzel, 1996). However, when the mechanical behaviour of the rock mass is visco-plastic,
a significant part of the load excess is transferred to the abutment; i.e., outside the footprint of the mine
(Bérest et al., 2008b). The state of stresses in the pillars is less critical than in the elastic case.

3.5.3 The tributary area (elastic behaviour)
A simplistic model allows capturing a couple of features of the mine problem (Figure 118).
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Figure 118. Equilibrium of the forces applying on the overburden of a cluster or a dry mine.

For simplicity, mine (or cluster) footprint is assumed to be a circle, radius R. Cluster depth is H. The
extraction ratio is e. The mine is assumed to grow (R increases). Mechanical equilibrium of the cylinder
of rock above the cluster can write:

TR?yxH < mR?y,He + nR?6(1 — e) + 2nRH%,, (41)

The weight of the overburden, or mR2yzH (ygr = 0.023 MPa/m is the volumetric weigh of the rock
formation) must be larger than the sum of:

e The force applied by brine pressure (in a caverns cluster) on the bottom of the cylinder,
(mR?ygHe); yg = 0.012 MPa/m is the volumetric weight of brine); in a dry mine, this force is
zero.

e The force applied by the pillars on the bottom of the cylinder, zR*5(1—e); & > 0 is the average
vertical stress in the pillar.

e The vertical force resulting from the cumulated shear forces applied on the cylinder contour,
2MRH,y; Hi,e = [ 7,0 (2)d2)

In addition, two failure criteria can be used:

e Salt pillar strength: the average stress in the pillar must be smaller than ultimate strength of the
pillar or R;r (taking into account the confining pressure provided by cavern brine).
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e Overburden shear failure: the overburden satisfies a Coulomb criterion, t,,(z) < C +
tge 0, (2), a simple assumption is 0, (z) = ygz, from which:

2
Hi, = fOZT(Z)dZ = CH +% (42)

After some algebra, the problem can write:

Ryr < Rype + R(l;e)(f + 2%,,(H) (43)
0<6<dg. (44)
0<%, <T.,(H) (45)

In the &, T plane (Figure 119), equation (43) can be represented as a straight line which is a function of R

(the radius of the cluster) crossing through the “tributary” point 6 = ();’ilz) ,

of a dry mine is represented). Consider first the case of an elastic material.

T = 0 (for simplicity, the case

YrH
(1-e)
is still small but grows (R increases), the pillars bear a slightly larger and increasing part of the overburden
weight and shear stresses develop above the mine external contour. After the critical radius is reached,
the stress in the pillar slowly converges to the tributary stress, the shear stresses decrease and the mine

is stable.

On Figure 119, left, rock strength G, is high [larger than the tributary stress, ., > ]. When the mine

On Figure 119, right, rock strength g, is small (smaller than the tributary stress) When the mine grows,
equation (43) together with inequalities (44) and (45) cannot be satisfied. The mine fails: pillars break or
a crater forms.

A complete model, including a description of the salt roof and how the overburden load can or cannot be
transmitted to the abutment, is needed to determine which can of failure occurs.

T r o

R increases
z_-c'r %—('l‘ \ &;\\

R increases

Figure 119. Stability of a room-and-pillar mine.

3.5.4 Pillar progressive unloading (visco-plastic behaviour)

An example of this is provided by Figure 120 and Figure 121. The central pillar of the dry mine is on the
left (Figure 121). Nine rooms are created progressively. When a pillar is created, the vertical load on the
pillar increases during one year to 5 MPa, approximately (like in the elastic approach) before decreasing
to 2.5 MPa after a several year period. A significant part of the overburden weight is transferred to the
abutment The ability to transfer weight outside cluster footprint is a characteristic feature of a visco-
plastic material.
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Time (years)
Figure 120. Additional vertical loads on the pillars and external abutment as a function of time. A 3.5 MPa initial geostatic stress
must be added to obtain the actual stress (after Bérest et al., 2008b).

Salt Dilation - Factor of safety (FOS)

Dilation zone: 0<F05<1

0444 0.889 1.333 1,978 2.222 2.667 3.111 3.556

Figure 121. Extension of the dilatant zone (after Bérest et al., 2008b).

Brouard et al. (2021a) discussed the theoretical case of a 4 or 9 caverns cluster, in which a similar
phenomenon (transfer of a part of the overburden weight to the abutment) takes place. Several
extraction ratios (i.e., several distances between the caverns, Figure 122) were considered (e = 20%, 40%
and 60%). It was shown that, opposite to the case of an elastic rock mass, in the case of a visco-plastic
rock mass (a salt formation), a few years after the end of mining, the vertical stress in the pillar is smaller
than the virgin stress. This effect is more pronounced still when the extraction ratio is larger.
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Extraction Ratio

Figure 122. Definition of the extraction ratio.
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Figure 10. Evolution since start of mining of vertical distribution of vertical stress «_in the center
of the cluster, case of a mining in 7.5 years.
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Figure 123. A four-cavern cluster.
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An example is provided on Figure 123. Three different extraction ratios are considered and the vertical
distribution of the vertical stress at the middle of the pillar is represented. In the elastic case, at pillar
depths, vertical stresses are significantly larger than the virgin stress. In the visco-plastic case, vertical
stresses slowly decrease (they are less and less compressive), become smaller than the virgin stress, as a
part of the overburden load is transferred to the abutment.

In this example the creep closure in a cluster of 9 caverns with extraction ratios of 20% and 40% is analysed
more into details. Comparison of Figure 124 and Figure 125 (vertical stress distribution at cavern mid-
depth when solution-mining is completed, and 18 years later) shows again that a significant part of the
overburden weight has been transferred to the abutment. More generally, main results are as follows
(Brouard et al., 2021b):

1) At the end of mining the central pillars are overloaded, but, a few years later, a large part of this
overstress has been transferred outside the footprint of the cluster.

2) At the end of mining the central pillars are overloaded, but, a few years later, a large part of this
overstress has been transferred outside the footprint of the cluster.

3) For elongated caverns, at cavern wall, vertical stress is less compressive than natural stress, this
may induce tensile effective stresses and micro-cracks when cavern pressure is quickly increased,
even at a cavern pressure significantly lower than geostatic pressure.

4) The average volume loss in a cluster is only slightly larger than the volume loss of a single cavern.

5) Rise of cavern bottom is faster than descent of cavern roof. The larger the extraction ratio, the
larger the ratio between bottom rise and roof descent.

Computed maximum subsidence at ground level is very sensitive to the selected boundary conditions (size
of the meshed domain, etc.).

3.5.5 Interaction between various storage products
A few examples of interactions between various storage products are reported in the literature. The
example of Clovelly salt dome in Louisiana was shortly described in Paragraph 2.2.3.1.4.

3.5.6 Conclusions

Most caverns cluster seem to be stable. No example of crater creation above a cluster of storage caverns
is known. This phenomenon is understood. Transfer of a part of the overburden weight to the abutment
is at least a partial explanation. More researches are required to reach a complete understanding. The
availability of 3-D computations will be an important tool in this context.
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Caverns at a 1000-m or 3280-ft mid depth
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Figure 124. Variation of vertical stress at caverns mid depth, 1000 m or 3280 ft, at the end of mining for two extraction ratios.
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Caverns at a 1000-m or 3280-ft mid depth

18 years after the end of mining
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Figure 125. Variation of vertical stress at caverns mid depth, 1000 m or 3280 ft, 18 years after the end of mining for two extraction
ratios.
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3.6 Cavern abandonment

A thorough integrated study on cavern abandonment was carried out in the frame of KEM-17 covering
the dome, cavern and microscale (respectively Baumann et al., 2019; Brouard and Bérest, 2019; Urai et
al.,, 2019). The next summary is from the conclusions and recommendations of the project (KEM-17,
2019).

“In summary then, using the present state of engineering practice, it is not possible to say with sufficient
reliability if a deep abandoned cavern will evolve by localized brine flow, hydraulic fracturing and major
loss of containment, or with a pressure build-up that is moderate with leak-off by diffuse permeation and
no hydraulic fracturing.

We see a clear opportunity to improve predictions of the evolution of abandoned caverns, by integrating
existing knowledge in the geoscience and materials science with engineering practice, at the micro, cavern,
and salt-dome scale.

The consortium strongly recommends that further researches be performed to get a better understanding
of the notions for which uncertainties remain. In particular, the required integration level between
engineering and materials science domains has not been reached yet.

When permeation rate equals creep closure rate, an equilibrium pressure can be reached as proved by in-
situ tests performed in various salt formations. In shallow caverns, this equilibrium pressure is much lower
than geostatic. In a deep cavern, uncertainties are larger: cavern permeability increases as effective
stresses are less and less compressive; fluid-assisted creep closure (rather than dislocation creep) becomes
preeminent; the notion of a “geostatic pressure” blurs, as the state of stresses at cavern roof depends on
cavern pressure history and far-field virgin stress.

When equilibrium pressure is computed at cavern mid-depth, “Wallner’s margin” must be added to this
equilibrium pressure to assess fracturing risk.”

For further reading on this project and (extensive) bibliography we refer to the individual reports available
at the website of the SODM™.

1

https://www.sodm.nl/documenten/rapporten/2020
/02/11/onderzoek-langetermijnrisicos-afsluiten-
zoutcavernes
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4 Salt cavern testing

Author: Pierre Bérest — Brouard Consulting

4.1 Permeability tests in caverns and boreholes

4.1.1 Maximum operating pressure (in a salt cavern)
4.1.1.1  Evidence of cavern compressibility increase at high pressure

There are strong indications that overall cavern compressibility apparently increases when the pressure
gradient at the casing shoe is larger than 0.18-0.19 bar/m; i.e., 80-85 % of the geostatic gradient, which
typically is 0.22-0.25 bar/m. [Cavern compressibility during a brine injection test, or BV, in m?/bar, is the
ratio between the injected flow rate, Q;;,, and the concomitant cavern pressure increase, P, or Qin =
BV X P. An increase of the cavern compressibility is a clear sign of a leak, or Qg as BV X P = Qi —

Qou
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Figure 126. Etzel test (after Rokahr et al., 2000).

A high-pressure test was performed in a brine-filled cavern at Etzel (Germany) in 1990-1992 (Rokahr et
al., 2000). It was observed (Figure 126) that the cavern coefficient of compressibility, 8, apparently
increased significantly, from 8 = 3.7 x 10> /bar (when the cavern-pressure gradient was 0.19 bar/m)
to f = 4.7 x 107> /bar (when it was 0.205 bar/m.)

Durup, 1990, 1994, performed a pressure build-up test in a wellbore at Etrez (France) in which the
pressure was increased through step-by-step brine injections. The open-hole length was 198 m. The test
lasted six hours.
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On Figure 127, the pressure at well-bottom depth (871 m) is plotted against the cumulated injected
volume (The slope of this curve is 1/8V). When pressure increased from 145 bars to 205 bars (from 0.17
bar/m to 0.23 bar/m at a depth of 871 m), wellbore apparent compressibility increased from SV =
0.97 liters/bar to BV = 2.4 liters/bar.

MPa

24 EZ58
LEAK-OFF TEST Dec.12, 1989

1

21 PRESSURE AT
WELL BOTTOM

20

18

16|
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12

10

20 40 60 80 100 120 140 160 180 Liters

Figure 127. Etrez build-up test (after Durup, 1994b, 1990).

This notion was confirmed by Van Heekeren et al. (2009) who measured cavern compressibility as a
function of cavern pressure during four pressure build-up tests. Results of these tests are shown on Figure
128 (No scale is provided in the paper by van Heekeren et al., 2009). At low pressure, apparent
compressibility is a slowly increasing function of wellhead pressure; a pressure threshold can be observed
above which apparent compressibility drastically increases. This threshold seems to be significantly
smaller than the virgin geostatic pressure. In fact, when successive tests are considered, compressibility
is smaller and smaller, and the threshold is higher and higher.

BV

Apr 2005
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i

%

CAVERN COMPRESSIBILITY
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WELLHEAD PRESSURE "=====p>

Figure 128. Frisia test (after van Heekeren et al., 2009).

KEM-28 — Part 1: 4.1 Permeability tests in caverns and boreholes
173



Briickner et al. (2003), described a test performed in a 22-m? cavern leached out at a 448-m depth from
a drift at the Bernburg Mine in Germany. In this test, cavern pressure was increased incrementally from
zero. At the beginning of the test, 8.8 litres of brine were injected in the cavern: pressure increased by 10
bars, from which it can be inferred that cavern compressibility was BV = 0.88 liters/bar (8 =
4 x 10™° /bar). Cavern compressibility increased over the next steps, becoming f = 4.7 X 107> /bar
when pressure increased from 14.8 bar to 44.8 bar (a gradient of 44.8/448 = 0.1 bar/m). During the last
step, when pressure increased to 92.5 bars (a gradient of 0.21 bar/m), an “exponential” increase in
compressibility was observed.

The origin of such early micro-fracturing, not observed during standard frac tests, is not understood fully.
The (macroscopic) state of stresses generated by a swift pressure increase (following a long idle period at
low pressure) at the wall of a cavern excavated from a visco-plastic medium (Djizanne et al., 2012) and
the (microscopic) state of stresses at the boundaries between salt grains have been implicated.

4.1.1.2 Maximum operating pressure in a gas storage cavern

In Table 6, the maximum gas pressure in 24 sites worldwide is represented (Bérest et al., 2020). In most
cases, the pressure gradient at casing shoe depth is 0.18 bar/m, a value which, although being of empirical
origin, is consistent with what was described in Paragraph 3.4.2.3 (a significant permeability increase is
observed when the gradient is higher than 0.19 bar/m.)

Table 6. Maximum pressures in selected gas storage caverns (from Bérest et al., 2020 and references herein).

CcCs Pmax Maximum Maximum
Gas storage Authors depth (MPa) gradient gradient

(m) (MPa/m) (psi/ft)
Aldbrough Slingsby et al., 2011 1800 27 0.015 0.66
Carrigo Colcombet et al., 2008 1000 18 0.018 0.8
Etzel it(:)f;\gemsburg & Schneider, 1150 20 0.017 0.76
Holford Fawthrope et al., 2013 =550 10 0.018 0.8
Krummhorn Rummel et al., 1996 =1500 27 0.018 0.8
Nuttermoor Bernhardt & Steijn, 2013 = 1000 17 0.017 0.76
Teesside Mullaly, 1982 = 350 4.5 0.013 0.58
Zuidwending Hoelen et al., 2010 1000 18 0.018 0.8
Manosque de Laguérie & Durup, 1994 | 1000 18 0.018 0.8
Stublach Pellizzaro et al., 2011 = 550 10 0.018 0.8
Egan Chabannes, 2005 1125 23 0.0204 0.9
Kansas Itsvan, 1998 NA 12
China Fansheng et al., 2010 = 2000 17 0.016-0.017 0.72
Aldbrough MclLeod et al., 2011 =1500 27 0.0155 0.66
Nittermoor Bernhardt & Steijn, 2013 = 1020 17 0.017 0.8
Germany Wagler & Draijer, 2013 = 648 12.2 0.0188 0.83
Torup Johansen, 2010 0.0184 0.81
Huai’an Zhao et al., 2013 1493 26.0 0.0175 0.77
Jln'tan Yang et al.,, 2015 937 13.5 0.144 0.64
(Xi-2#) 15.0 0.0160 0.7
Jintan 17.0 0.0170 0.76
(PetroChina) angling Ma, Institute ' of | 1000 18.0 0.0180 0.8

Soil and Rock Mechanics,

Jintan Wuhan, pers.com. (May
(Sinopec) 2018) 900 17.0 0.0188 0.83
Qianjiang 1980 32.0 0.0160 0.7
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4.1.1.3  Maximum pressure in a hydrogen storage

Scarce data collected for hydrogen storage caverns has been provided in the literature (Laban, 2020). The
Teesside hydrogen storage caverns in the UK are operated according to the brine compensation method;
pressure in the caverns is constant and low (0.12 bar/m). According to Laban (2020), the maximum
pressure gradient at mean cavern depth is 0.135 bar/m at Clemens Dome in Texas, 0.127 bar/m at Moss
Bluff and 0.151 bar/m (?) at Spindletop. These figures underestimate slightly the gradient at casing-shoe
depth (rather than mean depth) — which is the notion generally preferred to compare maximum pressures
in different caverns. In addition, Laban (2020), is likely to underestimate the maximum gas pressure at
Spindletop which, according to Jallais (2018), is 202 bars at a 1340-m depth, or a pressure gradient of
0.173 bar/m at the cavern-top depth. The reasons for the apparently low gradients selected at Moss Bluff
and Clemens Dome are unknown.

4.1.2 Permeability measurement in a wellbore
4.1.2.1 Methodology

It has been recognized for long that pressure evolution in a shut-in cavern or wellbore is influenced by 4
main factors: creep closure, fluid thermal expansion, fluid permeation and hole compressibility. Creep
closure rate (in %/yr) is independent of cavern size; fluid permeation rate (in %/yr) is inversely

. R % . .
proportional to the cavern volume/cavern walls surface area, which is 3= 0.1 min a wellbore, typically,

and larger by two orders of magnitude in a full-size cavern; thermal equilibrium is reached within a few
weeks in a borehole (after several years or decades in a full-size cavern); borehole stiffness is larger by
several orders of magnitude than cavern stiffness. Testing salt formation in a borehole is much more
accurate than in a cavern.

Permeation rate is a function of wellbore pressure and virgin pore pressure (P,). Natural brine pressure
in the interconnected pores or cracks cannot be measured directly. Durup (1994b, 1990), proved that a
linear relation did exist between the steady-state brine seepage rate and the pressure build-up in the
EZ58 well (Figure 127). Extrapolating this relation proves that no flow takes place when cavern pressure
is equal to halmostatic pressure, which strongly suggests that natural pore pressure is equal to
halmostatic pressure. Even if no clear physical argument can be made, this hypothesis seems to be widely
accepted. The distribution of pore pressure in the formation is, then, Py, (bar) = 0.12 X H (m) where H
is the cavity depth. [However, test performed at the WIPP mine excavated in the Salado formation have
provided higher figures, P, = 0.14 X H; see Howarth et al. (1991).]

As an example, Bérest et al. (2001) describe the GDF tightness testing method.

One month (or more) after drilling is completed, a string is set inside the cemented casing. A packer is set
a dozen of meters above the casing shoe (Figure 129). In a first step, water is injected in the central string
and in the annulus in such a way that the testing gradient, 0.146 bar/m, is the same in the two volumes.
The daily amount of water injected in the annular space is called the “casing seepage rate”, and the daily
amount of water injected in the central tubing is called the “rock-formation seepage rate”. The test is
considered to be satisfactory when the casing seepage rate is smaller than g = 1 litre per day. The second
step consists of the “casing-shoe+plus-rock-formation” test. The testing gradient in the annular space is
0.146 bar/m, as it was during the first step. The testing gradient in the central tubing and in the unlined
part of the well ranges from 0.18 to 0.22 bar/m. Pressure evolution is then monitored in both the annular
space and in the central tubing; soft water is withdrawn or injected twice a day to keep the pressures (or
gradients) fairly constant during the entire test. The daily fluid loss is then computed as follows: Daily
injected water volume in the central tubing + Daily injected water volume in the annular space - Daily
observed casing seepage rate during the first test = Apparent daily fluid loss. The observed daily fluid loss
will be used later to back-calculate the equivalent permeability of the salt rock formation.
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Figure 129. Schematic of wellbore completion during a tightness test.

4.1.2.2 Testresults

Two different storage sites have been examined, Tersanne (Table 7) and Etrez (Table 8), in France
(Brouard et al., 2001).

Table 7. Tersanne tests results (Daily volume loss is measured at the end of the test).

Testing | Test Duration | Daily Volume Loss | Back-calculated
Well # | Gradient (days) (liters/day) Permeability (m’)
Te01 1.89 6 0.65 1.6 x 10~
Te02 1.77 7 0.65 1.8 x 10=%1
Te03 1.73 305 0.57 3.2 x 10~
Te04 1.74 10 0.60 1.9 x 10=4!
Te05 1.73 10 0.58 1.1 x 10=%
Te06 1.77 4 0.56 8.6 x 10~%
Te07 1.77 20 0.57 1.4 x 10=%
Tel5 1.77 30 0.89 3.0 x 10=71

Table 8. Etrez tests results (Daily volume loss is measured at the end of the test).

Testing | Test Duration | Daily Volume Loss | Back-calculated
Well # | Gradient (days) (liters/day) Permeability (nr')
Ezll 1.8 5 4.50 1.3 x 10~
Ezl2 1.8 4 2.08 4.6 = 10~
Ezl2 2 5 4.06 09,2 % 1077
Ez17 2 42 7.8 1.9 % 10=%
Ezl& 2 126 6.24 1.4 x 102
Ezl8 22 54 9.15 1.6 x 107
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A couple of comments can be made. Etrez salt permeability is larger by one order of magnitude; it is worth
mentioning that Tersanne salt ability to creep is much higher. In the case of Etrez salt, a jump in
permeability is observed when the testing gradient increases from 0.18 bar/m to 0.20 bar/m.

4.1.3 Permeability measurement in a full-size cavern
Cavern average permeability can be inferred from a “trial & error” abandonment test (Figure 130, Section
3.6).
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Figure 130. Cavern closure rate is a decreasing function of cavern pressure: it vanishes to zero when cavern fluid pressure equals
geostatic pressure. Brine permeation (+ leak) flow-rate is an increasing function of cavern pressure; it vanishes to zero when
cavern fluid pressure equals virgin pore pressure. When the two curves cross (left), the equilibrium pressure is reached. The trial-
and-error method consists of successively testing several cavern pressures to obtain lower and upper bounds for the equilibrium
pressure.

The steady-state closure rate curve (closure rate Q vs. wellhead pressure P) can be reasonably well drawn
(Figure 131) before the test is performed as two points of the curve are known: O is the zero-closure
point, reached when cavern pressure equals geostatic pressure (P,); OFT is the maximum closure rate
point, which can be measured through an outflow test; the curve satisfies the relation Q = A(P, — P)"
where n is the exponent of the power law (at least in the case of an idealized spherical or cylindrical
cavern) which is known from laboratory test. From the abandonment test and the equilibrium pressure,
the equilibrium point (E) can be computed. From the equilibrium point (E), the slope (y) of the steady-
state permeation + leaks curve is obtained, and the average permeability can be inferred through a
numerical computation.
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Figure 131. Determining cavern average permeability from the results of an abandonment test.

This method was used by Bérest et al. (2001a) to assess the average permeability of the EZ53 cavern at
Etrez, France and found that “it can be K = 2 x 1071°m?"; i.e., larger by one order of magnitude than

the average permeability inferred from permeability tests performed in Etrez wellbores (see Table 8). This
difference is consistent with Brace (1980).

KEM-28 — Part 1: 4.1 Permeability tests in caverns and boreholes

178



4.2 Tightness tests
NB. the mechanical and transport properties of the host rocks of salt caverns are discussed at different
places in this report.

4.2.1 Introduction

Salt caverns are deep cavities (from 300 m to 2000 m) that are connected to the ground level through a
cased and cemented well. One to several strings are set in the well to allow injection or withdrawal of
fluids into or from the cavern. These caverns are created in both bedded and domal salt formations by
solution mining; they range in volume from 5000 m* to 5 000 000 m3. They provide chemical plants with
brine (mineral production) or, more commonly, are used to store hydrocarbons, compressed air, or waste.
The tightness of a cavern and its external well components is a fundamental requirement to ensure that
any leak does not cause contamination of drinking water resources or the unreasonable escape of stored
products to the surface. Full-scale testing is necessary to ensure that acceptable tightness exists.

A great asset of hydrocarbon storage in salt caverns, when compared to natural gas or CO; storage in
depleted reservoirs or aquifer layers, is that hydrocarbons occupy a well-defined volume, allowing for
precise tightness tests to be performed before commissioning and during the operating life of a cavern.
Such tests commonly are referred to as Mechanical Integrity Tests, or MITs. In most countries, conducting
an MIT is a regulatory requirement and must be performed at various times during a cavern’s life cycle.
Every year, hundreds of mechanical integrity tests (MITs) are performed worldwide. A large amount of
literature has been dedicated to various technical aspects of MITs. The Solution Mining Research Institute
(SMRI) suggested a reference for interpreting the results of an MIT (Crotogino, 1996).

4.2.2  Maximum pressure in gas caverns
4.2.2.1 Introduction

A tightness test (Mechanical Integrity Test [MIT]) must be performed before commissioning a cavern. A
tightness test consists of increasing cavern pressure to the maximum operating pressure (or slightly more)
and monitoring cavern evolution over several days. The best method (Nitrogen Leak Test [NLT]) consists
of lowering a nitrogen column to develop a brine-nitrogen interface below the last casing shoe in the
cavern neck and monitoring the interface location over a couple of days: in a nutshell, too fast an interface
rise is a sign of poor tightness. Monitoring wellhead pressures during the test provides additional
information. When the cavern has no neck, lowering a light hydrocarbon column (instead of a nitrogen
column) can provide good results. In some countries, tightness tests are performed periodically during
the entire operating life of a cavern. Acceptance criteria were proposed by Crotogino (1996) (resolution
of the testing system must be smaller than 50 kg/day and the maximum admissible leak rate is 150 kg/day)
and by Thiel (1993) (the computed leak rate must be smaller than 1000 bbls/yr). In most cases, the results
of the test performed before commissioning a cavern meet these criteria. (This is a remarkable
achievement: when Thiel’s fail/pass criterion is selected, the leak rate is smaller than 0.03%/yr in a 3-
MMbbls cavern.) When they do not, various techniques allow identification of the weak zones of the
cement column and repair of the well before performing a second tightness test (see, for instance,
McLeod et al., 2011).

4.2.2.2 Selection of the testing pressure

The testing pressure must be selected carefully. It must be equal to or larger than the maximum operating
pressure. Several companies prefer that the testing pressure equal the maximum operating pressure
(Quintanilha de Menezes et al., 2001), as testing the well above the operating pressure can be harmful
for future well integrity. Conversely, other companies prefer selecting a higher pressure, which provides
additional confidence. One advantage of this second option is that, after several years of satisfactory
operation, increasing maximum pressure is easier, as the cavern already has been tested for pressures
higher than those used in operation. Maximum testing pressure must be smaller than the vertical stress
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(0.22-0.23 bar/m, typically), which can be assessed through density logs and/or frac-tests. However,
some safety margin must be left. There are two reasons for this: on one hand, the least compressive stress
is not always the vertical stress — even if they often are equal; on the other hand, the cement behind the
last steel casing often is weaker than the rock mass itself.

4.2.2.3 Margin of safety

The empirical, or pragmatic, approach consists of (1) estimating the weight of the overburden at cavern-
shoe depth using density logs (density-based vertical stress), assuming that it equals the vertical stress,
and (2) selecting a maximum admissible pressure that is a fraction (80-85%) of the vertical stress. This
15-20% margin of safety takes into account such factors as geological uncertainties, imperfectly known
physical or mechanical processes (secondary stresses), and possible cement weaknesses, as explained
above. Note that the tensile strength of the rock, which equals 5-10% of the vertical stress, typically, is
not taken into account, which errs on the safe side. This method is robust, as it is based on simple
mechanical principles and reliable measurements (density logs). In addition, performing frac tests can be
useful, as they provide the value (an upper bound, in fact) of the least compressive stress (shut-in
pressure). The maximum operating pressure must be re-assessed in the (rare) case that the shut-in
pressure is smaller than the vertical stress, computed as explained above. Research on cementation (its
evolution with time, fracturing mechanisms, logs) must be fostered, but it is doubtful that this research
affects, in the short term, the rule mentioned above, which relies primarily on experience.

4.2.2.4  Assessing rock-mass volumetric weight

The Sl unit for rock density (p) is kg/m?>. The unit for volumetric weight, y = pg, is bar/m. Determining
the actual density of the rock formations above the caverns is important in such a context. Pereira (2012)
states that “typical values of the overburden stress gradient may range from a low of 21.5 kPa/m (0.92
psi/foot) for a domal salt overlain by soft sediments, to a high of about 26 kPa/m (1.14 psi/foot) for a
bedded salt largely overlain by dense limestone and anhydrite layers” (p. 6-2) (see also Schreiner et al.,
2010). Misinterpretation is possible, as explained by Rokahr et al. (2000). Before the Etzel test, described
in Paragraph 3.4.6, it was assumed that the lithostatic gradient was 0.241 bar/m (1.06 psi/ft). Additional
investigations from a newly referenced borehole, and three existing boreholes, led to a revised value of
0.204-0.211 bar/m (0.9-0.93 psi/ft) — a significantly smaller figure. Litho-density logs are convenient to
use. Density measurements at the laboratory also can be used; they provide a lower bound of the in-situ
rock density, which errs on the safe side.

4.2.2.5 Pressure gradient

Density, which is a site-specific notion, must be measured on a case-by-case basis. However, regulators
often prefer rules that can be applied uniformly state-wide and define a maximum allowable pressure

deax
dz
generally is accepted in the U.S. For instance, Texas Administrative Code § 3.97(k)(2) stipulates that “The

maximum operating pressure at the casing seat shall not exceed 0.85 psi/ft of depth”. In 2003, the Kansas
Department of Health & Environment stated that: “The maximum allowable operating pressure for
underground natural gas storage wells shall not exceed 0.75 psi/ft”, or 0.17 bar/m (Poyer and Cochran,
2003, p. 199; note that in Kansas, storage caverns are 200- to 300-m deep). In a report prepared for the
SMRI, Pereira (2012) indicates that “the maximum regulated pressure gradient is 0.9 psi/ft (0.204 bar/m)
in Louisiana and Mississippi and 80% of fracture pressure or 0.8 psi/ft in Canada”. In France, Germany and
the UK, the maximum admissible pressure is “negotiated case by case” (J.C Pereira, 2012, pp. 6-14).

gradient, (e.g., in bar/m, or psi/ft), independently of local overburden densities values. This rule

Research on cementation (its evolution with time, fracturing mechanisms, logs) must be fostered, but it
is doubtful that this research affects, in the short term, the rule mentioned above, which relies primarily
on experience.
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4.2.2.6  Typical values of maximum pressure gradient in gas caverns

Most caverns meet this criterion (Table 6, page 174). Rummel et al. (1996) describe frac tests performed
at Krummhorn, Germany, where three caverns had been leached out: casing shoe depths were about
1500 m, and the selected maximum pressure was 270 bar — an 0.18 bar/m (0.8 psi/ft) gradient. Istvan
(1998) mentions a cavern under construction in Kansas in which the maximum gas-storage pressure was
1760 psi, a gradient of 0.88 psi/ft at 2000 ft (cavern depth not mentioned). Bruno and Dusseault (2002)
discussed the case of pressure limits for thin, bedded salt caverns: the maximum pressure for such caverns
must not exceed the estimated fracture pressure for the weakest lithology (margins of safety not
specified). Chabannes (2005) mentions a cavern at Egan (Jennings salt dome, Louisiana) in which the
maximum pressure gradient was 0.9 psi/ft. Colcombet et al. (2008) describe the Carrico Project, in
Portugal: the maximum pressure was 180 bar, and the last cemented casing was around 1000 m (a 0.18-
bar/m gradient). Schweinsburg and Schneider (2010) present a cavern at Etzel, Germany, where the
casing-shoe depth is 1150 m and the maximum gas pressure is 200 bar—0.17 bar/m. (More recently, 208
bar was accepted.) Hoelen et al. (2010) dimensioned a four-cavern project at Zuidwending in the
Netherlands. The caverns were to be operated between 90 bar and 180 bar, and the casing-shoe depth
was 980-1028 m (an approximate gradient of 0.18 bar/m). In China, Fansheng et al. (2010) indicate “gas
injection-production pressure is [...] 170 bar to 320 bar for gas storage constructed in about 2000—m deep
salt bed, and from 70 bar to 170 bar in about 1000-m deep salt bed” (p. 190) — a maximum gradient of
0.16-0.17-bar/m. McLeod et al. (2011) describe a nine-cavern gas-storage facility at Aldbrough, Yorkshire
(UK), in which the casing-shoe depth was 1500 m and the maximum pressure was 270 bar (a gradient of
0.15 bar/m). Bernhardt and Steijn (2013) discussed two cavern projects at Niittermoor, Germany. There,
the cavern-roof depths and maximum pressures at the casing shoe were, respectively, 1020 m and 945
m, and 170 bars and 160 bars. In Germany, Wagler and Draijer (2013) discuss a nitrogen-storage project
in which the last casing-shoe depth is 648.2 m. The maximum pressure initially considered was 122 bars
(a 0.188 bar/m, 0.83 psi/ft, gradient). Installing a new casing at a depth of 984 m led to a maximum
pressure of 177 bars (a 0.18-bar/m, 0.8 psi/ft, gradient). Fawthrope et al. (2013) discuss construction of
eight caverns at Holford, Cheshire (UK), in which the casing-shoe depth was 550 m and the maximum
pressure was 100 bars, a gradient of 0.18 bar/m (0.8 psi/ft). In China, IRSM (Institute for Rock and Soil
Mechanics, Wuhan) dimensioned new caverns, in which the gradient ranged from 0.16 bar/m to 0.188
bar/m (0.71-0.89 psi/ft), with the smallest value associated with the deepest site (Hongling Ma, personal
communication, May 2018).

4.2.2.7 Higher values of the maximum operating pressure

It is tempting to select a maximum operating pressure larger than those suggested above (80-85% of the
overburden pressure) to increase the amount of gas that can be stored in the cavern. For instance, Igoshin
et al. (2010) describe three gas-storage caverns under construction at Kaliningrad, Russia. The cavern
volume is 400000 m3, and the maximum and minimum admissible cavern pressures are 180 bars and 52
bars, respectively. There, cavern depth is from 880 to 1020 m (casing-shoe depth not provided), making
the gradient at the cavern top equal to 0.2 bar/m. Based on pneumatic tests, Schreiner et al. (2004)
suggest a storage-pressure gradient of 0.19-0.205 bar/m or 0.84-0.91 psi/ft (around 85% of the geostatic
pressure) for bedded salt formations and 0.18 bar/m in domal salt, as densities of the overburden are
lower. The risk of a significant leak is greater when fluid pressure is higher, and that must be considered
carefully. A high admissible pressure can be accepted when a large amount of information is available to
increase confidence in the outcome. For instance, Arnold et al. (2014) mentioned that: “The storage site
Bernburg is operated since the early 1970’s [...] the rock mechanical dimensioning of caverns has been
developed and enhanced continuously using comprehensive investigations [...] the most recently approved
rock mechanical dimensioning includes a Pmax of 100 bars casing shoe depth is 490 m (gradient 2.04)”
(0.204 bar/m, 0.9 psi/ft) (p. 138). Johansen (2010) describes the Torup gas storage in Denmark. When the
first caverns were created in 1981, the maximum pressure gradient was 0.175 bar/m (0.77 psi/ft). When
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the last cavern was leached out in 1992, the accepted gradient was 0.184 bar/m (0.81 psi/ft). In these two
cases, the increase in maximum admissible pressure was vindicated by the experience drawn from
decades of satisfactory operation of existing caverns.

In our opinion, setting the maximum admissible pressure above the standard value (80-85% of the
overburden weight) must be justified through a specific “safety file” that contains discussions of such
topics as local sensitivity of the storage site (a layer of salt or plastic clay several hundreds of meters thick
above the cavern roof is favourable, and a permeable cap rock within a small distance from the cavern
roof is unfavourable), along with density log files, results of the MITs, etc.

4.2.3 Tightness tests, an historical perspective

Many kinds of tightness tests have been designed. The literature addressing cavern-well testing is
relatively abundant. Van Fossan (1985) and Van Fossan and Whelply (1985) discuss both the legal and
technical aspects of cavern-well testing and strongly support the Nitrogen Leak Test (NLT). They point out
the significance of the minimum detectable leak rate (MDLR), or the accuracy of the test method. The
ATG Manual (1985) describes a method in which a light hydrocarbon is injected into the annular space to
a depth of 15 m below the last cemented casing shoe. The test pressure is 110% of the maximum
operating pressure. The pass/fail criterion is a hydrocarbon loss rate smaller than 250 litres/day (85 m?
/year; leak rates are computed in the pressure and temperature conditions prevailing at cavern depth).
Heitman (1987) presents a set of case histories that illustrate several difficulties encountered when
testing real caverns. Vrakas (1988) discusses the cavern-integrity program used by the US Strategic
Petroleum Reserve, which includes both the NLT and the Pressure Observation Test (POT, or Liquid Leak
Test, LLT). During a POT, results are somewhat erratic; in several cases, the wellhead pressure rises instead
of decreases. (In hindsight, these results may be attributed to the effects of brine thermal expansion; see
below). Diamond (1989) and Diamond et al. (1993) propose the “water— brine interface method”’, which
originally was designed to test multiple-well caverns operated for brine production. These caverns are
filled with brine, and the wells are shut-in. Soft water then is injected into one well. Because of the
difference between water and brine densities, any upward displacement of the water—brine interface
results in a pressure drop at the wellhead, which can be compared to the pressure evolution in a reference
brine-filled well. Brasier (1990) strongly supports the interface method described by Diamond rather than
the standard POT. Thiel (1993) describes several test methods based on the measurement of cavern
compressibility. He suggests a 1000 bbls/yr (160 m3/yr) MALR. Bérest et al. (2000) suggest distinguishing
between the “apparent leak”, the ““corrected leak’” and the “actual leak”. They performed an NLT and
simulated artificial leaks by withdrawing calibrated amounts of fluid from the closed cavern to assess NLT
accuracy. Remizov et al. (2000) propose two pass/fail criteria: (1) the leak rate must be smaller than 20—
27 litres/day when testing with a liquid or 50 kg/day when testing with gas; and (2) the pressure drop rate
during an LLT must become constant and be smaller than 0.05% (of the test pressure) per hour. Branka
et al. (2002) and Edler et al. (2003) describe innovative methods in which the central string is equipped
with a weep hole: a testing fluid is injected into the annular space, and periodic searches for overflow are
conducted to assess changes in the volume of the testing fluid. Thiel and Russel (2004) propose an LLT
method for testing caverns in the state of Kansas, where the salt formation is thin and shallow, preventing
a well-defined cavern neck—a prerequisite for any NLT method. The Solution Mining Research Institute
(SMRI), an association of companies and consultants involved with salt caverns, has promoted research
in the MIT field, including: the CH2 M HILL report (1995), which provides a practical description of the
NLT; a report by Crotogino (1996) who proposes standards for the MDLR and the MALR (150 kg of nitrogen
per day); a report by Nelson and Van Sambeek (2003) that addresses the issue of MIT techniques that can
be implemented for gas-filled storage caverns; and a report by Van Sambeek et al. (2005). More recently,
Skaug et al. (2011), Lampe and Ratigan (2014), Manivannan et al. (2015) have discussed the influence of
transient disequilibrium in the vertical distribution of temperature in the wellbore. An historical
perspective has been provided by Réveillere et al. (2017; 2021).
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4.2.4 Different types of MIT: POT, NLT, LLI and PD

Several types of MIT will be discussed in more detail in the following: the Pressure Observation Test (POT),
the (nitrogen) Mechanical Integrity Test (MIT), the Liquid-Liquid Interface test (LLI) and the Pressure
Differential (PD) method.

4.2.4.1 The Pressure Observation Test (POT)

The Pressure Observation Test (POT) is the simplest (and coarsest) testing method. The cavern is filled
with liquid (brine, in most cases); cavern pressure is increased to the testing pressure through liquid
injection; after injection, wellhead pressure evolution is monitored for several days. A rapid pressure-
drop rate is deemed to be a clear sign of poor tightness. More precisely, if SVis the cavern compressibility,
during a rapid injection, BVP = v and BV is the ratio between the volume of liquid injected in the cavern
(1) and the resulting pressure increase (P). Cavern compressibility equals the cavern volume (V)
multiplied by the cavern compressibility factor (£ ), which is the sum of the compressibility factor of brine
plus the compressibility factor of the “hole”, typically, 8 = 4 — 5 X 10™> /bar. When the pressure-drop
rate (in bar/day, for instance) is P, the leak rate is deemed to be ¥4, = BV P, negative in most cases.
This test is too coarse, as many other factors (other than an actual leak), or “apparent leaks”, contribute
to the observed pressure-drop rate, including pre-existing brine warming (aVT > 0), creep closure
(Vcreep < 0), additional dissolution, “reverse” creep, (van Sambeek et al., 2005), BVP = ¥, (< 0) +
aVT(> 0) — Vaeep (< 0)+... Cases were reported in which wellhead pressure increased during the test
(Vrakas, 1988), suggesting that the leak was negative! In addition — this comment is true for any kind of
tightness tests — the initial pressure build-up at the beginning of a test triggers various transient effects
which can hide the actual leak during several days or weeks.

Figure 132 and Figure 133 (Brouard Consulting et al., 2006) provide an example of this. Wellhead pressure
is increased by 16.77 bar at the beginning of the test. During several days after the pressure increase,
(Figure 132) wellhead pressure drops, suggesting a brine leak from the cavern. In fact, after one month
(Figure 133) wellhead pressure increases. During the first weeks, transient effects govern well head
pressure evolution. After one month more perennial effects (cavern creep closure, brine thermal
expansion) become predominant.

For instance, Brasier (1990) correctly explained that

The theory [...] is if the salt cavity is “shut in” and a leak develops [...] a pressure decrease can be
observed at the surface. This test was deemed inappropriate for two reasons [...] given the
enormous size of [...] the cavities, a massive leak would have to be present in order to detect any
pressure decrease. Any uncalculated pressure changes in the “shut in” cavity due to temperature
fluctuations of cavity fluid, further dissolution of salt and salt heaving will interfere with the
interpretation of the results making the test unreliable. (p. 6).

A quantitative estimate of these “uncalculated pressure changes” can be found in Van Sambeek et al.
(2005).

However, the main drawback of the POT is that it does not distinguish between apparent leaks from the
cavern and leaks from the wellbore.
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Figure 132. Wellhead pressure evolution during a 3-day test in Cavern SPR2, Carresse site in France. At the beginning of the test,
well head pressure was increased by 1.677 MPa (16.77 bar).
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Figure 133. Follow-up of Figure 20. Pressure was measured during one year.

4.2.4.2  Nitrogen Leak Test (NLT) and Liquid-Liquid Interface Test (LLI)

In the early 1980s (Lampe and Ratigan, 2014), a much more reliable testing method was developed and
implemented by the cavern industry, the Nitrogen Leak Test (NLT). In general, testing a pressure vessel
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involves increasing the pressure in the vessel above the maximum operating pressure and detecting leaks
through record of pressure evolution. A slightly different test procedure is possible in deep salt caverns.
The cavern-plus-well system is similar to the ball-plus-tube system used in a standard barometer or
thermometer. Compared to a huge cavern, the well appears as a very thin capillary tube, and tracking
movements of a fluid-fluid interface in the well allows highly sensitive records of cavern fluid-volume
changes.

The gas leak can be computed when multiplying the interface rise (The accuracy typically is §h = 6", or
15 c¢m) by the cross-sectional area of the chimney at interface depth (or 2, typically a fraction of a m?).
Correction can be made to take into account possible T, P changes during the test. Changes in gas mass
can be computed quite accurately. This method is much better than the historical PV method, as it focuses
on wellbore tightness (the topic of concern, see Section 2) rather than on the complex behaviour of the
whole cavern. Because it is based on gas-mass balance, it is independent of all the phenomena described
by Brasier (1990), and Van Sambeek et al. (2005), which blur the interpretation of pressure changes in the
PV method.

The NLT consists of injecting nitrogen into the annular space formed by the last casing and the central
string to develop a nitrogen/liquid interface in the cavern neck, below the last cemented casing and above
the cavern roof. The central string and the cavern remain filled with brine, and a logging tool is used to
measure the brine/nitrogen interface depth, or h. Two or three measurements, generally separated by
24 hours, are performed. Upward movement of the interface is deemed to indicate a nitrogen leak.
Pressures are measured at ground level, and temperature logs are recorded to allow precise back-
calculation of nitrogen seepage. The computed leak rate 1,4, < 0 is related to the interface rise rate
(h < 0) by the simple relation leak ¥, = Zh where Z(h) is the annular cross-sectional area at
interface depth. It sometimes is accepted that the duration of the MIT, At, and the accuracy of the
interface displacement measurement, 4h, must be such that Z(h)h = 1000 bbls/yr = 450 liters/day The
usual accuracy of standard logging tools is 15 cm (6 in), making 4h = 0.3 m (Two measurements are
needed.); X (h) = 1 m? is typical. In such a context, uncertainties with magnitudes of a few dozens of
liters are not significant. The test is more sensitive when the annular cross-sectional area is smaller and
the test duration longer.

However, in some cases, a higher resolution and more accurate tools are needed. Meinecke et al. (2013)
describe a case in which the interface was monitored continuously with an ultrasonic logging tool,
providing an accuracy rating of 25.8 litres/day; Langlinais and Moran (2008) used a downhole camera to
monitor the nitrogen/brine interface during an MIT, resulting in a minimum detectable leak rate of 58
bbls/yr or 25 litres/day. In the spirit of the SMRI standardization effort achieved by Crotogino (1996),
Geostock (personal communication) considers that the accuracy of MITs should be better than 50 kg/day
(= 65 litres/day) for gasoil and 150 kg/day for nitrogen.

Nitrogen is the preferred testing fluid when performing an MIT. However, in some instances, a liquid
testing fluid is used (Liquid-Liquid Interface test, LLI or LLMIT), when, for example, the wellhead was not
designed to withstand the high gas pressures involved during a nitrogen MIT or when cavern neck is not
consistent, making difficult to set the interface at a precise location Figure 134.
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Figure 134. Tightness tests.

4.2.5 The pressure differential method

This method, first suggested by Diamond et al. (1993), applies to the NLT and LLI tests. The difference lays
in the interpretation method. The Pressure Differential (PD) method is applied in addition to interface
logging. This method (Figure 134 right) is based on wellhead pressure measurements (Bérest et al., 20213,
2021b); and is explained below.

4.2.5.1 Testing Pressure

The test pressure (P;) must be higher than the maximum operating pressure (Py;) and is proportional to
casing shoe depth, or H. The ratio%is the test gradient (in bar/m). For liquid or liquefied storage, the
current operating gradient is 0.12 bar/m (halmostatic gradient, see below), and the test gradient typically

is% = 0.15 bar/m. For natural gas storage, the maximum operating gradient typically is 0.18 bar/m, and

the test gradient is % = 0.2 bar/m — i.e., smaller than the geostatic gradient, which is %’" = 0.22 bar/m.

In most cases, the cavern pressure is halmostatic before the test.

4.2.5.2 Test Interpretation

Interpretation of the PV test is straightforward. A cavern is a compressible body. Any brine withdrawal
(Qoue) generates a pressure drop, Quyr = BV X P, where Vis the cavern volume, and S is the
compressibility factor, which is the sum of (1) the adiabatic compressibility of brine, B, =
2.57 x 10~> /bar [which is related to wave speed in brine (¢), Buppc? = 1], (2) the compressibility of
the cavern (the elastic “box” that contains brine, §.), and (3) the effect of additional dissolution, S4;ss-
(Salt concentration in brine is a function of pressure.) A typical value is § = By + B¢ + Baiss = 4 —
5 X 107> /bar is typical; larger values are found in “flat” caverns (Bérest et al., 1999). These figures
explain why accuracy of the PV tests is poor. In the U.S., it is often accepted that the maximum admissible
leak rate is 1000 bbls/yr, or 160 m3/yr. When the cavern volume is V = 300,000 m3, cavern
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3
compressibility is SV = 16 %. When the accuracy of the pressure sensor is §P = 1 kPa, the tightness
test accuracy (i.e., the Minimum Detectable Leak Rate, or MDLR) during a test lasting 6t = 3-day is
2V x 3 = 300 liters/day.

The simplest interpretation of the NLT is as follows: the chimney cross-sectional area at interface depth
is X (X = 0.03 m? is typical), the interface rise rate is h < 0, and the gas leak rate is assumed to be Q4 =
—Xh. Accuracy of the interface tracking tool is §h = 15 cm; when two consecutive measurements are
separated by 8t = 3 days, the resolution is 2 X % = 3 liters/day — much smaller than the PV

resolution. However, this interpretation is a little too simple: when the interface rises, brine pressure
increases accordingly, and the cavern expands, hiding some of the actual leak.
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Figure 135. Gas Leak Test (H is the casing-shoe depth; h is the interface depth; Q4is the gas-leak rate; and Qis the brine-leak
rate.

A better interpretation requires modelling. The gas-state equation is P = p rT; the three variables are
functions of depth (z, oriented downward) and

Pr _ P _ T, _P9_ Sgeo _1(9_

p P T P T _T(r Ggeo) (46)
where Gg,, is the geothermal gradient, and g is the gravity acceleration. For nitrogen, ry, = 260 J/kg/°C
and Z-=0.038 °C/m for hydrogen, 1y, = 4200]/kg/°C and <2 =0.0023 °C/m. The average

TN2 - TN2 N
geothermal gradient is Gggét = 0.016°C/m in the salt formation, and Ggggk = 0.03 °C/m above the salt

formation, or G;;’O = 0.02 °C/m, as an average, from which, when T = 300 K, Pz - 5%x10°5 /m for
p
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nitrogen, and 6 X 107> /m for hydrogen. When the interface depth is h = 700 m, the relative error
made when assuming that density is uniform is 1-2 %. (Obviously, gas density is a function of time.) Gas
pressure distribution in the annular space is

Fy(2) = B (6) + v, (0)z (47)

where y4(t) = py(t)g and F})Wh(t) is the wellhead gas pressure. For the brine column in the central
string,
Py(2) = PY™M(6) +yp2 (48)

where Py, Wh(t) is the wellhead brine pressure. The gas mass is mgy = py(h)V,, where V, is the volume of
gas in the annular space above the interface. Its derivative with respect to time equals the gas leak rate:

Th+ByV,BYh +Q, =0 (49)
where 8, = i,h is the